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a b s t r a c t

The expansion of C4 plants is one of themost prominent vegetation changes in the global ecosystemduring
the Cenozoic Era. Although C4 plant expansions in the latest Miocene have been widely reported, factors
driving the expansions are still in debate, and the details of vegetation changes during the Quaternary have
not been well studied. Here we present high-resolution carbon isotope time series of both organic matter
and bulk carbonates, covering the past 2.58 Ma, derived from the loessesoil successions on the southern
Chinese Loess Plateau. The organic matter d13C values indicate stepwise C4 plant expansions initiated
atw1.6 and at w0.43 Ma, respectively. We conclude that such tectonic time scale C4 plant expansions are
controlled by enhanced seasonality of precipitation (relatively more precipitation in the warm growing
season) as well as regional aridity, and this long-term fluctuation superimposes on the orbital scale
variations of C4 plants, while the latter appears phase-locked with cyclical changes of summer monsoon
circulations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The aeolian deposits in China are generally regarded as one of
the best long-term terrestrial records (e.g., Liu, 1985; Ding et al.,
1992; Guo et al., 2002; Sun et al., 2010; Qiang et al., 2011). During
the past decades,magnetic susceptibility andparticle size are among
themost commonly used parameters in reconstructing past climatic
changes from aeolian deposits (e.g., Heller and Liu, 1982, 1984; An
et al., 1991; Ding et al., 1994). Different from these physical proxies,
the stable carbon isotope has been demonstrated to be an ideal tool
in understanding terrestrial ecosystem on the Loess Plateau (e.g., Lin
et al., 1991; Wang et al., 1997; Ding and Yang, 2000; Gu et al., 2003;
Zhang et al., 2003; Vidic and Montañez, 2004; An et al., 2005; Liu
et al., 2005a,b, 2011; Kaakinen et al., 2006; Ning et al., 2008;
Passey et al., 2009; Yao et al., 2011).

The fractionation of carbon isotopes due to C3 and C4 photosyn-
thetic mechanisms has been well documented (O’Leary, 1988;
Farquhar et al., 1989). Both organic matter carbon isotope and soil
pedogenic carbonate isotope have been used to estimate ecosystem
changes. The C3 plants have a mean d13C value of�27&, whereas C4
plants have a mean value of �13& (Deines, 1980; Farquhar et al.,
All rights reserved.
1989). Soil organic matter preserves this isotope distinction with
little or no fractionation (Melillo et al., 1989; Cerling et al., 1997).
Therefore, the d13C values of soil organic matter can be used to
estimate past C3/C4 ratios. Different from the organic matter carbon
isotope, the formation of the soil carbonate is partially related to the
pCO2 level of soil solution, which is associated with plant respired
CO2 (Cerling, 1991, 1999). In this sense, the isotope values of pedo-
genic carbonate can be used to reconstruct paleoecological changes
(Amundson et al., 1989; Quade et al., 1989; Kelly et al., 1991). In
general, the carbon isotopic composition of pedogenic carbonate is
related to the C3/C4 vegetation present in soil (Cerling, 1984). Based
on this principle, expansion of C4 plants during late Miocene was
demonstrated by studying carbonate isotopes (Quade et al., 1989;
Cerling et al., 1997; Pagani et al., 1999).

Recently, long-term C3/C4 evolution history on the Chinese Loess
Plateau has also been studied (e.g., Ding and Yang, 2000; Jiang et al.,
2002; An et al., 2005; Kaakinen et al., 2006; Passey et al., 2009).
Based on the d13C record of soil carbonate, Ding and Yang (2000)
reported a major expansion of C4 plants at ca 4.0 Ma in the middle
Loess Plateau, similar resultwas reported by Jiang et al. (2002). In the
northern Loess Plateau, recent study on soil carbon and tooth
enamel isotopes demonstrates that the C4 vegetation was present
by late Miocene time (Passey et al., 2009). Different from the above
results, another d13C record of soil carbonate from the southern
Loess Plateau indicates that the C4 component was negligible before
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2.7 Ma (Kaakinen et al., 2006). Moreover, An et al. (2005) reported
two high-resolution carbon isotope time series, covering the past
7 Ma, and indicated that three intervals of significant C4 plant
expansions within the semiarid monsoonal region of East Asia
(ca 2.9e2.7 Ma, 1.3e0.9 Ma, and 0.6 Ma�present). Obviously,
different opinions do exist about long-term C4 plant expansions on
the Loess Plateau.

In this paper, we construct high-resolution carbon isotopic
records covering the whole Quaternary in order to address two
questions: (1) long-term vegetation changes on the southern Loess
Plateau, and (2) factors driving the expansion of C4 plants within
the Quaternary.

2. Geological setting and stratigraphy

The studied Yanyu section (34�2003700N, 109�3101400E) is located
in the southern Loess Plateau (Fig. 1a), with an elevation of
approximately 620 m above sea level (Sun, 2005). This section
belongs to the highest loess terrace in the northern piedmont of the
Fig. 1. Maps show the loess distributions on the Chinese Loess Plateau (a) and the Digital Elev
region (b).
west-east stretching Qinling Mountains (Fig. 1b), and this range is
a biogeographic barrier between the temperate Loess Plateau to the
north and sub-tropical southern China.

The climate of the southern Loess Plateau is controlled by the
warm/humid east Asian monsoon in the summer season and the
cold/dry northwestwinds in thewinter season (Fig. 2a). The studied
Yanyu section has a mean annual precipitation of about 600 mm
(Fig. 2a) and temperature of 13.2 �C (Fig. 2b).

The present vegetation on the loess terrace at Yanyu has been
mostly destroyed by human cultivation, but herbs and shrubs
dominated by Vitex negundo var. heterophylla, Zizyphus jujuba var.
spinosa, and Bothriochloa ischaemum grow in slopes of loess valleys
(Sun et al., 1995). Organic matter carbon isotope data of modern
surface soil suggests that the current vegetation is a mixture of C3
and C4 plants, but dominated by C3 plants (Liu et al., 2011).

The aeolian deposits at Yanyu have a thickness of 157.7m (Fig. 3).
The loessesoil successions can be subdivided into 33 loess beds
(from L1 to L33, L represents loess) and 33 paleosols (S0 to S32, S
represents soil).
ation Model (DEM) image (data from the 90 m resolution DEM database) of the studied



Fig. 2. Maps show the mean annual precipitation (a) and temperature (b) in north China (after Zhao, 1995). The rectangle box indicates the location of the Loess Plateau. Noting the
zonal decrease trends of both precipitation and temperature due to the northwestly weakened summer monsoon.

Fig. 3. The d13C records of both organic matter and bulk carbonates during the Quaternary. The bold orange lines indicating the stepwise increase of organic matter carbon isotopes
occurring at ca 1.6 Ma and ca 0.43 Ma. For the d13C record of bulk carbonates, only the increase of d13C values after 0.43 Ma is significant. The B/M boundary and Upper Jaramillo (UJ)
normal subchron are after Zhu et al. (1994), and M/G boundary is from Ding et al. (1991). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Chronology of Chinese loess has been well established mainly
by using a combination of approaches of magnetostratigraphy
and climatostratigraphy (e.g., Heller and Liu, 1982, 1984; Liu, 1985;
Kukla, 1987). Previous palaeomagnetic polarity studies at Yanyu
were completed by Ding et al. (1991) and Zhu et al. (1994).
The Matuyama/Gauss (M/G) boundary was found in the lower part
of L33 (Ding et al., 1991), while the Brunhes/Matuyama (B/M)
boundary and the Upper Jaramillo (UJ) subchron were found in L8
and in the units from L10 to S11, respectively (Zhu et al., 1994,
Fig. 3). The above chronology demonstrates that the Quaternary
aeolian deposits at Yanyu have a basal age of 2.58 Ma.

3. Material and methods

In this study, 418 samples for organic matter carbon isotope
analysis were taken with two different sampling intervals: fifty
samples were taken above the Last Interglacial soil (S1) with
a sampling interval of 20 cm; all the other samples (below S1) were
takenwith a sampling interval of 30 cm.Moreover, 788 bulk samples
for carbonate carbon isotope analysis were taken with 20 cm
sampling interval. Samples formagnetic susceptibility analysis above
S1 were taken with 10 cm sampling interval.

Samples for organic matter carbon stable isotope analysis were
first screened formodern rootlets and then digested for at least 15 h
in 1 M HCl to remove inorganic carbonate. The samples were
then washed with distilled water and dried. The dried samples
(w480 mg) were combusted for over 4 h at 900 �C in evacuated
sealed quartz tubes in the presence of 0.5 g Cu, 4.5 g CuO and 0.2 g
Ag foil. The CO2 was purified and isolated by cryogenic distillation
for isotopic analysis. The isotopic composition of CO2 was then
measured using a Finnigan MAT 253 mass spectrometer and
reported in per mil units (x) relative to Vienna Peedee belemnite
(V-PDB) standard. Recurrent analyses (n ¼ 9) show that this
procedure yields a precision better than �0.2&.

Bulk samples for carbonate carbon isotope analysis were ground
to powder, and converted to CO2 with 100% phosphoric acid. Carbon
isotopic measurements were made in the Environmental Isotope
Fig. 4. Correlation between the d13C records of both organic matter and bulk carbonate and
oxygen isotopic curve of V19e30 (Shackleton and Pisias, 1985) during the last glacialeinterg
Laboratory of the Institute of Geology and Geophysics, Chinese
Academy of Science, using a MAT�253 mass spectrometer linked to
a Gas Bench�II (Thermo�Finnigan). The precision is 0.1& (1s), and
the precision were routinely checked by running the carbonate
standard NBS-19 after every six sample measurements. All isotope
values are reported in parts per mil (&) relative to V-PDB.

The magnetic susceptibility measurements were completed by
using a Bartington M.S.2 magnetic susceptibility bridge. Mass (dry-
weight based)magnetic susceptibilitywasmeasured in the laboratory.

The microstructure of the pedogenic carbonate from the last
glacial loess bed was examined by scanning electron microscope
(SEM), using a LEO 1450VP instrument with Oxford INCA energy
microanalysis system at the Institute of Geology and Geophysics,
Chinese Academy of Sciences.

4. Results

The d13C curves of the organic matter and bulk carbonate of
the Yanyu section are shown in Fig. 3. The d13C values of the
organic matter range from �26.8& to �19.9& with a mean value
of�24.9&; whereas the d13C values of carbonate varies from�9.7&
to�0.7&with amean value of�7.1&. Examination of the long-term
carbon isotope records indicates the following major properties.

Firstly, the general variation trend of d13C values of organic
matter is characterized by stepwise increase occurred above the
middle part of L5 and above the base of S23 (Fig. 3). According to
the stacked 2.6-Ma time scale of the Chinese loess (Ding et al., 2002),
the corresponding ages are 0.43 and 1.6 Ma, respectively (Fig. 3).
The averaged d13C value of organic matter is �26& between 2.58
and 1.6 Ma, it increases to �25.5& between 1.6 and 0.43 Ma,
and ultimately increases to �23.4& after 0.43 Ma (Fig. 3). Organic
matter formed in the presence of a pure C3 and C4 biomass would
have mean d13C values of w�27& and �13&, respectively (Deines,
1980; Farquhar et al., 1989). Our d13C record suggests that the
vegetation of the southern Loess Plateau consists of both C3 and C4
plants during the last 2.58 Ma. The proportion of C4/C3 vegetation
is estimated based on the average end member of pure C3 and C4
the low-frequency (470 Hz) mass magnetic susceptibility curve as well as the marine
lacial cycle.
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plants by using themethod of Liu et al. (2003). The averaged C4 plant
proportions increased from 7.1%, prior to 1.6 Ma, to 10.7% between
1.6 and 0.43 Ma, and further increased to 25.7% after 0.43 Ma.

Secondly, Fig. 3 clearly indicates that there is a remarkable
increase trend of carbonate carbon isotopes toward higher d13C
values initiated w0.43 Ma ago. The mean value of carbonate d13C
increases from �7.7& prior to 0.43 Ma to �5.5& after 0.43 Ma.
Because bulk sample carbonates contain both pedogenic anddetrital
origins, the d13C values of the bulk carbonate cannot be simply used
to estimate C4/C3 proportions.

5. Discussions

5.1. Mechanism for carbon isotopic variations on
glacialeinterglacial cycles

In order to discuss the mechanism of carbon isotopic variations
on orbital time scales, we compare the d13C records of both organic
matter and bulk carbonate with the mass magnetic susceptibility
curve and the marine oxygen isotopic time series of V19e30
(Shackleton and Pisias, 1985) during the last glacialeinterglacial
cycle (Fig. 4).

Firstly, the d13C record of organic matter is characterized by the
higher d13C values in paleosols and the lower values in loess beds
(Fig. 4), implying more C4 plants during the Last Interglacial. This is
consistent with previous results (e.g., Lin et al., 1991; Zhang et al.,
Fig. 5. Scanning electron microscopy images of the euhedral calcite crystals (pedogenic orig
calcite measured by the equipped energy microanalysis system (b).
2003; Liu et al., 2005a,b; Ning et al., 2008). The peak-trough fluctu-
ations of d13C values of organic matter correlate well with the vari-
ations of the magnetic susceptibility curve, which has been used as
a proxyof east Asian summermonsoon strength (e.g., An et al.,1991).

Because C4 plants favor C3 plants at times of higher temperature
(e.g., Gu et al., 2003; Zhang et al., 2003) and/or summer precipita-
tion (An et al., 2005; Liu et al., 2005b), the higher d13C values and
thus higher proportion of C4 plants during the Holocene and the last
interglaciation can be generally attributed to the higher tempera-
ture and summer precipitation, which are ultimately controlled by
summer monsoon strength.

Therefore, the good correlation between the d13C record of
organic matter and the marine oxygen isotope curve demonstrates
that the C4/C3 proportions of loess deposits are dominantly
controlled by summer monsoon strength on orbital time scales
(glacialeinterglacial cycles). This explanation can be further sup-
ported by the decreasing trend of d13C values of modern surface
soil organic matter from the southeast to the northwest Loess
Plateau (Liu et al., 2011), mirrored by the same decreasing trend of
the summer monsoon strength.

Except the variations on glacialeinterglacial cycles, the last
glacial loess of L1 at Yanyu can be further subdivided into five parts
(Fig. 4). Twoweakly developed soil beds can be easily distinguished
within L1, this is the common pedostratigraphic property on
the southern Loess Plateau (e.g., Guo et al., 1996; Sun et al., 2010).
These two weak soils together with the interbedded loess bed,
in) of the last glacial loess at Yanyu (a) and the abundance of elements of the pedogenic
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corresponding to marine Oxygen Isotope Stage 3 (Fig. 4). These two
weak soils are also characterized by the relatively higher d13C
values of organic matter.

Secondly, contrary to the variations of d13C values of organic
matter, the d13C record of bulk carbonate shows higher values in
glacial loess beds (Fig. 4). Although pedogenic origin carbonates of
the euhedral calcite crystals with lengths of 2e5 mm can be iden-
tified from the last glacial bed with the help of scanning electron
microscopy technique (Fig. 5), the bulk carbonate is though to be
amixture of detrital carbonates and authigenic soil carbonates (e.g.,
Wen, 1989). Different from the pedogenic carbonate, the detrital
carbonates are dominantly derived from paleo-marine sediments
which have higher d13C values in the source regions (e.g., Liu et al.,
2005b, 2011). Therefore, the d13C record of bulk carbonate cannot
be directly used to estimate C4 plant proportion (Liu et al., 2011),
but it can be used to estimate the relative contribution of pedogenic
carbonate. Therefore, the higher d13C values of bulk carbonate in
loess bed can be explained as the influx of more detrital carbonates
as well as the less formation of pedogenic carbonates due to
the weakened strength of summer monsoon during glacial period.
In this sense, the d13C variations of both organic matter and bulk
carbonate can be explained by changed summer monsoon strength
on orbital time scales on the Loess Plateau.
Fig. 6. The d13C curve of organic matter and the C4 expansion events at Yanyu are compared
marine oxygen isotope record. The CO2 data are from Lüthi et al. (2008). The isotope curv
(0.34e1.811 Ma, Shackleton et al., 1990) and ODP 846 (1.811e2.58 Ma, Shackleton et al., 19
5.2. Factors driving stepwise C4 plant expansions on tectonic
time scales (on the levels of millions of years) on the
southern Loess Plateau

The carbonate isotopic record of organic matter from the
southern Loess Plateau indicates stepwise expansions of C4 plants
initiated at w1.6 Ma and at w0.43 Ma (Fig. 6). A question occurs:
what factors account for the stepwise C4 plant expansions during
the Quaternary?

By now, there have been many different opinions about the
long-term C4 plant evolution. Quade et al. (1989) attributed the
expansion of C4 biomass in the latest Miocene to the inception
or a marked strengthening of the Asian monsoon system. An et al.
(2005) argued that the C4 plant expansions on the Loess Plateau
have been driven by east Asian summer monsoon circulation.
Different from the above arguments, Cerling et al. (1993, 1997)
suggested that the decrease of atmospheric CO2 concentration
is responsible for the C4 biomass expansion. Huang et al. (2001)
proposed that regional climate exerted a strong control on the
relative abundance of C3 and C4 plants and low pCO2 alone is
insufficient to drive an expansion of C4 plants. Another opinion
attributed this ecological event to enhanced aridity (e.g., Pagani
et al., 1999; Dettman et al., 2001).
with the atmospheric CO2 concentrations of the past 0.8 Ma as well as the composite
e is a composite record of V19e30 (0e0.34 Ma, Shackleton and Pisias, 1985), ODP 677
95a,b).



Fig. 7. Correlation between the organic matter d13C values of four loess beds (L1eL4) and that of the paleosols (from S5 to S32) at Yanyu.
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In this study, in order to explore the mechanism of the stepwise
expansions of C4 plants on tectonic time scale, we compare the d13C
curve of organic matter and the C4 expansion events at Yanyu with
the atmospheric CO2 concentrations of the past 0.8 Ma as well as
the compositemarine oxygen isotope record during the Quaternary
(Fig. 6). The age control for the Yanyu section is tuned based on the
stacked 2.6 Ma time scale of the Chinese loess (Ding et al., 2002).

For the long-term vegetation changes, Cerling et al. (1993)
proposed that C4 plant expansion in the late Miocene was associ-
atedwith a significant reduction of atmospheric pCO2 levels. However,
our results indicate that generally higher d13C values and thus more
C4 plants occur in interglaciations (Figs. 4 and 6), corresponding to
higher pCO2 levels (Fig. 6). This does not support a dominant pCO2
control on the observed d13C variations within the Quaternary.
Moreover, whenwe examine in detail, it is easily tofind that themean
value of the atmospheric CO2 concentrations is higher after 0.43 Ma.
If the low atmospheric CO2 concentration is the sole factor controlling
the C4 biomass expansion as suggested by Cerling et al. (1993, 1997),
we should find a decrease trend of d13C values after 0.43 Ma.
Obviously, this is contrary to our observations. Therefore, although the
decrease of atmospheric CO2 concentration may be important for
the origin and early expansions of C4 plants in the Tertiary (e.g., Pearcy
and Ehleringer, 1984), the low pCO2 alone is not sufficient to drive
an expansion of C4 plants during the Quaternary.

Although the C4 plant variations on orbital time scales are
attributed to the relatively intensified summer monsoon, the
observed stepwise expansions on tectonic time scale cannot be
explained by strengthened summer monsoon. We have two lines of
evidence. Firstly, the long-termvariations ofmarine oxygen isotopes
suggest increasing ice volume from the beginning of the Quaternary
to present (Fig. 6), the enlarging ice sheet in the high latitude of
the northern Hemisphere favored cold air outbreaks and then the
much enhanced winter monsoon. Moreover, the gradually lowering
global sea level (decreased ocean/land ratio), together with the less
surfacewater evaporation (due to the low sea surface temperature in
tropical and sub-tropical oceans), led to the generally long-term
weakened summer monsoon. Therefore, the stepwise expansions
of C4 plants initiated at w1.6 Ma and at w0.43 Ma cannot be inter-
preted by enhanced east Asian summer monsoon. Secondly, we
compare the organic matter d13C values of four loess beds (L1eL4)
with that of the paleosols (from S5 to S32) which indicate that the
d13C values of the above glacial loess beds are higher (more C4 plants)
than the subsequent interglacial soils (Fig. 7). By now, there has no
evidence to demonstrate that the summermonsoonwinds in glacial
periods were stronger than in interglacial episodes. Therefore, the
above evidence also supports that the long-term variation trend of
C4 plants are not simply controlled by summer monsoon strength.

We propose that two factors can account for the stepwise
expansions of C4 plants in the southern Loess Plateau. Firstly, summer
rainfall in growing season can promote expansion of C4 grasses in
the arid and semiarid regions (Connin et al., 1998). Although the
long-term variation trend of the summer monsoon strength
generally decreased from the beginning of theQuaternary to present,
implying decreasing annual precipitation, the seasonal distributions
of the precipitation changed during the Quaternary. The observed
long-term stepwise expansions of C4 plants can be related to the
much enhanced seasonality of the precipitation. It means more
summer rainfall in growing season (favors C4 plant growing) and less
precipitation in the winter season. Therefore, the expansions of C4
plants initiated at 1.6 Ma and 0.43 Ma can be dominantly controlled
by the stepwise enhanced seasonal precipitation. Our results suggest
that there exists a trend of toward more summer rainfall on the
southern Loess Plateau, and this is especially more striking since the
Mid-Brunhes Event of 0.43 Ma ago.

Secondly, it is also generally agreed that C4 plants have greater
water-use efficiency than C3 plants (Raven et al.,1999). Thus,modern
C4 plants are commonly distributed in hot and dry environments
in tropical and sub-tropical regions (Cerling et al., 1997). The larger-
scale tendency toward global cooling and weakened summer
monsoon since the beginning of the Quaternary imply long-term
aridity trend. Therefore, the stepwise enhanced regional aridity
plays another role in controlling the long-term C4 plant expansions
on the southern Loess Plateau. According to our interpretation, the
most significant C4 plant expansion and then the much enhanced
aridity initiated at w0.43 Ma ago (Fig. 6). This can be supported
by the increases of aeolian flux in the North Pacific Ocean (Hovan
et al., 1991) and a major change to ‘fully arid conditions’ at about
0.5 Ma ago in Australia (Martin, 2006).

6. Conclusions

High-resolution d13C records of both organic matter and
bulk carbonates are reconstructed from the southern Loess Plateau
during the Quaternary. Different from the d13C values of bulk
carbonates, which are controlled by both detrital and pedogenic
carbonates, the organic matter carbon isotopes can be used to
estimate paleovegetations. Higher organic matter d13C values and
thus more C4 plants occur in interglacial times, whereas lower d13C
values and less C4 biomass occur in glacial stages. The variations
of organic matter d13C values are mainly controlled by summer
monsoon strength on orbital time scales. However, the long-term
variation trend of the d13C values cannot be simply explained
by the summer monsoon strength. We propose that the stepwise
expansions of C4 plants initiated at ca 1.6 and ca 0.43 Ma are
controlled by enhanced seasonality of precipitation (relatively
more precipitation in the warm growing season) as well as regional
aridity. The orbital scale variations of C4 plants driven by summer
monsoon circulation superimpose on the long-term trend of
tectonic time scales.
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