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a b s t r a c t

To identify environmental causes for past changes in vegetation in subtropical East Asia, we present
carbon isotope compositions of plant-wax n-alkanes and provide estimates of the C4-plant contribution
across the past four glacial terminations and interglacials, based on cores recovered from the northern
South China Sea. Our results show a comparable C4-plant contribution between the Last Glacial
Maximum (LGM) and the Holocene. An increase of the C4-plant contribution by 15e20% is found for
Terminations IV, II and I relative to subsequent interglacial peaks, coeval with an expansion of Cyper-
aceae and Poaceae. In contrast, Termination V reveals a lower C4-plant contribution than Marine Isotope
Stage (MIS) 11c. The data exhibit a long-term trend, with a stepwise increase of the C4-plant contribution
across interglacials MIS 11c, 9e, 7e and 1. We suggest that no substantial changes in humidity levels over
glacial-interglacial cycles occurred facilitating a similar C3/C4-plant ratio for the LGM and the Holocene.
Instead, deglacial sea-level rises caused an extensive development of floodplains and wetlands on the
exposed continental shelf, providing habitats for the spread of C4 sedges and grasses. The progressive
subsidence of Chinese coastal areas and the broadening of the continental shelf over the late Quaternary
explains the nearly absence of C4 plant occurrence during Termination V and a gradual increase of the C4-
plant contribution across interglacial peaks. Taken together, changes in coastal environments should be
considered when interpreting marine-based vegetation reconstructions from subtropical Asia.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Monsoon-driven hydroclimate change is a defining feature of
low-latitude climatology (Wang et al., 2014). Thus, past changes in
tropical-subtropical vegetation composition on tectonic to millen-
nial time scales are usually interpreted in the context of hydro-
climate changes. However, in addition to humidity levels,
vegetation composition can respond to a variety of other causes
including air temperatures, sunlight intensity, soil types, landforms,
nutrient status and atmospheric CO2 concentrations (e.g., Sage,
2004; Bromham and Bennett, 2014). In coastal regions, the
arine Geology, Tongji Univer-
transformation of environments during sea-level transgressions
can also exert a strong impact on the vegetation (e.g., Gonz�alez and
Dupont, 2009; Horton et al., 2018). Therefore, attributing alter-
ations of vegetation types to monsoon dynamics alone can some-
times result in misleading interpretations, which seems to be the
case for current paleovegetation studies in subtropical Asia. Vege-
tation reconstructions derived from terrestrial and marine archives
give conflicting results on the evolution of the East Asian summer
monsoon over glacial-interglacial cycles (e.g., Sun et al., 2000; Liu
and Wang, 2004).

Several palynological reconstructions from lakes and peatlands
suggest that southern China and central-southern Taiwan were
covered by warm temperate evergreen-deciduous forests with a
moderate expansion of herbaceous plants during the Last Glacial
Maximum (LGM, 23e19 ka BP) (Liew et al., 2006; Lee and Liew,
2010; Ni et al., 2010; Xiao et al., 2018). This was followed by an
expansion of subtropical forests during the last deglaciation, the
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appearance of tropical evergreen broadleaved forests during the
early Holocene, and a prevalence of subtropical-tropical forests
during the mid-to-late Holocene in southernmost China and
southern Taiwan (Lee and Liew, 2010; Ni et al., 2010; Xue et al.,
2015; Sheng et al., 2017). An increase in the abundance of
subtropical-tropical forests is considered to have been induced by
rising air temperatures, and possibly also by elevated humidity
levels (Ni et al., 2010; Xue et al., 2015; Sheng et al., 2017). Because
southern China and southern Taiwan were not covered by grass-
lands during the last glacial period, it is believed that monsoonal
moisture supply to the subtropical East Asia did not experience
substantial changes over glacial-interglacial cycles (Lee and Liew,
2010; Ni et al., 2010).

Marine-based palynological reconstructions from the north-
eastern South China Sea (SCS, Fig. 1), on the other hand, provide a
different view on regional environmental changes (Sun and Li,
1999; Sun et al., 2000, 2003; Luo et al., 2005; Yu et al., 2017). The
SCS is surrounded by an extensive continental shelf, which was a
large continental area drained by river systems during the LGM due
to a sea-level fall of ~120 m relative to today. Therefore, glacial and
early deglacial pollen records derived from marine sediment cores
contain important information about the vegetational composition
on the exposed continental shelf (Sun et al., 2000; Zheng et al.,
2013). Available pollen records from five sites of the northeastern
SCS reveal that the last two glacial maximawere characterized by a
high abundance of herbaceous plants consistingmainly of Artemisia
and Poaceae (Fig. 1; Sun and Li, 1999; Sun et al., 2000, 2003; Luo
et al., 2005; Chang et al., 2013; Dai and Weng, 2015; Yu et al.,
2017). These findings were taken as evidence to infer that the
exposed continental shelf of the northeastern SCS was covered by
grasslands with only sparse subtropical trees during the last two
glacial maxima, indicating a substantial weakening of the East
Asian summer monsoon and more arid conditions (Sun et al., 2000,
2003; Luo et al., 2005; Yu et al., 2017). This climatic interpretation
thus appears in conflict with that derived from southern China and
central-southern Taiwan pollen reconstructions as stated above
Fig. 1. Regional setting and geographic locations of marine coring sites mentioned in this
southern China. The �120 m, �80 m and �40 m isobath lines and the exposed continental s
indicated by rectangles. (For interpretation of the references to colour in this figure legend
(Liew et al., 2006; Lee and Liew, 2010; Ni et al., 2010; Sheng et al.,
2017; Xiao et al., 2018).

Recently, a new marine-based palynological record was ob-
tained from the northwestern SCS (GeoB16602, Fig. 1), which
shows similar glacial-to-Holocene changes in pollen assemblage as
terrestrial-based reconstructions but differs from the northeastern
SCS results, with a modest expansion of herbaceous plants and the
absence of Artemisia during the LGM (Cheng et al., 2018). Not only
does this new pollen record reveal a strong heterogeneity of the
glacial vegetation on continental shelf of the northern SCS, it also
suggests that the interpretation of marine-based vegetation re-
constructions in the context of monsoon changes is probably
inappropriate. Therefore, it is necessary to re-evaluate major
environmental causes for vegetation changes on the continental
shelf of the SCS.

In this study, we provide additional information about vegeta-
tional changes on the exposed continental shelf of the north-
western SCS and the surrounding landmass by using plant-wax
d13C (d13Cwax) reconstructions from marine sediment cores at site
GeoB16602 (Fig. 1). In general, d13Cwax can be used to estimate the
relative proportion of C4 to C3 plants in terrestrial ecosystem
(Farquhar et al., 1989; Collister et al., 1994). We find a moderate
expansion of C4 plants over the recent three glacial terminations,
corresponding to an increase in the abundance of Cyperaceae and
Poaceae.We further ascribe the C4-plant expansion to the extensive
development of floodplains and wetlands on the continental shelf
during deglacial sea-level rise, rather than to changes in East Asian
monsoon rainfall.
2. Regional setting

Today, annual mean air temperatures between 20 and 23 �C and
high annual rainfall amounts between 1000 and 2300 mm char-
acterize most areas of southern China and Taiwan (19-24�N, Peng
et al., 2010; International Atomic Energy Agency, 2013). The re-
gion also features a strong precipitation seasonality, generally with
study. Modern (blue solid lines) and paleo (blue dashed lines) river systems draining
helves during the LGM are indicated. The area of northwestern and northeastern SCS is
, the reader is referred to the Web version of this article.)
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~4e10 times more precipitation during summer (MayeAugust)
than during winter (NovembereFebruary). However, winter sea-
sons still receive a total rainfall amount of >150 mm (Peng et al.,
2010; International Atomic Energy Agency, 2013), speaking
against a clear dry season. Most areas of modern southern China
and Taiwan are occupied by subtropical evergreen broadleaved
forests due to the high moisture availability, which remained to be
covered by warm temperate forests during the last glacial period
based on pollen reconstructions (Liew et al., 2006; Lee and Liew,
2010; Ni et al., 2010). Leaf growth and flush is inferred to occur
almost year-round in such forests and under such climate condi-
tions (Jackson, 1978; Portmann et al., 2010; Thomas et al., 2014).

In modern southern China and Taiwan, C3 plants include trees,
shrubs and grasses (Bi et al., 2005). C4 species numbers only occupy
~2.5% of the total species numbers in regional flora, which primarily
belong to Poaceae (grasses, ~56% of the total C4 species numbers)
and Cyperaceae (sedges, ~33% of the total C4 species numbers)
(Wang and Ma, 2016). C4 species of Poaceae and Cyperaceae both
increase in number with increasing annual-mean air temperatures
and rainfall (Yin and Li, 1997; Wang and Ma, 2016). C4 species of
Chenopodiaceae can only be found in northern and northwestern
China under semi-arid/arid climate conditions (Yin and Li, 1997;
Wang and Ma, 2016). A compilation of geological reconstructions
suggests that the C4-plant abundance in northern and southern
China showed a different sensitivity to climate factors throughout
the last glacial-interglacial cycle, with the increased C4-plant
abundance in response to rising temperatures and rainfall in
northern China, but the decreased abundance in response to the
enhanced rainfall in southern China (Jiang et al., 2019).

Terrigenous input to the northern SCS is predominantly from
river systems draining the surrounding landmass and islands, while
the contribution of aeolian dust from distant areas is negligible (Liu
et al., 2016). At site GeoB16602, fluvial sediment discharge is mainly
comprised of material from southern China (the Pearl River, Fig. 1)
and southern Taiwan, with a minor contribution from Luzon (Liu
et al., 2017; Huang et al., 2018). During the LGM, a total land area
of ~3.9*105 km2 emerged in the northern SCS, and coastlines
extended seaward by ~200 km (Fig. 1). Site GeoB16602 thereby
received more sediments from southern China with respect to the
Holocene due to the extension of the Pearl River system flowing
across the exposed continental shelf (Fig. 1; Liu et al., 2017).

3. Material and methods

3.1. Core material and age model

Sediment cores at site GeoB16602 (18.95�N, 113.71�E, water
depth, 953m) were recovered during the R/V SONNE Cruise SO-221
in 2012 (Mohtadi et al., 2012, Fig. 1). Details regarding the estab-
lishment of the composite record and the chronology are described
in Huang et al. (2018). Briefly, the age model of the uppermost
5.62 m of the composite record GeoB16602 was constrained by 15
planktonic foraminiferal 14C ages (Fig. 2a, Liu et al., 2017). The
chronology of the lower part was established by aligning the
benthic foraminiferal d18O record between 8.66 and 49.04 m to the
reference d18O of ODP Site 1146 (Caballero-Gill et al., 2012), and that
between 51.44 and 82.72 m to the global benthic d18O stack LR04
(Fig. 2a, Lisiecki and Raymo, 2005). The entire sediment sequence
covers the period since Marine Isotope Stage (MIS) 13.

3.2. Measurement of molecular biomarkers

A total of 183 samples has been obtained from Termination V-
MIS 11, Termination IV-MIS 9, Termination II-MIS 5 and the last
glacial-interglacial cycle (Fig. 2). The biomarker analyses were
performed at MARUM, University of Bremen, and the entire pro-
tocol was described in Huang et al. (2018). In brief, the total lipid
extracts of freeze-dried samples (10e15 g for each) were obtained
by Accelerated Solvent Extraction and further separated into hy-
drocarbon, ketone and polar fractions using silica-gel column
chromatography. After removal of unsaturated compounds on
AgNO3-impregnated Si-columns by elution with hexane, the satu-
rated hydrocarbon fractions were measured on a ThermoFisher
Scientific Focus gas chromatograph equipped with a flame ioniza-
tion detector. Individual n-alkanes (n-C25 to n-C33 alkanes) were
quantified by the integration of chromatogram peak areas cali-
brated against external standard solutions containing 16 n-alkanes
and the internal squalene standard. Replicate external standard
analyses result in a quantification error of <5%.

Measurements of compound-specific stable carbon isotopes of
n-C29 and n-C31 alkanes were performed on a Thermo-Fisher Sci-
entific Trace gas chromatograph coupled via a combustion reactor
to a MAT 252 mass spectrometer at MARUM, University of Bremen.
Carbon isotope values were calibrated against CO2 reference gas
with known isotopic composition and reported as d13C in per mil
(‰) relative to Vienna Pee Dee Belemnite (VPDB). Standard devi-
ation in 153 samples with duplicate or triplicate measurements is
±0.4‰ and ±0.2‰ for n-C29 and n-C31 alkane d13C, respectively.
Measurements of the squalene internal standard yielded a preci-
sion and an accuracy of 0.4‰ and <0.1‰ (n ¼ 346), respectively.
External n-alkane standards with known isotopic compositions
were run after every sixth sample. The long-term mean absolute
deviation of the external standards was <0.2‰.

3.3. Estimating the relative contribution of C4 plants

d13Cwax values are determined by a set of factors including the
d13C of atmospheric CO2, fractionation against 13C during photo-
synthesis and lipid biosynthesis, and changes in 13C fractionation
induced by climate changes (Farquhar et al., 1989; Collister et al.,
1994; Diefendorf and Freimuth, 2017). Changes in d13C values of
atmospheric CO2 are less than 0.6‰ over the past 150 thousand
years (Schmitt et al., 2012; Eggleston et al., 2016), without
considering themost recent 150 years when the global carbon cycle
is severally perturbated by human activities (the Suess effect).
Thereby, changing d13C values of atmospheric CO2 are a minor issue
when interpreting d13Cwax variations over the late Quaternary.
Plants using different photosynthetic pathways can synthesize wax
lipids with distinct d13C compositions, with a generally larger
depletion of ~15‰ in C3 plants compared to C4 plants (Diefendorf
and Freimuth, 2017). 13C fractionation associated with lipid
biosynthesis is currently impossible to quantify, because data for
different plant communities are still sparse and scattered
(Diefendorf and Freimuth, 2017). In the East Asian monsoonal re-
gion, water availability and temperature are estimated to affect
d13Cwax values by less than ~0.6‰, respectively, over glacial-
interglacial cycles, and these two effects tend to cancel out each
other (Yang et al., 2015). Taken together, C3/C4 carbon fixation
pathways generate the largest difference in d13Cwax values.

d13Cwax signals can be well retained during transport and after
burial in sediments, because of chemical inertness of plant waxes
(Diefendorf and Freimuth, 2017 and references therein). Therefore,
sedimentary d13Cwax is generally accepted as a proxy to disentangle
contributions by C3 and C4 plants. Furthermore, the C3/C4-plant
contributions can provide implications on the relative abundance
of C3/C4 plants in the terrestrial ecosystem, although plants pro-
duce very different amounts of waxes (Diefendorf and Freimuth,
2017).

Modern investigations in subtropical-tropical East Asia reveal a
mean n-C31 alkane d13C value of �35.2 ± 2.6‰ (±1s standard error,



Fig. 2. Age model and biomarker records of site GeoB16602. (a) Site GeoB16602 benthic d18O (red, Huang et al., 2018) and global benthic d18O stack of LR04 (grey, Lisiecki and
Raymo, 2005). The visual alignment of both records was used to establish the age model with the addition of AMS 14C dates (triangles, Liu et al., 2017) in the upper part of the
record. (b) Sea-level reconstructions from the Red Sea (Grant et al., 2014). (c) d13C of n-C29 and n-C31 alkanes associated with ±1s standard errors. Average values of n-C31 d13C for
each interglacial peak and sub-interglacial are denoted. (d) Estimates of the C4-plant contribution. (e) Carbon-number preference index (CPI25-33) (Huang et al., 2018). (f) UK0 37-SST
(Huang et al., 2018). The duration of interglacial peaks and glacial terminations are indicated by yellow and grey bars, respectively. (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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n¼ 43) and�20.8 ± 2.4‰ (±1s standard error, n¼ 14) for C3 and C4
plants, respectively (Chikaraishi and Naraoka, 2003; Bi et al., 2005;
Jia et al., 2015). These two end-member values were adjusted
by þ1.7‰ in order to account for the difference in the d13C of at-
mospheric CO2 between the present and the Preindustrial Era (the
Suess effect, Mauna Loa Observatory, ftp://aftp.cmdl.noaa.gov;
Schmitt et al., 2012). The adjusted end-member values and a binary
mixing equation were applied to provide estimates of the relative
C3/C4 plant contributions in the past:

Measured n�C31d
13C¼ð100%�xÞ��33:50þ x * � 19:1‰;
where x indicates the relative contribution by C4 plants.
Considering uncertainties associated with d13C measurements

and end-member values, the mean propagated error for the esti-
mates of the C4-plant contribution is as large as±15% (±1s standard
error). It should be noted that modern d13Cwax end-member values
of C3 and C4 plants are not well defined in the literature and can
vary through time due to changes in vegetation types, climate
conditions and d13C of atmospheric CO2. These factors explain the
large errors of estimates. In natural ecosystems, however, the end-
member values are expected to be much better defined which
should result in lower error estimates. Nevertheless, we provide
these estimates to give an idea to what extent the terrestrial
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ecosystem in the source area changed over time.
Along with d13Cwax results, other proxy records of site

GeoB16602 are also presented in this study. Results of the carbon-
number preference index (CPI25-33), UK0 37-sea surface tempera-
tures (UK0 37-SST) and stable hydrogen isotope values of n-alkanes
(dDwax) at this site have been published by Huang et al. (2018), and
foraminiferal Mg/Ca-SST as well as pollen assemblage data have
been presented in Cheng et al. (2018).

4. Results

The n-alkane chain lengths range from C21 to C33, with n-C29 and
n-C31 being themost abundant alkanes. The CPI25-33 varies between
2.0 and 5.0 with a mean value of 3.4, revealing a pronounced
glacial-interglacial cyclicity (Fig. 2e). In general, the CPI25-33 has
relatively high values during glacial Terminations IV, II and I as well
as the last glacial, and low values during peak interglacials MIS 11c,
9e, 5e and 1.

Carbon isotope values of the n-C31 alkane show consistent var-
iations with the n-C29 alkane (n¼ 179, r¼ 0.94, p < 0.001) but with
more pronounced changes over the four time intervals investigated
in this study (Fig. 2c). The n-C31 d13C values range from �34.5‰
to �26.8‰, and the estimated C4-plant contribution changes be-
tween 0 and 46%. Both do not vary in concert with glacial cycles but
show several distinct features. First, during the LGM and the latest
part of MIS 6, n-C31 d13C values are comparable to those during the
Holocene and MIS 5e, respectively. Second, over Terminations IV, II
and I, the n-C31 d13C record shows a three-phase change, a rapid
initial increase is followed by rather constant (enriched) values that
ultimately decrease to the interglacial-peak level. This corresponds
to an increase of 15e20% in the C4-plant contribution during the
early phases of glacial terminations. In contrast, n-C31 d13C values
over Termination V show a rapid increase from a very depleted
level of �34.5‰ to �32.0‰, and then remain at similar levels as
those during the subsequent interglacial. Third, n-C31 d13C values
during MIS 9d-9b and 5d-5c are more depleted than during MIS 9e
and 5e, respectively. Finally, the comparison of different interglacial
peaks shows a stepwise enrichment of n-C31 d13C values over MIS
11c, 9e, 5e and 1, with mean values of �31.3‰, �30.7‰, �29.7‰
and �28.9‰, respectively.

5. Discussion

5.1. Source of plant waxes

At site GeoB16602, the CPI25-33 is above 2 during all four
investigated periods (Fig. 2e), indicative of an odd-over-even car-
bon-number predominance, and thus a major terrestrial higher
plant origin of the n-alkanes (Eglinton and Hamilton, 1967). The
close correlation between the CPI values and sea level over glacial-
interglacial cycles is a common feature found in northern SCS
sedimentary records (He et al., 2008; Zhou et al., 2012). Compared
to interglacial periods, the shorter distance between the coastlines
and coring sites during glacials, combined with lower tempera-
tures, decreased degradation and microbial alteration of terrestrial
n-alkanes during soil storage and land-to-ocean transport. This
explains the presence of relatively high and low CPI values during
glacial-deglacial and interglacial periods, respectively, at site
GeoB16602.

Another aspect which deserves attention before discussing
glacial-interglacial d13Cwax variations in terms of vegetation
changes, is the flooding of the continental shelf (Fig. 1). Soil
remobilization could have resulted in a transfer of reworked sedi-
ments from the shelf to the slope and deep basins during sea level
rise. However, deglacial d13Cwax values at site GeoB16602 are rather
different from those of glacial maxima (Fig. 2c), implying that the
possible contribution of reworked materials did not substantially
overprint the deglacial d13Cwax signals. Therefore, d13Cwax re-
constructions of site GeoB16602 should largely reflect changes in
regional vegetation composition. Especially, site GeoB16602
received fresher n-alkanes (i.e. with a high CPI) from the adjacent
continental shelf during low sea-level periods than during inter-
glacial periods. For that reason, glacial and deglacial d13Cwax re-
constructions should tend to reflect vegetation changes on the
shelf, similar to that of pollen records from the marine realm (Sun
et al., 2000; Zheng et al., 2013).
5.2. Comparison of pollen and d13Cwax from the northern SCS

A comparison of pollen and d13Cwax reconstructions can help to
identify the origin of plant families contributing to changes in C3/
C4-plant abundances. Pollen records from the northern SCS are
usually characterized by very high percentages of Pinus, with
60e90% during interglacial and 30e50% during glacial periods (Sun
et al., 2000, 2003; Luo et al., 2005; Chang et al., 2013; Yu et al., 2017;
Cheng et al., 2018). This is partly because Pinus genera have a high
productivity of pollen, and Pinus pollen have much stronger
transport capabilities via ocean currents and wind compared to
other pollen taxa due to their low density and airbag structure (Luo
et al., 2014; Dai and Weng, 2015; Yu et al., 2017). Therefore, Pinus
pollen are usually overrepresented in the pollen assemblages of
deep-sea sediments from the northern SCS, particularly during
interglacial high sea-level periods. For a more reasonable compar-
ison of temporal changes between pollen and d13Cwax re-
constructions, the Pinus fraction is thus removed when calculating
percentages of other pollen taxa.

At site GeoB16602, pollen of herbaceous plants mostly derive
from Cyperaceae and Poaceae (Cheng et al., 2018), among which
some genera of Poaceae and most genera of Cyperaceae belong to
C4 plants (Xue et al., 2014). Chenopodiaceae were absent from
pollen taxa for the recent several glacial terminations and in-
terglacials (Cheng et al., 2018). As shown in Fig. 3, the n-C31 d13C
record of site GeoB16602 broadly matches the pollen records.
Especially during Termination IV, II and I, an increase in the relative
contribution of C4 plants by up to 15e20% corresponds to a pro-
nounced increase in %Cyperaceae and %Poaceae. Termination V
with very negative n-C31 d13C values is associated with no increase
in either %Cyperaceae or %Poaceae. MIS 11c and 9e are character-
ized by less contributions of C4 plants than MIS 5e and 1, coincident
with lower %Cyperaceae during MIS 11c and 9e than during the
latter two interglacial peaks. Pollen and d13Cwax reconstructions,
however, also show disagreements during some periods. For
instance, an increase of %Poaceae during the LGM with respect to
the Holocene is not reflected in n-C31 d13C, indicating that the
glacial expansion of Poaceae was mainly due to C3 grass species.

The relationship between d13Cwax and pollen, however, is
different in cores from the northeastern SCS (Fig. 4). Compared to
subsequent interglacial periods, there was a prominent expansion
of C4 plants during the last two glacial maxima and glacial termi-
nations around the northeastern SCS (Zhou et al., 2012; He et al.,
2017). In pollen records, %Poaceae is relatively high during the
two glacial maxima but not during glacial terminations, while %
Cyperaceae largely remains invariant over the last two glacial-
interglacial cycles (Fig. 4; Sun et al., 2003; Luo et al., 2005; Dai
and Weng, 2015; Dai et al., 2015). This suggests that the glacial
expansion of C4 plants around the northeastern SCS is mainly due
to an increase in the abundance of C4 species of Poaceae. Plant taxa
responsible for the deglacial C4-plants expansion, however, cannot
be identified in pollen records from the northeastern SCS.



Fig. 3. Comparison of pollen and d13C of n-C31 alkane reconstructions at site GeoB16602 over four glacial terminations and interglacial periods. (a) Site GeoB16602 benthic d18O for
stratigraphic control (red, Huang et al., 2018) and sea-level reconstructions from the Red Sea (grey, Grant et al., 2014). Triangles indicate AMS 14C dates. In (b), (c) and (d), the
percentage of Poaceae, Cyperaceae, and the sum percentage of these two plant families (Cheng et al., 2018). Note that the Pinus fraction is removed when calculating the relative
abundance of these plant taxa. (e) The n-C31 d13C reconstruction with ±1s standard errors and estimates of the C4-plant contribution at Site GeoB16602. The duration of interglacial
peaks and glacial terminations are indicated by yellow and grey bars, respectively. (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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5.3. No substantial changes in humidity levels between glacial
maxima and interglacial peaks

In general, C4 grasses (mainly comprising of Poaceae in southern
China) can outcompete C3 relatives in tropical and subtropical areas
under low CO2 levels, high growing-season temperatures, arid and
summer-concentrated rainfall conditions (e.g., Ehleringer et al.,
1997; Huang et al., 2001; Schefub et al., 2003, 2005; Ehleringer,
2005). However, as noted above, C4 species of Poaceae also tend
to grow in wet and warm environments in China (Yin and Li, 1997;
Wang and Ma, 2016). The climatic significance of C4 species of
Poaceae in southern China and Taiwan is thus likely different from
other monsoonal regions, such as in India where the species
number of C4 grasses (Poaceae) is anti-correlated with annual
rainfall amount (Takeda, 1985; Contreras-Rosales et al., 2014). C4
sedges (Cyperaceae) are important plant types in wetlands in the
tropics and subtropics, and are therefore indicators of relatively
humid conditions in specific environments (e.g., Yin and Li, 1997;
Wang and Ma, 2016; Caley et al., 2018).

With respect to the Holocene, the LGM annual-mean surface
temperature was only 4e6 �C cooler in southern China (Fig. 2f; Chu
et al., 2017; Cheng et al., 2018; Huang et al., 2018), which is well
above the threshold temperature for the growth of C4 plants (Yin
and Li, 1997; Ehleringer, 2005). A global study suggests that the
~80 ppm difference of atmospheric CO2 partial pressure between
glacial and interglacial periods is not a major cause for alteration of
the distribution of C3/C4 plants in the tropics and subtropics (e.g.,
Huang et al., 2001; Schefub et al., 2003, 2005; 2011; Contreras-
Rosales et al., 2014). Accordingly, we consider that varying hu-
midity levels and changes in coastal environments are more
important when interpreting changes in the C4-plant contribution
around the northern SCS.

The glacial monsoonal rainfall intensity over southern China is
still uncertain due to the lack of reliable reconstructions. Although
Chinese stalagmite d18O has beenwidely cited as an indicator of the
East Asian summer monsoon strength, more and more evidence
suggests that shifts in Chinese stalagmite d18O do not solely reflect
monsoon rainfall variations at cave locations in central and
southern China (Liu et al., 2014; Huang et al., 2018; Tabor et al.,
2018). The dDwax of site GeoB16602 gives no clear hints on
regional rainfall changes and shows a poor correlation with n-C31
d13C results (n ¼ 159, r ¼ 0.15, p ¼ 0.06, Fig. 5, Huang et al., 2018).
Precipitation isotope records from subtropical East Asia, derived
from stalagmites or plant waxes, are usually subject to influences
from a set of factors, including changes in convection intensity over
moisture source areas, isotope fractionation along moisture tra-
jectories, mixing ratios of different moisture sources, and rainfall
seasonality (Huang et al., 2018; Contreras-Rosales et al., 2019).



Fig. 4. Comparison of pollen and d13Cwax reconstructions from the northeastern SCS over the last two glacial-interglacial cycles. In (a) and (e), Site GeoB16602 benthic d18O for
stratigraphic control (Huang et al., 2018). In (b) and (f), d13Cwax reconstructions and estimates of the C4-plant contribution at core MD05-2905 (Zhou et al., 2012) and MD05-2904
(He et al., 2017). (g) The d13Cwax reconstruction derived from long-chain alcohols at ODP site 1144 (He et al., 2017). In (c), (d) and (h), pollen assemblages from ODP site 1144 (Sun
et al., 2003; Luo et al., 2005) and core MD05-2906 (Dai and Weng, 2015; Dai et al., 2015). Note that the Pinus fraction is removed when calculating the relative abundance of these
plant taxa. The age model of ODP site 1144 has been readjusted to that of ODP site 1146 by visual correlation of planktonic foraminiferal d18O (Bühring et al., 2004; Caballero-Gill
et al., 2012). Locations of these marine sediment cores are indicated in Fig. 1. The duration of glacial terminations is indicated by grey bars.
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These influences can mask the amount effect in precipitation
isotope records.

The humidity levels during the LGM over southern China and
Taiwan can be inferred from two lines of evidence. First, a compi-
lation of pollen records suggests that the vegetation belt over
glacial southern China and central-southern Taiwan was warm
temperate forests (Liew et al., 2006; Lee and Liew, 2010; Ni et al.,
2010), indicative of sufficient moisture supply to sustain forest
vegetation. A majority of d13Cwax reconstructions from the entire
southern China also reveals that the C4-plant contribution was al-
ways below 20% in the interval 22e5 ka BP (Cui et al., 2018). Very
few terrestrial records from southern China extend back to earlier
glacial periods. One available pollen record suggests that MIS 8 and
6 were wetter than the LGM in the southernmost part of China
(Zheng and Lei, 1999). Second, climate simulations imply a mere
reduction of ~200 mm/yr in precipitation, and a slight mitigation of
precipitation seasonality during the LGM relative to the late Holo-
cene in southern China (Tharammal et al., 2013; Liu et al., 2014).
This reduction in glacial rainfall was probably counteracted by a
contemporary decrease in potential evapotranspiration due to
cooling, which resulted in wetter conditions during the LGM
compared to the present (Liu et al., 2018). Taken together, the LGM
humidity levels were likely similar to those of today in southern
China and Taiwan. This combined with persistently above-
threshold temperatures can explain the comparable C3/C4 ratio
between the LGM and the Holocene, and also between the latest
part of MIS 6 and MIS 5e, at site GeoB16602.

In the northeastern SCS, an increase in the glacial abundance of
C4 species of Poaceae with respect to MIS 5e and 1 (Zhou et al.,
2012; He et al., 2017), as mentioned above, does not necessarily
indicate pronounced moisture changes (Yin and Li, 1997). The
northeastern SCS sites are also characterized by a marked increase
of Artemisia (C3 grass) during glacial periods compared to MIS 5e
and 1 (Fig. 4, Sun et al., 2000, 2003; Luo et al., 2005; Yu et al., 2017;
Dai and Weng, 2015), which are of low abundance in terrestrial
records from glacial southern China and southern Taiwan (Liew
et al., 2006; Ni et al., 2010; Wang et al., 2012; Xue et al., 2015;
Sheng et al., 2017) and absent in cores of site GeoB16602 (Cheng
et al., 2018). Today, Artemisia is a typical plant family abundant in
temperate steppes of East Asia (Sun and Li, 1999). However, the
presence of high %Artemisia in the northeastern SCS cores does not
indicate a large southward shift of regional vegetation and a sub-
stantial reduction of humidity levels during glacial periods, because
southern China was still dominated by warm temperate forests



Fig. 5. Comparison of n-C31 d13C and dDwax records at site GeoB16602 over four glacial terminations and interglacial periods. (a) Site GeoB16602 benthic d18O for stratigraphic
control (Huang et al., 2018). (b) The n-C31 d

13C reconstructionwith ±1s standard errors. (c) The dDwax reconstruction after adjusted for changes in seawater isotope composition and
temperature (Huang et al., 2018). The duration of interglacial peaks and glacial terminations are indicated by yellow and grey bars, respectively. (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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during glacials (Wang et al., 2012; Xue et al., 2015; Sheng et al.,
2017). Artemisia were thus inferred to grow only in coastal re-
gions of the northeastern continental shelf possible due to their
tolerance for salty environments (Liu and Wang, 2004). This has
also been the case for the glacial East China Sea, where Cyperaceae,
Artemisia and Poaceae were found abundant on the flat exposed
continent shelf (Zheng et al., 2013).

5.4. Sea-level rise caused the expansion of C4 plants across glacial
terminations

At site GeoB16602, the expansion of C4 plants during the early
phases of glacial Termination IV, II and I is unlikely to be induced by
a reduction in humidity with respect to glacial maxima. In contrast,
increased abundance of subtropical forest taxa in pollen records
from southern China and Taiwan suggests an intensified hydro-
logical cycle during the last deglaciation relative to the LGM (Liew
et al., 2006; Ni et al., 2010; Xue et al., 2015; Sheng et al., 2017). In
addition, the deglacial C4-plant contribution was similar to or less
than that of the LGM in southern China (Cui et al., 2018), implying
that the deglacial C4-plant expansion at site GeoB16602 was
sourced from the exposed continental shelf. Therefore, we infer
that coastal environmental changes associated with deglacial sea-
level rise (Fig. 3a, Grant et al., 2014) have caused changes in the
vegetation composition.

The deglacial flooding of the continental shelf can give rise to
the reduction in the hydrologic gradient of river systems, resulting
in backlogging of sediments and formation of floodplains (Fig. 6).
Combined with the intensified hydrological cycle this likely resul-
ted in the development of extensive wetland environments on the
northern SCS continental shelf. C4 sedges (Cyperaceae) and grasses
(Poaceae), which are more competitive species in disturbed habi-
tats and have higher salt tolerance than C3 plants, are main
vegetation types in floodplains, salt marshes and wetlands in the
tropics-subtropics (Fig. 6, Sage, 2004; Zheng et al., 2013; Bromham
and Bennett, 2014). Therefore, we suggest that the flooding of the
exposed continental shelf and the extensive development of
floodplains and wetlands are responsible for the deglacial C4-plant
expansion, as inferred from the simultaneous increase in the
abundance of Cyperaceae and Poaceae in the pollen records of site
GeoB16602 (Fig. 3b and c). This scenario has previously been
inferred for the Cariaco Basin in the western tropical Atlantic,
where rapid sea-level rise across several Heinrich intervals within
MIS 3 caused prominent expansions of salt marsh vegetation
(Chenopodiaceae, Poaceae and Cyperaceae) along coastal regions
(Gonz�alez and Dupont, 2009). We note that a decrease of the C4-
plant contribution occurred at site GeoB16602 during the latter
phase of glacial terminations II and I, when the sea-level rise still
continued (Fig. 3b and c). A shrinkage of exposed continent-shelf
areas and an already prolonged distance between coastlines and
coring sites (Fig. 1) probably resulted in a dilution of shelf-sourced
vegetation composition signals at our site, giving rise to the
observed reduction of the C4-plant contribution. This inference is
supported by decreased CPI25-33 values during the latter phase of
deglaciations (Fig. 2e), which indicates a decreased input of rela-
tively fresh n-alkanes from the shelf to the coring site.

Large-scale subsidence of coastal areas of eastern China and the
establishment of a broad continental shelf around China are
thought to have occurred progressively over the last several glacial-
interglacial cycles, referred to as neotectonics of the Chinese
continent (Li, 1991; Li and Fang, 1996). Especially the altitude of
coastal areas and the width/size of the continental shelf were
inferred to have approached modern values after MIS 6 (Wang
et al., 1981, 1985; Sun et al., 2003). Changes in terrigenous input
to the northern SCS support this inference. Over the past 350
thousand years, the exposure and the flooding of the continental



Fig. 6. Schematic representation of the glacial-interglacial evolution of vegetation types around the northwestern SCS. (a) The exposed continental shelf and the flourishing of C3

plants during the LGM. (b) The deglacial development of wetlands and floodplains on the exposed continental shelf as well as the expansion of Cyperaceae and Poaceae. (c) The
drowned continental shelf and the flourishing of subtropical forests during the Holocene.
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shelf altered the distance between paleo-coastlines and marine
coring locations, resulting in a tight correlation between sea-level
changes and terrigenous n-alkane abundance as well as the CPI
records from the SCS (Fig. 2e, e.g., Pelejero, 2003; He et al., 2008,
Huang et al., 2018). However, at site GeoB16602, this does not apply
to Termination V. Changes in the CPI values (Fig. 2e) and n-alkanes
abundance (Huang et al., 2018) do not follow sea-level fluctuations,
indicative of a limited shift in paleo-coastlines, at that time.
Therefore, the lack of an extensive, low-relief continental shelf
during Termination V could have hindered the development of
large floodplains and wetlands, unfavorable for the spread of
Cyperaceae and Poaceae (Fig. 3b and c). Likewise, a progressive
subsidence of southern China as well as an expansion of coastal
floodplain areas is capable of explaining the stepwise increase in
the C4-plant contribution across interglacial peaks MIS11c, 9e, 5e
and 1 (Fig. 2c and d).

This interpretation does not fit to data from the northeastern
SCS, where the deglacial C4-plant expansion is not associated with
an increase in %Cyperaceae and %Poaceae (Fig. 4). Different land-
form settings on the northwestern and the northeastern SCS con-
tinental shelf probably caused this spatial heterogeneity. Due to the
prevailing surface currents, the sediment discharge from the paleo-
Pearl River system was mainly delivered westward and accumu-
lated along the northwestern SCS continental slope (Liu et al.,
2017). The paleo-river systems flowing across the northeastern
shelf probably were much smaller than on the western side, given
that the runoff and the draining area of the Han River today is an
order of magnitude smaller than those of the Pearl River (Fig. 1,
Milliman and Farnsworth, 2011). A large fraction of terrigenous
sediments in the northeastern SCS is also sourced from Taiwan
(Fig. 1, Liu. et al., 2016; Liu et al., 2017). Mountainous rivers on
Taiwan show massive sediment discharge but have very small
drainage areas and runoff (Milliman and Farnsworth, 2011). The
development of floodplains and wetlands, which are usually asso-
ciated with extended river systems, should therefore have been
limited on the northeastern continental shelf. This might have
further limited the expansion of Cyperaceae and Poaceae. The
inferred landforms on the drowned northern SCS continental shelf,
however, are impossible to assess by seismic survey data and
sedimentary records. This is because deglacial sea-level rises
washed away fine-grained sediments, with only relict sand present
in most areas of the modern northern shelf (Liu et al., 2009).
6. Conclusions

d13Cwax records from site GeoB16602, together with an
increasing number of palynological reconstructions from terrestrial
and marine archives of southern China, Taiwan and the SCS, allow
identifying mechanisms for vegetation changes in subtropical Asia.
Glacial temperatures did not fall below the threshold value for the
growth of C4 plants. Combined with modest changes in glacial
humidity with respect to the late Holocene, this resulted in a
comparable C4-plant contribution during the LGM and the Holo-
cene on the exposed continental shelf of the northwestern SCS and
in southern China.

In the northwestern SCS, deglacial sea-level rise and the sub-
sequent flooding of the flat continental shelf resulted in the
establishment of floodplain andwetland environments. Flourishing
of Cyperaceae and Poaceae in these environments led to the
expansion of C4 plants during Terminations IV, II and I, as found at
site GeoB16602. In contrast, the lack of a broad and low-relief
continental shelf during Termination V can explain the nearly
absence of C4 plants at that time. The gradual subsidence of Chinese
coastal areas and the progressive expansion of coastal floodplain
areas resulted in a stepwise increase of the C4-plants contribution
across interglacial peaks MIS 11c, 9e, 5e and 1. In the northeastern
SCS, the lack of large river systems flowing across the exposed shelf
might have suppressed the development of floodplains and wet-
lands during glacial terminations, which limited the expansion of
Cyperaceae and Poaceae. We conclude that changes in coastal en-
vironments on the exposed continental shelf were an important
cause for differences between marine- and terrestrial-based vege-
tation reconstructions and the spatial heterogeneity of the distri-
bution of vegetation types.
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