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A B S T R A C T

Knowledge of changes in the distribution of C3 and C4 plants in relation to climate change is the key to predicting
the biosphere's response to future climatic warming. There are significant differences in the spatiotemporal
evolution of C4 plant abundance at different latitudes since the Last Glacial Maximum (LGM), and the factors
responsible remain debated. In this study, we reconstructed the spatiotemporal pattern of C4 plants in China
since the LGM, based on a synthesis of δ13C records of soil organic matter from paleosol sequences and δ13C
records of individual n-alkanes from lake and marine sediments. The results indicate that, spatially, maximum C4
abundance during the LGM was in South China; while maximum C4 abundance occurred in the Chinese Loess
Plateau in North China during the early and mid-Holocene. Temporally, in North China, C4 plant abundance
initially increased since the LGM, reached a maximum during the early and mid-Holocene and then decreased;
however, the opposite trend occurred in South China. Combined with a physiological-process model used to
study the sensitivity of C3 and C4 plants to changes in climate and atmospheric pCO2 in different regions, our
results reveal that temperature was the dominant factor driving C4 plant expansion in North China, whereas
atmospheric pCO2 and precipitation were the main factors controlling C4 plant abundance in South China.

1. Introduction

C3 and C4 plants use two different pathways for CO2 fixation. C3
plants are trees, cold-season grasses and sedges (Sponheimer and Lee-
Thorp, 1999), and C4 plants are warm season grasses and sedges that
are mainly distributed in tropical savannas, temperate grasslands and
semiarid regions (Sage et al., 1999). The relative abundance of C3 and
C4 plants depends strongly on atmospheric CO2 levels (atmospheric
pCO2) and climate. Compared to C3 plants, C4 plants have a competitive
advantage under low ambient atmospheric pCO2 and high-water stress
(Ehleringer et al., 1997); in addition, C4 plants are favored by stronger
irradiation and higher growing-season temperatures, which enable
them to produce more energy during photosynthesis (Samal and
Martin, 2013). Thus, ongoing climate change and increasing atmo-
spheric CO2 concentrations will have a significant impact on the growth
of C3 and C4 plants.

The global climate system has experienced an overall warming
trend from the Last Glacial Maximum (LGM, ~21–18 kyr BP) to the

Holocene Thermal Maximum (~10–6 kyr BP), which was followed by a
cooling trend (Shakun et al., 2012; Marcott et al., 2013) punctuated by
a series of abrupt warming/cooling events (Masson-Delmotte et al.,
2013). In addition, atmospheric pCO2 has increased significantly since
the LGM (Lüthi et al., 2008). Therefore, knowledge of the development
of C3 and C4 plants from the LGM through the Holocene, and their
response to climate change, may enable us to anticipate future vege-
tation trends.

Based on the stable carbon isotopic composition of compound spe-
cific and bulk organic matter (Eglinton and Hamilton, 1967; Cerling
et al., 1989; Rieley et al., 1991), systematic changes in the relative
abundance of C4 plants since the LGM have been demonstrated in
previous studies. At low latitudes, C4 plants generally decreased from
the LGM to the Holocene (Huang et al., 2001; Castañeda et al., 2007;
Damsté et al., 2011; Contreras-Rosales et al., 2014; Dubois et al., 2014),
while this trend was generally reversed at middle latitudes (Muhs et al.,
1999; Johnson and Willey, 2000; Gu et al., 2003; Yang et al., 2015).
However, even within a given latitudinal zone, an increasing number of
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records have revealed that C4 plant abundance varied significantly due
to differences in climatic conditions (Rao et al., 2007). Therefore, the
reconstruction of C4 plant abundance at a regional scale needs to be
conducted in more detail to fully understand the development of C4
plants since the LGM.

China, much of which is located in the East Asian monsoon region,
has a broad range of climatic conditions and provides an excellent lo-
cation to evaluate the interactions between climate and vegetation.
Previous studies suggested that on the Chinese Loess Plateau (CLP) C4
plants generally increased in abundance from the LGM to the Holocene
(e.g., Gu et al., 2003; Liu et al., 2005; Yang et al., 2015); while in
contrast, in South China, C4 plant abundance decreased from the LGM
to the Holocene (e.g., Zhou et al., 2012; Kuang et al., 2013; Yang et al.,
2015). However, previous analyses focused mainly on vegetation
changes at individual sites, and spatial patterns of vegetation have re-
ceived much less attention. Thus, a synthesis of paleovegetation data is
needed to determine the spatiotemporal pattern of C4 abundance for the
whole of China, which would potentially enable the driving mechan-
isms to be determined. Increased C4 abundance on the CLP during the
Holocene was interpreted to be caused by increasing temperature (Gu
et al., 2003; Zhang et al., 2003) or increasing East Asian monsoon in-
tensity (Vidic and Montañez, 2004; Liu et al., 2005; Yang et al., 2015);
while the decreased C4 abundance in South China was interpreted as a
response to increased monsoon precipitation during the Holocene (Xue
et al., 2014; Zhang et al., 2017). Thus, the causes of C4 plant expansion
in different regions require further study.

These contrasting views regarding the principal driver of C4 plant
abundance may result either from uncertainties in the interpretation of
the climatic proxies (Wang, 2009; Chen et al., 2016), or from the fact
that previous studies failed to distinguish the effects of temperature,
precipitation and atmospheric CO2 concentration on C4 plant growth
(Wu et al., 2014). Therefore, to distinguish the relative importance of
these factors and to establish the cause of changes in C4 plant abun-
dance in different regions, it is important to develop a new approach to
the study the sensitivity of C3 and C4 plants to temperature, precipita-
tion and atmospheric pCO2.

In this study, we reconstructed the spatiotemporal pattern of de-
velopment of C4 plants across China since the LGM based on a synthesis
of δ13C values of soil organic matter (SOM) from paleosol sequences,
and records of individual n-alkanes from lake and marine sediments.
Subsequently, we used BIOME4 (Kaplan et al., 2003; Hatté and Guiot,
2005), a vegetation model which incorporates the physiological re-
sponses of C3 and C4 plants to changes in atmospheric pCO2, tem-
perature and precipitation, to investigate how well changes in atmo-
spheric pCO2 and climate parameters explain the observed distribution
of C3 and C4 plants in various regions in China since the LGM.

2. Data and methods

China is located in the East Asian landmass, where the East Asian
monsoon plays an important role in driving hydrological and energy
cycles (Chen et al., 1991). Precipitation is concentrated in the warmer
months, and the annual total ranges from<200mm in the northwest
to ~2000mm in the southeast (Fig. S1a). The mean annual temperature
ranges from<0 °C in the northeast to 20 °C in the southeast (Fig. S1b).
The geographical extent and complex topography contribute to produce
an extremely diverse climate in China, which varies from tropical in the
south, subarctic in the north, and alpine in the higher elevation region
of the Tibetan Plateau. The vegetation follows the southeast-northwest
precipitation gradient, changing from a moist coastal forest zone to
desert in the northwest, with steppe in the middle. In the East Asian
monsoon area, forest composition changes with the temperature gra-
dient, from tropical rainforest in the south to boreal coniferous forest in
the north (Hou, 2001). An investigation of the distribution of C4 plants
indicated that 90% of C4 species consist of Poaceae, Cyperaceae, and
Chenopodiceae, and that in general, the total number of C4 species

decreases from south to north and from east to west (Yin and Li, 1997;
Wang and Ma, 2016).

2.1. Data selection

Because of the changes in carbon isotopic composition caused by
physiological differences during CO2 uptake during photosynthesis, C3
plants have δ13C values ranging from −22‰ to −30‰, whereas C4
plants have values ranging from −10‰ to −14‰ (Bender, 1971;
Farquhar, 1983). δ13C records from loess-paleosol sequences and la-
custrine and marine sediments have been used to document past
changes in the abundances of C3 and C4 plants, and a synthesis of these
records provides a useful means of reconstructing the spatiotemporal
representation of C4 plants across China.

In general, the δ13C of buried SOM in loess-paleosol sequences re-
flects the δ13C composition of the organic matter derived from the
parent vegetation, with little or no isotopic fractionation (Melillo et al.,
1989; Wang et al., 2008); thus, it is a well-established means of re-
constructing the relative abundance of C3 and C4 plants (Cerling et al.,
1989). For lake and marine sediments, the carbon isotopic values of
long-chain leaf waxes n-alkanes (n-C27, n-C29, or n-C31), which origi-
nate primarily from terrestrial higher plants (Rieley et al., 1991;
Eglinton and Hamilton, 1967), provide more specific information on
past changes in C3 and C4 plant abundance on land than is provided by
bulk organic matter, since the latter includes input from both terrestrial
and aquatic sources (Huang et al., 1999, 2001).

In this study, we compiled and synthesized δ13C records from the
literature. δ13C records were selected based on the following four cri-
teria: (1) Records should be δ13C values of SOM from loess-paleosol
deposits, or δ13C values of higher plant-derived long-chain n-alkanes (n-
C27, n-C29, or n-C31) from lacustrine and marine deposits. (2) Records
should span at least 5 kyr. (3) A reliable chronology was available. In
addition, for each paleosol sequence, a magnetic susceptibility record
was available for the same section, enabling high-resolution strati-
graphic correlation (Heller and Liu, 1984). For lake and marine sedi-
ments, a minimum of three independent age control points, e.g., ac-
celerator mass spectrometry radiocarbon dating (AMS 14C) and liquid
scintillation counting radiocarbon dating (LSC 14C), should be available
for each record. (4) The sampling resolution was better than
2000 years.

Based on these criteria, 33 δ13C records of SOM from loess-paleosol
sequences and 16 δ13C records of long-chain n-alkanes from lake and
marine sediments were considered suitable for the study. All δ13C re-
cords are derived from previous publications, except δ13C record of
SOM for Zhouzhuang loess-paleosol section which is generated by
ourselves (see Table S1 for detailed information for selected sites and
Text S1 for sampling and experimental methods of Zhouzhuang sec-
tion). In addition, published δ13C values of modern surface soils
(N= 1050) and modern plants (N=1872) in China were assembled
(see Table S2 for detailed site information). To facilitate assessment of
the spatiotemporal distribution of C4 plants, four sub-regions were
defined for China based on physical geographic regionalization (Luo,
1954): Northeast China, the CLP, South China and the Tibetan Plateau
(Fig. 1).

2.2. Chronology

The age control for the lake and marine sediment sequences is based
mainly on 14C ages determined by accelerator mass spectrometry (AMS)
(98.8% AMS 14C, 1.2% LSC 14C). To obtain comparable chronologies for
all records, we performed a calibration procedure prior to establishing
the age model for each site. At individual sites, all radiocarbon ages
were first corrected, if reservoir effects are described in the original
publication, to remove any old‑carbon effects using information pro-
vided in the original papers. The corrected 14C ages were then cali-
brated using the Intcal13 calibration dataset (Reimer et al., 2013). Age-
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depth models were then determined using linear interpolation between
adjacent calibrated ages.

The loess-paleosol sequences of the CLP are readily correlated,
especially from their magnetic susceptibility records which can be
matched in detail from site-to-site across the plateau, and which pro-
vide a high-resolution stratigraphic tool (Heller and Liu, 1984). We
correlated the magnetic susceptibility record of the Weinan-1 section
(Kang et al., 2013), for which a high resolution OSL chronology was
available, with the magnetic susceptibility records of the other sites.
This enabled seven age control points to be applied to all the stable
carbon isotope records used in the study (Fig. S2). The ages of the se-
diment depths between the age control points were then estimated by
interpolation using a magnetic susceptibility model (Kukla and An,
1989).

2.3. Reconstruction of C3 and C4 plant abundance

Changes in environmental factors, such as precipitation, tempera-
ture, δ13C of atmospheric CO2 (δ13Catm) and atmospheric CO2 con-
centration, can affect the δ13C values of C3 and C4 plants (Farquhar
et al., 1989; Brugnoli and Farquhar, 2000). Thus, consideration of these
factors is very important for reconstructing variations in C3 and C4 plant
abundance. However, here, we only consider the effect of changes in
δ13Catm and ignore the effects of changes in climate (precipitation and
temperature) and atmospheric CO2 concentration. The reasons for this
are as follows: First, a strong positive relationship between temperature
and precipitation exists in the East Asian monsoon region, which is
characterized by fluctuations in warm/wet and cool/dry conditions
(Liu, 1985; Chen et al., 1991). Although coefficients of −0.40‰/
100mm and 0.104‰/°C have been reported for C3 plants with respect
to changes in precipitation and temperature (Wang et al., 2008, 2013),
the precipitation and temperature factors would cancel each other out.
Thus, the combined effect of changing climate on the δ13C of C3 plants

is likely to be insignificant; for example, the combined effect is
~−0.3‰ to 0.5‰ for the LGM and ~−0.3‰ to −0.1‰ for the mid-
Holocene on the CLP, representing two climatic extremes (see Table 2
for climate anomalies which are expressed as deviations from the pre-
sent). No significant coefficients were found for C4 plants (Wang et al.,
2008, 2013). Second, although plants may exhibit short-term pheno-
typic and isotopic changes in response to abrupt changes in atmospheric
pCO2 (Schubert and Jahren, 2012), they tend to evolve towards an
optimal physiology whose isotopic fractionation is pCO2-independent
on geological timescales (Diefendorf et al., 2015; Voelker et al., 2016;
Kohn, 2016). Thus, the effects of variations in atmospheric pCO2 on the
δ13C values of plants since the LGM are likely to be insignificant.

To estimate the δ13C of modern C3 and C4 plants, we calculated the
median δ13C values of C3 and C4 plants, respectively, based on the
collected δ13C values of modern plants (N=1872). High elevation
areas are the terrestrial habitats where climate, atmospheric pressure
and solar radiation differ substantially from ‘normal’ levels at low ele-
vations (Körner et al., 1988). The combined effects of these environ-
mental factors lower the ratio between intercellular and atmospheric
concentration of CO2 (Ci/Ca) (Farquhar et al., 1989), and the foliar
δ13C values from plants obtained from high elevation sites are therefore
significantly higher than those from lower elevations (Körner et al.,
1988; Van de Water et al., 2002; Körner, 2007; Zhu et al., 2010; Zhou
et al., 2011). In this study, the median δ13C values of modern C3 and C4
plants were calculated for two regions: the Tibetan Plateau (i.e. high
elevations) and the other regions of China, at much lower elevations
(Table 1). After correcting for the effect of δ13Catm and for soil organic
matter degradation, we assigned respective δ13C end-member values for
C3 and C4 plants of −23.8‰ and −9.9‰ for the Tibetan Plateau, and
−25.1‰ and −10.6‰ for the rest of China (Table 1).

For the δ13C records of loess-paleosol sequences, C4 plant percen-
tages were estimated using the following isotope mass-balance equation
(Balesdent and Mariotti, 1996):

Fig. 1. The study region, sub-regions, trajectories of modern monsoonal circulation and location of study sites.
Triangles: lake records; squares: marine records; circles: loess-paleosol sequences. The yellow shading represents the CLP. Arrows indicate the direction of the winter
and summer monsoonal winds. Orange triangles, yellow circles, red triangles and squares, and blue triangles, are in Northeast China, the CLP, South China, and the
Tibetan Plateau, respectively. (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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where δ13CC3, δ13CC4 are the end-member δ13C values of C3 and C4
vegetation; δ13CSOM is the δ13C of SOM; and C4 (%) is the percentage of
C4 plants in the local vegetation. For the δ13C records from lake sedi-
ments, weighted mean δ13C values of the n-C27–31 alkanes (hereafter
referred to as δ13C27–31) were obtained (Collister et al., 1994) using the
following equation:
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where C27, C29 and C31 are the respective relative abundances of n-C27,
n-C29 and n-C31, and δ13C27, δ13C29, δ13C31 represent the respective
δ13C values of n-C27, n-C29, n-C31.

To compare C4 plant percentages calculated using long-chain n-al-
kanes δ13C values with those obtained from SOM δ13C values, it is
necessary to correct the range of δ13C27–31 values to make them con-
sistent with the values of δ13CSOM. Previous studies found that δ13C27–31
was depleted by 6–12‰ relative to δ13CSOM, with an average of 8.1‰,
which does not change with increasing latitude (Rao et al., 2008). In
this study, we use this 8.1‰ difference to correct the δ13C27–31 values.
Then, the corrected δ13C27–31 was applied to the isotope mass-balance
equation to estimate C4 abundance, in the same way as for δ13C SOM.

To reconstruct a spatiotemporal pattern of C4 abundance for each
1000-year time interval since the LGM, we resampled each of the ori-
ginal time series at a 1000-year interval by averaging the original data
in each time window (e.g., the value for 1 kyr BP was the average
during 0.5 to 1.5 kyr BP, and so on). The spatial distribution of C4
abundance was illustrated using ArcGIS. Temporal changes in C4
abundance during the last 21 kyr BP in the four sub-regions (including
Northeast China, the CLP, South China and the Tibetan Plateau) were
constructed by averaging the estimated C4 abundance in the respective
regions.

2.4. Sensitivity analysis of the effects of climate and atmospheric pCO2 on
C3/C4 plants

A novel aspect of this study is the application of a physiological
process-based vegetation model, BIOME4 (Kaplan et al., 2003; Hatté
and Guiot, 2005), to study the sensitivity of C3 and C4 plants to changes
in climate and atmospheric pCO2 since the LGM. The discrimination
model to calculate isotopic fractionation during photosynthesis

produced by C3 and C4 plants is conceptually related to the model of
Lloyd and Farquhar (1994). The maximum potential Ci/Ca ratio is
prescribed for each PFT and the actual Ci/Ca is subsequently calculated
though iterative optimization. The mean annual isotopic fractionation
is calculated by weighting monthly fractionation by the respective NPP.
Finally, all the isotopic fractions of both C3 and C4 photosynthetic
pathways for all coexisting PFTs are considered and weighted by NPP
(Hatté and Guiot, 2005).

The model was fed with input consisting of monthly climatic vari-
ables (temperature and precipitation), atmospheric pCO2, and data on
soil textural class. The modern atmospheric CO2 concentration was set
to 380 ppmv because most of the modern plants and surface soil sam-
ples were collected during 2000s. Soil properties were derived from the
FAO digital soil map of the world (Food and Agriculture Organization
(FAO), 1995). The modern monthly climatic variables were spatially
interpolated from the dataset compiled by the Chinese Central Me-
teorological Office. We used the artificial neural network technique as
described by (Guiot et al., 1996) for interpolation. The BIOME4 model
was run at a spatial resolution of 0.5°× 0.5°.

To identify the dominant factor linking climate and atmospheric
pCO2 with the observed changes in C4 plant abundance, the range of
input parameters used for the BIOME4 model should cover their re-
spective ranges of variation since the LGM. Studies have demonstrated
that the climatic conditions during the LGM were significantly colder
and drier than at present (Jiang et al., 2011; Bartlein et al., 2011); in
addition, the early-to-mid Holocene was the warmest and wettest
period of the entire post-LGM interval (Shi et al., 1993; Wu et al.,
2017). Therefore, the ranges of the climate parameters used for sensi-
tivity experiments are set according to the reconstructed temperature
and precipitation during these two periods (Table 2). In addition, at-
mospheric pCO2 was increased from the LGM level of ~180 ppmv to
~380 ppmv (Lüthi et al., 2008; Mauna Loa Observatory; Table 2).

Based on the estimated temperature, precipitation and CO2 con-
centration, we performed three sensitivity experiments, using the single
variable method, for Northeast China, the CLP, South China and the
Tibetan Plateau (Table 2). The following model parameters were used:

Table 1
End-member δ13C values for C3 (δ13CC3) and C4 plants (δ13CC4).

Factors δ13CC3
(‰)

δ13CC4
(‰)

References

China excluding the Tibetan Plateau
Modern vegetation −27.6 −13.1 See Table S2 for site information
δ13Catm correction

(+1.5‰)a
−26.1 −11.6 Mauna Loa Observatory, 2000;

Schmitt et al., 2012
Degradation correction

(+1.0‰)
−25.1 −10.6 Melillo et al., 1989

Tibetan Plateau
Modern vegetation −26.3 −12.4 See Table S2 for site information
δ13Catm correction

(+1.5‰)a
−24.8 −10.9 Mauna Loa Observatory, 2000;

Schmitt et al., 2012
Degradation correction

(+1.0‰)
−23.8 −9.9 Melillo et al., 1989

a Antarctic ice cores show that δ13Catm ranged from −6.7‰ to −6.3‰
during the past 21 kyr BP, with an average δ13Catm of −6.5‰ (Schmitt et al.,
2012). The δ13Catm for the present-day increases to −8.0‰ (Mauna Loa
Observatory, 2000), which may be largely explained by the incorporation of
atmospheric CO2 that is depleted in 13C from fossil fuel combustion, and by
changes in isotopic fractionation during air/sea gas exchange (Freyer and
Belacy, 1983; Schmitt et al., 2012). Here, we assume this 1.5‰ excursion for
δ13Catm correction.

Table 2
Ranges of the parameters used for sensitivity experiments in the four sub-re-
gions of China since the LGM.

Sub-region ΔT range (°C)a ΔP range (%)b CO2 concentration (ppmv)

Northeast China [−7, +4] [−20, +50] [180, 380]
CLP [−7, +4] [−50, +30]
South China [−3, +2] [−10, +50]
Tibetan Plateau [−4, +5] [−50, +50]

The climate ranges are given in terms of the deviation from modern values (°C
for temperature and % for precipitation). T, mean annual temperature; P, mean
annual precipitation.

a In Northeast China, CLP, South China and Tibetan Plateau, palaeo-
temperature reconstructions have revealed that during the early and mid-
Holocene the mean annual temperature (MAT) was higher than today by ~4 °C
(Wu et al., 2017), ~4 °C (Shi et al., 1993), ~2 °C (Wu et al., 2017) and ~5 °C
(Shi et al., 1993) in the four sub-regions, respectively; while at the LGM, the
MAT was lower than today by ~7 °C (Liu, 1988), ~7 °C (Peterse et al., 2011),
~3 °C (Wang et al., 2012), and ~4 °C (Herzschuh et al., 2014) in the four sub-
region, respectively.

b In Northeast China, CLP, South China and Tibetan Plateau, palaeopreci-
pitation reconstructions have revealed that during the mid-Holocene, the mean
annual precipitation (MAP) was greater than today by ~230mm (a difference
of ~50%) (Wu et al., 2017), ~130mm (a difference of ~30%) (Chen et al.,
2015), ~480mm (a difference of ~50%) (Wu et al., 2017), and ~200mm (a
difference of ~50%) (Wu et al., 2017) in the four sub-regions, respectively; in
contrast, at the LGM, MAP was lower than today by ~70mm (a difference of
~20%) (Wu et al., 2018), ~100–300mm (a difference of ~20–50%) (Wu et al.,
2002), ~100mm (a difference of ~10%) (Wu et al., 2018) and ~390mm (a
difference of ~50%) (Herzschuh et al., 2014), respectively.
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(1) When temperature was increased from the LGM level to the early-
mid Holocene level, precipitation and CO2 were kept at modern values.
(2) When precipitation was increased from the LGM level to the early-

mid Holocene level, temperature and CO2 were kept at modern values.
(3) When the CO2 concentration was increased from 180 ppmv to
380 ppmv, temperature and precipitation were kept at modern values.

Fig. 2. Spatiotemporal distribution of C4 plant abundance in China since the LGM.
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3. Results

3.1. Spatiotemporal distribution of C4 plant abundance since the LGM

The spatiotemporal distribution of C3 and C4 plants is shown in
Fig. 2 and Fig. S4. During 21–16 kyr BP, South China had the highest C4
abundance (as much as 30–45%); from 16 to 9 kyr BP, C4 abundance
increased significantly on the CLP in northern China, with the highest
abundance (up to ~40–60%) during 9–6 kyr BP; and thereafter, there
was a general decrease in C4 plant representation throughout China. In
addition, for most of the past 21 kyr, C4 plants on the Tibetan Plateau
were less abundant (< 10%) compared to other regions in China, such
as South China and the CLP.

3.2. Temporal variation of C4 abundance within the four sub-regions since
the LGM

The temporal variation of C4 plants in the four sub-regions is shown
in Fig. 3. In Northeast China, C4 abundance generally increased since
the LGM (21–19 kyr BP), reached a maximum (up to ~12%) during
10–6 kyr BP. A similar pattern occurred on the CLP, but the amplitude
of changes in C4 abundance was much greater than in Northeast China.
Specifically, C4 abundance remained relatively stable at ~14% from 21
to 19 kyr BP and then increased significantly (by up to ~20%) from 16
to 10 kyr BP, reaching a maximum of ~32% during 10–6 kyr BP. Sub-
sequently, C4 abundance gradually decreased to ~22% at the present-
day. By contrast, South China exhibits the opposite trend: C4 re-
presentation was as high as ~35–43% during 21–10 kyr BP and was
~10% after 9 kyr BP. In the case of the Tibetan Plateau, the abundance
C4 plants remained roughly constant (< 10%) during the past 21 kyr.

3.3. Impact of climate change and atmospheric pCO2 on the relative
abundance of C4 plants

The BIOME4 model has successfully simulated the discrimination of
carbon isotopes in the leaves of C3 and C4 plants (Hatté and Guiot,
2005) in Australia (Stewart et al., 1995) and in the southeastern United
States (Van de Water et al., 2002). However, for the present study, it is
necessary to evaluate the reliability of the BIOME4 model for China.

Validation was implemented using the modern carbon isotope dataset
collected for China (including 1050 surface soils and 1872 plants - see
Table S2 for detailed information). Since the carbon isotopic composi-
tion of different types of plant at the same site is quite different, each
δ13C value was classified into one of the 14 vegetation types specified in
BIOME4 to determine the isotopic differences between different regions
and different vegetation types. Linear regression analysis was used to
compare the simulated δ13C values at each site compared with the
observed values. The correlation coefficient (R2) is 0.90
(y= 0.88x−1.95) between simulated (y) and measured δ13C (x), in-
dicating that the isotope model of BIOME4 is effective at simulating the
carbon isotope discrimination of C3 and C4 plants in China (Fig. 4).

The results of sensitivity experiments to evaluate the response of C4
abundance to changes in temperature, precipitation and atmospheric
pCO2 in the four sub-regions are shown in Fig. 5. Similar results were
obtained for both Northeast China and the CLP (Fig. 5a, b): C4 abun-
dance responded positively to increased temperature, especially within
the high temperature range, suggesting that C4 plants were favored by
higher temperatures. In contrast, C4 abundance responded negatively to
increases in atmospheric pCO2 and precipitation, indicating that C4
plants are favored by less precipitation and/or lower CO2 levels. In
addition, C4 plants responded more rapidly to temperature than to at-
mospheric pCO2 and precipitation. In South China, C4 abundance was
also positively correlated to temperature and negatively correlated to
precipitation and CO2 concentrations (Fig. 5c). However, the increase
in C4 abundance in response to temperature was much weaker for
Northeast China and the CLP.

For the Tibetan Plateau, C4 abundance was insensitive to changes in
temperature, precipitation and atmospheric pCO2 (Fig. 5d). Almost no
change in C4 abundance is observed when temperature, precipitation
and CO2 concentration were increased since the LGM.

4. Discussion

4.1. Comparison of the results with published records of C4 plant abundance

Changes in the abundance of C3 and C4 plants within vegetation has
also been documented by other proxies, including compound-specific
carbon isotope records of long-chain n-alkanes from loess-paleosol
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sequences (δ13Cn-alkanes) (Collister et al., 1994; Tipple and Pagani,
2010), the carbon isotopic composition of black carbon from lake se-
diments (δ13CBC) (Clark et al., 2001), and carbonate δ13C values of cave
stalagmites (δ13Ccarb) (Dorale et al., 1992, 1998). It is noteworthy that
records of δ13Cn-alkanes from the Xifeng, Luochuan and Xunyi loess-pa-
leosol sequences (Fig. 6a, Zhang et al., 2003; Liu et al., 2005) con-
sistently indicate that C4 abundance on the CLP generally increased
from the LGM to early Holocene and then subsequently decreased. This
finding is generally consistent with our reconstruction of C4 abundance
on the CLP (Fig. 6b). In addition, δ13CBC records from Lake Teng-
chongqinghai (TCQH), Lake Erhai (Fig. 6c, Zhang et al., 2015, 2017),
and δ13Ccarb records from Xiangshuiyan and Dongge caves (Fig. 6d, Qin
et al., 2000; Zhang et al., 2004) consistently reveal that C4 plants in
South China were less abundant during the LGM compared to the Ho-
locene, which also agree with our result in South China (Fig. 6e).

Nevertheless, despite the trends being broadly similar between the
reconstructed C4 abundance in this study and the additional sites, there
are some discrepancies: for example, the timing of highest δ13C values
in Luochuan site slightly leaded (by 2 ka) our result (Fig. 6a, b); δ13CBC
record form Lake TCQH exhibited an increasing trend since 8 kyr BP
(Fig. 6c), but there was no significant change in the corresponding C4
abundance in South China (Fig. 6e); the C4 abundance peaked during
the last 1.5 kyr BP at Xiangshuiyan Cave (Fig. 6d), but the corre-
sponding C4 abundance was low in South China (Fig. 6e). These subtle
differences may be attributed to the fact that the synthesized C4
abundance in this study indicates regional changes in vegetation,
whereas the selected records reflect vegetation change at an individual
site.

Although previous studies have investigated temporal changes in
the relative abundance of C3 and C4 plants at individual sites in China
since the LGM, spatial patterns have rarely been addressed. Moreover,
previous investigations focused mainly on the spatial pattern of C4 plant
representation on the CLP during key intervals (e.g. the LGM and the
mid-Holocene) (Yao et al., 2011; Yang et al., 2015), but the evolution of
the spatial pattern of C4 plant representation at a national scale since
the LGM is unclear. Our study represents a significant advance over
previous studies in that our data represent most of China, and thus it
provides a more comprehensive picture of the spatiotemporal evolution
of C4 plants since the LGM.

The temporal pattern of δ13C records from Northeast China and the
CLP are consistent with records of the δ13C of the SOM content of
aeolian deposits in the Central Great Plains of North America (e.g.,
Muhs et al., 1999; Johnson and Willey, 2000), and with records of the
δ13C composition of long-chain n-alkanes from the sediments of the
North Pacific Ocean and Japan Sea (e.g., Yamada and Ishiwatari, 1999;
Ratnayake et al., 2006). These records reveal a shift from a pre-
dominantly C3 community to a mixture of C3 and C4 plants at mid-
latitude regions from the LGM to the Holocene. At low latitudes, the
temporal pattern of our results for South China are also in agreement
with δ13C values of long-chain n-alkanes from tropical Africa
(Castañeda et al., 2007; Berke et al., 2012; Wang et al., 2013; Norström
et al., 2014), Mesoamerica (e.g., Huang et al., 2001, 2006) and the Bay
of Bengal (e.g., Galy et al., 2008; Contreras-Rosales et al., 2014), where
higher proportions of C4 vegetation are evident during the LGM than
during the Holocene.

However, due to the limited number of δ13C records of individual n-
alkanes from lake and marine sediments, there are still some degree of
uncertainty regarding the reconstructed spatiotemporal evolution of C4
plant abundance in Northeast China, South China and Tibetan Plateau.
These regions require more investigation in the future.

4.2. Possible causes of the patterns of C4 plant expansion in different regions
of China

Two main mechanisms have been invoked to explain changes in the
proportion of C4 plants during glacial-interglacial cycles in China. First,
variation in summer monsoon intensity have been proposed as a major
factor (Vidic and Montañez, 2004; Liu et al., 2005; Xue et al., 2014;
Zhang et al., 2017), based on observations that proxies of summer
monsoon intensity (e.g. magnetic susceptibility of loess deposits and
δ18O values of stalagmites) co-vary significantly with the relative
abundance of C4 plants. Second, temperature has been proposed as the
main driver of the relative abundance of C3 and C4 plants (Gu et al.,
2003; Zhang et al., 2003; Rao et al., 2012; Wang et al., 2015), based on
the observation that the increasing temperatures from the LGM to
Holocene were accompanied by an increase in the representation of C4
plants.

In the present study, a physiological process-based model was used
to distinguish the effects of temperature, precipitation and atmospheric
pCO2 on C4 plants in different regions of China. In addition, we com-
pared the temporal variation of reconstructed percentages of C4 plants
with records of climate change and CO2 concentration (Fig. 7), to fur-
ther determine the dominant factor affecting the evolution of C4 plants
for different regions since the LGM.

Sensitivity analysis indicated that C4 plants have a competitive
advantage over C3 plants under conditions of low atmospheric CO2

content and aridity on the CLP (Fig. 5b), because of their ability to
concentrate CO2 and their greater water-use efficiency (Collatz et al.,
1998; Raven et al., 1999; Sage, 2001). However, comparison of the
record of C4 abundance with reconstructed precipitation and atmo-
spheric pCO2 since the LGM (Fig. 7a, c), reveals that an increased
abundance of C4 plants occurred at times of higher precipitation and
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atmospheric pCO2, suggesting that the changes in C4 abundance on the
CLP may were not driven primarily by precipitation or CO2 levels.

Changes in C4 abundance on the CLP are in-phase with temperature
variations (Fig. 7a, c), with the maximum abundance C4 coinciding
with the temperature maximum during 10–6 kyr BP. Sensitivity analysis
also revealed that C4 abundance increased significantly with increasing
temperature (Fig. 5b). This evidence leads us to conclude that the ex-
pansion of C4 plants since the LGM on the CLP was mainly a response to
rising temperature.

In Northeast China, the relationship of changing C4 abundance to
climatic records and atmospheric pCO2 is consistent with that on the
CLP (Fig. 7a, b), indicating that C4 plants responded similarly to
changes in climate and atmospheric CO2 concentration in these two
mid-latitude regions. Therefore, the expansion of C4 plants in Northeast
China during the Holocene was also caused primarily by rising

temperature.
In South China, the sensitivity analysis indicates that C4 abundance

is positively correlated with temperature (Fig. 5c). If temperature was
the main cause of changes in C4 abundance, the warmer Holocene
would have been expected to have exhibited a greater abundance of C4
plants than the preceding colder glacial period. However, the occur-
rence of the opposite trend (Fig. 7a, d) suggests that other factors, ra-
ther than temperature, determined changes in C4 abundance in the
region.

Comparison of C4 abundance in South China to the records of at-
mospheric pCO2 and precipitation (or moisture level) shows that a
higher abundance of C4 plants occurred during the glacial period when
atmospheric pCO2 was lower and the climate was arid, while the op-
posite occurred during the Holocene (Fig. 7a, d). Sensitivity analysis
also revealed that C4 plants are better adapted to low CO2 and

Fig. 5. Results of a sensitivity analysis of the response of the relative abundance of C4 plants to changes in temperature, precipitation, and atmospheric CO2

concentration.
a: Northeast China, b: CLP, c: South China, d: Tibetan Plateau. Red squares, blue triangles and green cycles represent temperature, precipitation and atmospheric CO2

concentration. (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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precipitation conditions than C3 plants (Fig. 5c), and that temperature
did not have a major influence on changes in C4 plant abundance.
Therefore, we suggest that the decrease in C4 plant abundance in low-
latitude South China was a response to the combined effect of in-
creasing atmospheric pCO2 and precipitation, especially the former.

On the Tibetan Plateau, sensitivity analysis revealed that the re-
lative abundance of C4 plants was insensitive to changes in tempera-
ture, precipitation or atmospheric pCO2 (Fig. 5d). This is corroborated
by the fact that reconstructed C4 plant abundance in the region was
remarkably constant since the LGM (Fig. 7e), because the lower
growing season temperature during the past 21 kyr may have inhibited
C4 plant growth in this high-elevation region.

Our results highlight important regional differences in the dominant
factors controlling the relative abundances of C3 and C4 plants in China
since the LGM, which have also been pointed out in recent studies in
East Africa (Urban et al., 2015) and southeastern Australia (Nelson
et al., 2016). C4 plant abundance in mid-latitude China was primarily
controlled by temperature, as was also concluded for the mid-latitude
North American Great Plains (e.g., Muhs et al., 1999; Johnson and
Willey, 2000). In contrast, in low-latitude China, C4 abundance was
controlled by the combined effects of atmospheric pCO2 and pre-
cipitation. This result is partly consistent with previous studies which
suggest that either atmospheric pCO2 (Street-Perrott et al., 1997; Huang
et al., 1999; Damsté et al., 2011; Bragg et al., 2013) or precipitation
(Huang et al., 2006; Castañeda et al., 2007; Contreras-Rosales et al.,

2014) was the single most important factor determining changes in C4
plants in low-latitude regions such as East Africa, South Asia and Me-
soamerica. On the high elevation Tibetan Plateau, the low growing
season temperature has resulted in the scarcity of C4 plants.

5. Summary

We combined 33 δ13C records of SOM from paleosol sequences and
16 δ13C records of individual n-alkanes from lake sediments from across
China, and reconstructed the spatiotemporal pattern of C4 plant abun-
dance since the LGM. The results show that South China had the highest
C4 abundance at the LGM, and that the CLP in North China had the
highest abundance during the early to mid-Holocene. In North China,
C4 abundance increased since the LGM, reached a maximum during the
early to mid-Holocene, and decreased thereafter. In contrast, in South
China, C4 abundance generally decreased during the Holocene. The
high-elevation Tibetan Plateau experienced no significant change in the
proportion of C4 plants during the Holocene. Combined with a sensi-
tivity analysis, our results reveal that C4 plant expansion in mid-latitude
China since the LGM was caused by rising temperatures, while the
decrease in C4 plants in low-latitude China was a response to increased
atmospheric pCO2 level and precipitation. On the Tibetan Plateau, the
lower growing season temperature inhibited the growth of C4 plants.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.12.021.

Fig. 6. Comparison of changes in C4 plant abun-
dance in South China and the CLP since the LGM
with various published records
a: Weighted mean δ13C27–31 of long-chain n-alkanes
from Xifeng (green line) (Liu et al., 2005), Luochuan
(red line) (Zhang et al., 2003) and Xunyi (blue line)
(Zhang et al., 2003). b: Evolution of C4 abundance
on the CLP. c: Carbon isotopic composition of black
carbon (δ13CBC) at Lake TCQH (red line) (Zhang
et al., 2015) and Lake Erhai (brown line) (Zhang
et al., 2017). d: Carbonate δ13C record (δ13Ccarb) for
Xiangshuiyan Cave (green circles are the measured
values, and the green line is a five-point running
mean) (Qin et al., 2000) and Dongge Cave (blue
squares are the measured values, and the blue line is
a five-point running mean) (Zhang et al., 2004). e:
Evolution of C4 abundance in South China. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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