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Stable carbon isotope composition of soil organic matter (δ13CSOM) has been widely used to infer past environ-
mental or vegetation (C3/C4) changes. However, as a carbonaceous product of incomplete burning of biomass,
the carbon isotope signature of black carbon (BC) has received little study and a limited usage on this purpose.
Moreover, the environmental or vegetation indication of BC carbon isotope composition (δ13CBC) in sedimentary
records remains ambiguous although the δ13CBC is supposed to reflect carbon isotope composition of vegetation
being burnt. This deserves site-specific studies. Here we analyzed δ13CBC and δ13CSOM on loess-paleosol samples
from Lijiayuan and Yangling sections on Chinese Loess Plateau (CLP) spanning the last glacial maximum to deci-
pher the environmental (or vegetation) meaning of δ13CBC at each study site. Opposite changing patterns were
observed on the δ13CBC values for the two sections. The δ13CBC at Yangling (in southern part of the CLP) varied
from−19.18‰ to−21.93‰ (mean:−20.62‰) withmore positive values occurred during themiddle Holocene
than those during the LGM, demonstratingmoreC4 plants occupied in the region during thewarm-humidmiddle
Holocene. This is consistent with the changing pattern widely-documented in δ13CSOM records over the CLP dur-
ing the same period. By contrast, the δ13CBC at Lijiayuan (in northwestern part of the CLP) changed within the
range of−21.83‰ ~−24.64‰ (mean:−23.34‰) and displayed more negative values during the early-middle
Holocenewith respect to the LGM period. The δ13CBC at Lijiayuan were about 2.5‰ lower than those at Yangling,
indicating a northward decrease of C4 plants on the CLP. The anti-phased changes of δ13CBC at Lijiayuanwere con-
sidered to reflect variations in paleorainfall because the vegetation is dominated by C3 plants at the study site and
carbon isotope compositions of C3 plants decrease as rainfall increases. Compared with δ13CSOM record at the
same profile, δ13CBC seem biased against capturing C4 signal during mid-Holocene possibly due to dominance
of C3 plants at the study site during fire seasons and a potentially extra source of BC from forest fires occurred
on surrounding mountains. By contrast, δ13CBC tend to exaggerate C4 signal during the LGM attributed to a pos-
sible shift of fire season from spring to summer. These findings suggest that we probably underestimate the
abundance of C4 plants during mid-Holocene and overestimate C4 biomass during the LGM using BC carbon iso-
tope composition.
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1. Introduction

Black carbon (BC) is produced from incomplete burning of vegeta-
tion and fossil fuels (Goldberg, 1985). BC contains a continuum ofmate-
rials, ranging from large fragments of slightly charred biomass to
microscopic soot and graphitic black carbon (or elemental carbon),
which are formed by the condensation of gases produced during com-
bustion (Masiello, 2004). As a product of vegetation fires, BC has been
employed to indicate past fire occurrence (Wang et al., 2005, 2012,
2013a). Moreover, BC carbon isotope compositions may demonstrate
the type of vegetation that was burned, i.e., C3/C4 plants (Bird and
Gröcke, 1997) and thus reflect possible environmental changes. Despite
its potential proxy value, the δ13C value of BC (δ13CBC) has received only
limited use for past vegetation or environmental reconstruction (e.g.,
Bird and Cali, 1998; Turney et al., 2001; Jia et al., 2003; Zhou et al.,
2009). This is partially because the direct usage of δ13CBC as
paleovegetation reconstruction is still in debate. Major concerns are
mainly derived from the observed changes in stable carbon isotopic
composition during the combustion process (Wang et al., 2013b) and
the influence from exogenous source of BC (Liu et al., 2013). For exam-
ple, carbon isotope fractionations (CIF) during the conversion of C3 and
C4 vegetation to BC are highly variable, with a CIF range of−3‰ ~+3‰
(mean:−0.3‰) for C3 plants and−10‰ ~+3‰ (mean:−1.7‰) for C4
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Fig. 1. Location map showing the localities of the studied sections labeled as stars (LJY-
Lijiayuan; YL-Yangling). The arrow indicates the dominant subaerial wind direction in
winter season, coinciding with the observed decrease in grain size and thickness of
loess. The desert (dotted area) and mountains (black areas) around and within the
Loess Plateau are shown. The solid square in the inset map shows the locality of the
Loess Plateau in continental China.
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plants (Wang et al., 2013b).Meanwhile, as for Chinese Loess Plateau, BC
produced in desert and surrounding mountains may be carried along
with dust and thus affect less BC δ13CBC values (Liu et al., 2013). Al-
though the above two issues have been addressed and examined in
some previous studies (i.e., Wang et al., 2013b; Liu et al., 2013), further
assessments are still needed especially from paleorecords covering a
broad region with a clear gradient of C3/C4 abundances.

Despite BC has encountered the aforementioned major concerns,
δ13CBC still has some advantages over δ13CSOM in application to past veg-
etation or environmental reconstruction. These advantages are as
followed: (1) the δ13CSOM can be potentially biased by pre-analysis
acid preparation (Brodie et al., 2011). By contrast, BC is chemically
inert and resistant to alteration by acid treatment (Bird and Cali,
1998); (2) pedogenic degradation may exert additional effect on
δ13CSOM (Zech et al., 2007) whereas BC is also biochemically inert
enough to resist to biodegradation (Masiello, 2004); (3) the interpreta-
tion of δ13CSOM from loess-paleosol sequences can be challenging be-
cause multiple factors can influence δ13CSOM (Zech et al., 2013). In this
context, it deservesmore δ13CBC analysis in sedimentary records to facil-
itate our meaningful interpretation for it.

The loess deposits on Chinese Loess Plateau (CLP) have been recog-
nized as an ideal archive for paleofire studies using BC abundance
(Wang et al., 2005). This is because the completeness and continuity
of loess deposition enable stratigraphical correlation between far-locat-
ed loess sections (Ding et al., 2002).We therefore choose Chinese loess-
paleosol sequences to examine the effectiveness of δ13CBC record as an
indicator of paleo-environment and paleo-vegetation reconstruction.
Moreover, δ13CSOM records have been intensively applied to infer the
changes in abundances of C3/C4 plants over the CLP especially since
the last glacialmaximum (LGM) (Yang et al., 2015). The research results
would help us better understand usage of δ13CBC record.

In this study, we measured δ13CBC on loess-paleosol profiles span-
ning the LGM and the Holocene from Lijiayuan and Yangling sections,
which are located in northwestern and southern part of the CLP, respec-
tively. We compared the δ13CBC records with δ13CSOM records from the
same profiles, with the objective to examine the differences between
the two proxies in constraining past environmental or vegetation
changes.

2. Study area

The Lijiayuan section (36°7′0″N, 104°51′30″E) is located to the north
of Huining County, Gansu Province in the northwestern part of the Loess
Plateau and is ~100 km from themodern desertmargin (Fig. 1). At pres-
ent, themean annual temperature is ~7 °C at the site,with a July average
of 22.6 °C and a January average of−7.7 °C. Themean annual precipita-
tion is ~250 mm, and about 70% of the rainfall occurs in summer. The
Yangling section (34°17′24″N, 108°5′24″E) is situated in southern part
of the Loess Plateau (Fig. 1). The mean annual temperature is ~13 °C,
with a July average of 26.1 °C and a January average of −1.2 °C. The
mean annual precipitation is ~650 mm at the site, and about 50% of
the rainfall occurs in summer. These two study sites stride from semi-
humid to semi-arid area and possess far different climatic conditions,
allowing for site-specific studies.

For both the study areas, most of rainfall occurs in summer, brought
by the East Asia summer monsoon. In winter, the prevailing winds are
northwesterly and generate frequent dust storms due to the high pres-
sure over Siberia.

The stratigraphic divisions for these two sections have been made
based on grain size, magnetic susceptibility and the pedogenic charac-
teristics (Fig. 2), following the method of Yang and Ding (2008). Both
sections consist of soil unit S0 and the upper part of loess unit L1. TheHo-
locene soil (S0), overlain by modern topsoil, is dark in color because of
its relatively high organic matter content. Loess unit L1, yellowish in
color andmassive in structure, was deposited during the last glacial pe-
riod. L1 can be generally divided into five subunits termed L1-1, L1-2,
L1-3, L1-4 and L1-5. Among them, L1-2 and L1-4 are weakly developed
soil whereas the others are typical loess. Previous studies (Kukla, 1987;
Lu et al., 1987; Ding et al., 2002; Lu et al., 2007) have shown that L1-1 is
correlated withMIS 2 (~27–11 ka) and S0 corresponds to the early-mid
Holocene (~11–3 ka).

3. Materials and methods

For Lijiayuan section, we took loess and paleosol samples at ~10 cm
interval and a total of 84 samples were collected above 7.26m in depth,
spanning the Holocene and late last glacial period. Only δ13C of BC was
measured here and a total of 84 δ13CBC data were obtained for Lijiayuan
section. The δ13CSOM data for Lijiayuan section (namelyHuining section)
were cited from Yang et al. (2015) for a purpose of comparison. For
Yangling section, we took loess and paleosol samples at 5 cm interval
and a total of 85 samples were collected for the period over late last gla-
cial time. We measured δ13C on both BC and soil organic matter (SOM)
for the same profile on the purpose of comparison. A total of 64 samples
for BC and 64 samples for SOM were determined for carbon isotope.

We used the chemical oxidation method developed by Lim and
Cachier (1996) to extract the BC in the loess–soil samples. In brief, the
carbonates and part of the silicates in the samples were removed by
an acid treatment with HCl (3 mol/L) and HF (10 mol/L)/HCl
(1mol/L) in sequence. The treated samples were then oxidized by a so-
lution of 0.1 mol/L K2Cr2O7/2 mol/L H2SO4 at 55 °C for 60 h to remove
soluble organic matter and kerogen. After the treatment, the remaining
refractory carbon in the residue is called BC, and includes charcoal and
the atmospheric BC particles from regional fires as well as other sources
besides fire (Lim and Cachier, 1996).

For SOMextraction, samples (~2.5 g)were first screened formodern
rootlets and then digested for 48 h in diluted (1mol/L)HCl at room tem-
perature to remove carbonate. The diluted HCl was used just in case
some labile organic compounds would be lost during chemical pre-
treatment usingmore concentrated acid. The residuewere thenwashed
to pH N5 with distilled water and dried cryogenically at −80 °C using
freeze drying machine.

The δ13C analyses were performed on a continuous-flow isotope
ratio mass spectrometer (CF-IRMS). The CF-IRMS system consists of an
elemental analyzer (Flash 1112 series) coupled to a Finnigan MAT 253
mass spectrometer. The standard samples with known δ13C value



Fig. 2. Sub-division of stratigraphic units in each section based on median grain size and magnetic susceptibility curves. The grain size and magnetic susceptibility data for Yangling and
Lijiayuan were cited from Zhao and Ding (2014) and Yang et al. (2015), respectively.
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(e.g., Glycine: δ13CVPDB=−33.3‰) were used tomonitor themeasure-
ment. Analytical precisions were better than ±0.2‰.
4. Results

The variations in δ13CBC compared with the δ13CSOM records for both
Lijiayuan and Yangling sections are displayed in Fig. 3. The δ13CBC values
for Lijiayuan section range from −21.83 to −24.64‰, with an average
of −23.36‰. The δ13CBC at Lijiayuan showed more positive values
(mean: −22.80‰) during the LGM period and then decreased during
Holocenewith themost negative of−24.64‰ atmid-Holocene. By con-
trast, the δ13CBC for Yangling section varied from−19.18‰ to−21.93‰
(mean: −20.62‰), being obviously higher than those for Lijiayuan.
Meanwhile, the δ13CBC at Yanglingwere relativelymore negative during
the LGM period than during the Holocene, i.e., a mean δ13CBC of −
21.01‰ during the LGM and−19.61‰ at mid-Holocene, showing a re-
verse phase of change compared to that of Lijiayuan.

Comparatively, the δ13CSOM records for the two sections shared a
common feature and demonstrated a consistent increase from the
LGM to the Holocene. For example, the δ13CSOM fall in the range of −
23.75‰ to −20.74‰ for the LGM loess unit and within the range
of−22.58‰ to−18.94‰ for the Holocene soil. Moreover, they exhibit-
ed a good correlationwith the grain size andmagnetic susceptibility re-
cords. For example, more positive δ13CSOM values correspond to finer
grain size and higher magnetic susceptibility, and vice versa.
5. Discussion

5.1. Carbon isotope compositions of BC on CLP and C3/C4 vegetation
reconstruction

It is well known that plants use two principal photosynthetic path-
ways to fix carbon, C3 and C4, which have apparently different carbon
isotope signatures (Deines, 1980; O'Leary, 1988; Farquhar et al., 1989).
For instance, an investigation of modern plants in the loess region of
North China (Wang et al., 2008a) has shown that C3 plants have δ13C
values ranging from−21.7‰ to−30‰with ameanof−26.7‰where-
as C4 plants have δ13C values of−10‰ ~−15.8‰ (mean:−12.8‰). To
date, δ13CSOM records generated from loess-paleosol sections have been
widely used to infer past C3/C4 vegetation changes (e.g., Gu et al., 2003;
Liu et al., 2005; Rao et al., 2005; Wang et al., 2008a; Yang et al., 2015).
The general features are that relative abundance of C4 plants increased
on CLP from the last glacial to mid-Holocene and decreased northwest-
ward on CLP during both the last glacial and mid-Holocene.

In order to estimate C3/C4 biomass over the LGM period using our
δ13CBC or δ13CSOM records, we basically followed the method developed
by Yang et al. (2015), which considered the effects of the carbon isotope
composition of atmospheric CO2, precipitation and temperature change
on the δ13C values of C3 and C4 plants. After correcting for these factors,
the end-member δ13C values for C3 (δ13CC3) and C4 plants (δ13CC4) were
obtained as followed: δ13CC3=−24.0‰ and δ13CC4 =−10.1‰ for Ho-
locene whereas δ13CC3 = −24.1‰ and δ13CC4 = −10.2‰ for the LGM.



Fig. 3. A comparison of δ13CBC with δ13CSOM records and changes in inferred C4 abundances since the LGM for Lijiayuan (δ13CBC: brown solid circles, δ13CSOM: blue solid circles, δ13CBC-
derived C4 abundance: brown open circles, δ13CSOM-derived C4 abundance: blue open circles) and Yangling (δ13CBC: purple solid circles, δ13CSOM: green solid diamonds, δ13CBC-derived
C4 abundance: purple open circles, δ13CSOM-derived C4 abundance: green open diamonds). Note that the δ13CBC showed an opposite trend during the transition from the LGM to the
Holocene with respect to the δ13CSOM record at Lijiayuan (as arrows indicated). Accordingly, the δ13CBC record at Lijiayuan yielded an apparently underestimated C4 biomass during
mid-Holocene as comparedwith the δ13CSOM record. The δ13CSOM data for Lijiayuan sectionwas cited fromYang et al. (2015). The SPECMAP time scalewas cited from Imbrie et al. (1984).
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C4 plant abundance was calculated by applying the measured δ13C
values to an isotope mass-balance equation: C4 (%) = [(δ13C −
δ13CC3)/(δ13CC3 − δ13CC4)] × 100.

The changes in C4 biomass over the LGM estimated using δ13CBC and
δ13CSOM records were shown in Fig. 3. At Lijiayuan in northwestern part
of CLP, δ13CBC-derived C4 plant abundance decreased from a mean of
5.8% to 1.1% from the LGM to mid-Holocene. Conversely, δ13CSOM-de-
rived C4 plant abundance increased from a mean of 5.8% to 8.1% during
the same time intervals. By contrast, at Yangling in southeastern part of
CLP, δ13CBC-derived C4 plant abundance increased from amean of 22.9%
to 30.4% from the LGM to mid-Holocene. At the same time, δ13CSOM-de-
rived C4 plant abundance at Yangling showed the same changing pat-
tern, i.e., an increase from a mean of 17.8% to 33.6% during the same
time intervals. Spatially, both δ13CSOM and δ13CBC-derived C4 plant abun-
dances displayed a northwestward decrease over the CLP, which is con-
sistent with the northwest-southeast zonal distribution pattern of C4

biomass observed in δ13CSOM records (Yang et al., 2015). However,
with regard to the temporal changing pattern, the δ13CBC-derived C4

plant abundance at Lijiayuan exhibited a reversed phase of change in
comparison to the general feature of glacial-interglacial C4 biomass
shift gained in δ13CSOM records from loess sections. This difference
may indicate that carbon isotope composition of BC at Lijiayuan possibly
documented a variation in environmental signal rather than a C3/C4

vegetation change. This deserves a detailed discussion as below.
The δ13CSOM record showed that C4 biomass was b10% at Lijiayuan

since the LGM. That is to say C3 plants dominated in the region during
both the LGM and mid-Holocene. It could be explained by low growing
season temperature at the study site. Previous studies have shown
that higher growing season temperature and enhanced summer
precipitation favor C4 over C3 plants (Sage et al., 1999; Gu et al., 2003;
Liu et al., 2005; Yang et al., 2012). However, C4 plant abundance in
North China is mainly controlled by temperature, i.e., the percentage
of C4 plants was significantly lower below the 22° isotherm of the
warmest month (Auerswald et al., 2009; Wittmer et al., 2010). The av-
erage temperature of ~22.6 °C for July, the warmest month at Lijiayuan,
is quite close to the above threshold temperature, which may account
for the low abundance of C4 plants in the modern vegetation of the
region.

Some surveys on modern ecosystems in North China have found
that carbon isotope compositions of C3 plants shifted towards more
negative values along with the increase of mean annual precipitation
(Wang et al., 2003; Liu et al., 2005). The considerable increase in mean
annual precipitation during mid-Holocene should cause negative shift
of C3 plant δ13C values, which would be certainly reflected in both
δ13CBC and δ13CSOM records if regional vegetation was composed of
pure C3 plants. However, in the region still occupied by a small portion
of C4 plants as shown in δ13CSOM record, this negative shift signal was
surprisingly documented in δ13CBC record. This means that BC carbon
isotope compositions tend to bias the real C3/C4 signature, especially
in the region predominated by C3 plants. It can be explained by the sea-
sonality of fire occurrence. In North China, nature fires mainly occur in
dry seasons, i.e., spring and winter (Li, 2006; Zhang et al., 2007; Wang
et al., 2012). For a specific site, the peak of C3 and C4 plant metabolism
differs seasonally (Ode et al., 1980). High C4 component occurs in sum-
mer at the CLP due to relatively high temperature and enhanced precip-
itation (Yang et al., 2012). Since black carbon (as a product of fires) is
mainly produced in spring and winter, covering a period of C3 plant
growth, its δ13C value is biased towards a C3 signal. Therefore, the C4
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biomass estimated from δ13CBC values should be regarded as lower
limits. This is especially the case during mid-Holocene based on a com-
parison between the C4 abundances derived from δ13CBC and δ13CSOM
records, i.e., 1.1% versus 8.1% for Lijiayuan and 30.4% versus 33.6% for
Yangling during the period (Fig. 3).

At the same time, in contrast to the soil organic matter that records
the local floral biomass, the BC tends to document floral components
from a vast area because it could transport for a long distance as
entrained by fire convection flows (Wang et al., 2013a). Modern land-
scape in our study area is semiarid steppe (Chen, 1987). The vegetation
is characterized by herbs, shrubs, and deciduous broad-leaved trees. The
dominant herbs include Artemisia, Stipa, Achnatherum, Cleistogenes,
Typha, and Ephedra, together with such xerophytic herbs as Peganum
and Agriophyllum (Department of Geography, Shaanxi Normal
University, 1987). The dominant elements of deciduous broad-leaved
trees include Betula, Quercus, Salix, Ulmus, and Alnus, which only grow
on undisturbed loess hills because of a long history of crop planting.
During the mid-Holocene, temperate coniferous and broad-leaved for-
est developed in the western part of CLP (Li et al., 2006; Tang et al.,
2007; Sun et al., 2010). In this case, forest fires occurred on surrounding
mountains may provide an extra source of BC, which would further ex-
aggerate C3 signal in the carbon isotope record in northwestern CLP.
This is also the case for southeastern part of CLP, where more tree veg-
etation developed during the mid-Holocene than in the northwestern
part due to relatively high rainfall amount (Jiang et al., 2013; Jiang et
al., 2014). However, this may cause limited influence on the δ13CBC-de-
rived C4 abundance because C4 plants were also abundant along with
the enhanced summer rainfall under favorable temperature condition
in southeastern CLP. This can be envisaged in the relatively small con-
trast between δ13CBC-derived and δ13CSOM-derived C4 abundances at
Yangling (Fig. 3).

Another difference between δ13CBC and δ13CSOM records lies in that
they may document different temporal periods of vegetation or envi-
ronmental changes. Since soil organic matters accumulate continuously
alongwith time in loess-paleosol deposit, δ13CSOM of each sample repre-
sents an integration of vegetation or environmental changes at a certain
time period covered by each sampling interval. By contrast, BC incorpo-
rate into loess-paleosol deposit during the years of fire occurrence
under dry conditions and therefore δ13CBC of each sample only records
vegetation or environmental changes in the fire years within a certain
time period covered by each sampling interval. For the studied profiles
of Lijiayuan and Yangling, each sample represents a time interval of
300–600 years, whichmay witness multiple fire episodes. This thus en-
sures a general resemblance between δ13CBC and δ13CSOM records if the
carbon for BC and SOM are from the same sources. It can be seen in the
δ13CBC and δ13CSOM records of Yangling profile (Fig. 3). However, some
differences can also be observed on the two records, i.e., negative shifts
of δ13CBC with respect to δ13CSOM under warm/humid conditions during
mid-Holocene and MIS 3 stage as well as positive shifts of δ13CBC with
respect to δ13CSOM under cold/dry conditions during LGM. These differ-
ent offsets may be explained by changed seasonality of fire occurrences
during the different climatic periods. During glacial periods like LGM,
the East Asian summermonsoon is weaker, with precipitation narrowly
focused within the summer or part of the summer (Yang et al., 2012).
This could reduce plant productivity and thus lead to low fuel loads in
spring and autumn due to low precipitation amount, which would sup-
press fire occurrences during these seasons. By contrast, relatively high
fuel loads and dry conditions during non-rainy days in the summer
could promote fire occurrence, which would produce more BC from C4
biomass and therefore make δ13CBC shift towards more positive values
with respect to δ13CSOM. During interglacial periods like mid-Holocene
and MIS 3 stage, intensified summer monsoon resulted in high precipi-
tation and a long rainy season (Yang et al., 2012), which may exclude
fires fromhappening in summer. In this case, thefires occurred in spring
and autumn may generate more BC from C3 biomass, which therefore
makes δ13CBC shift to more negative values as compared with δ13CSOM.
In addition, potential overprint of paleo-environmental records by
root is also an important influencing factor, which might be applicable
to δ13CSOM record due to undiscernible carbonized root debris despite
we carefully picked out modern rootlet. Nevertheless, this overprint
could be ruled out by δ13CBC record because the above-mentioned root
carbon was digested by chemical oxidation during extraction process
of BC. This may partially contribute to the observed differences between
δ13CBC and δ13CSOM records.

Collectively, wemay to some extent either underestimate the abun-
dance of C4 plants during interglacial periods or overestimate the abun-
dance of C4 plants during glacial periodswhen BC carbon isotope record
was used to infer C3/C4 abundances.

5.2. Inferring precipitation based on the δ13CBC record at Lijiayuan

Because the carbon isotope compositions of BCmainly reflect a neg-
ative isotopic response of C3 plants to precipitation at Lijiayuan, we at-
tempt to reconstruct precipitation using the δ13CBC values in this
study. In the process of precipitation reconstruction, the influence of
changes in trees versus C3 grasses on δ13CBC values would be neglected
since the δ13C difference between trees and C3 grasses has not beenwell
constrained so far. Moreover, on the CLP, a maximumdifference of ~1‰
was observed on them (Zheng and Shangguan, 2007), which would re-
sult in a limited variation in BC carbon isotope compositions. To recon-
struct precipitation, we employed the leaf 13C discrimination (Δleaf),
which takes the changing δ13C value of atmospheric CO2 (δ13Cair) into
consideration. The Δleaf values were calculated using the following
equation:Δleaf = (δ13Cair− δ13Cleaf)/(1+ δ13Cleaf/103). The δ13Cleaf rep-
resents the δ13C value of leaf or plant, which was directly estimated
from δ13CBC. The δ13Cair value after 17.4 ka BPwas inferred by interpolat-
ing values fromAntarctic ice-core records andmodern observation data
from Antarctic stations as described in Ferrio et al. (2005). The inferred
δ13Cair values vary between −6.3‰ and −7.7‰. For the δ13Cair values
during 17.4–27.5 ka BP, we adopted a value of −6.6‰ because carbon
isotope compositions of CO2 trapped in Antarctic ice cores at this time
period varied in a very narrow range, i.e., from −6.4‰ to −6.8‰
(Lourantou et al., 2010).

Some recent studies (Diefendorf et al., 2010; John, 2010) have ob-
served a strong positive correlation betweenΔleaf andmean annual pre-
cipitation (MAP) at the global scale. To reconstruct past precipitation,
we should choose a proper transfer function to translate theΔleaf values
to precipitation changes at our study site. We then used an established
transfer function byWang et al. (2013b) that is based on the published
carbon isotopic data for C3 plants in North China (Wang et al., 2008a).
The reconstructed changes in annual precipitation at Lijiayuan over
the late last glacial are shown in Fig. 4. Our results indicate that the in-
ferred annual precipitation varied from ca. 100 mm to 367 mm over
the past 27.5 ka. During the pre-LGM and LGM periods (27.5 to
14.6 ka BP), reconstructed annual precipitations were relatively low
with most values b230 mm (averaged at 208 mm), indicative of a dry
climate prevailed over the region. From last deglacial to mid-Holocene
(14.6 to 4.0 ka BP), the annual precipitation showed a gradual increase,
with the highest value of 367 mm occurred at 4.0 ka BP. During the late
Holocene (4.0 ka BP to present), precipitation sharply declined to about
242 mm by 1.6 ka BP and then increased to 359 mm at 0.6 ka BP. The
topmost sample at the Lijiayuan profile yielded a precipitation of
219 mm, consistent with the present-day value of 250 mm, which sup-
ports our methodology.

According to our results, the inferred precipitation exhibited a grad-
ual increase during the transition from the LGM to the Holocene, which
was attributed to progressive enhancement of East Asia summer mon-
soon as envisaged in the gradually negative shift of stalagmite δ18O
data in south China (Fig. 4). The same trend of changes in the recon-
structed precipitation was also observed in other study sites in western
CLP (Rao et al., 2013). Meanwhile, mid-Holocene was characterized by
maximum precipitation throughout the record, which means a humid



Fig. 4. The variation of annual precipitation since 27.5 ka BP inferred using δ13CBC record at Lijiayuan site, in comparisonwith grain size in the same section and Sanbo/Hulu stalagmite δ18O
data values in central China. The Hulu δ18O record (orange) is plotted 1.6‰more negative to account for the higherHulu values than Sanbao cave (blue) (seeWang et al., 2008b). The time
scale for Lijiayuan section is cited from Wang et al. (2012), which was obtained using orbital tuning method.
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climate at northwestern part of CLP. This observation is in accordance to
the formerly inferredwarm and humid climate duringmiddle Holocene
in the region (An et al., 2003, 2006; Feng et al., 2004; Sun et al., 2010).
This favorable climate promotes the Yangshao Culture (6800–
4900 cal. years BP) developed on the western Loess Plateau (Shui,
2001) and the intensified land use as indicated by frequent human
fires at Lijiayuan site (Wang et al., 2012). Moreover, the timing of
highest precipitation in our recordmay suggest East Asia summermon-
soon have not reached its peak intensity at our study site until 4.0 ka BP.
By contrast, the peak summer monsoon was witnessed much earlier in
some areas to the east of Lijiayuan site, i.e., maximum precipitation oc-
curred at a period of 7000–6500 yr BP in Daihai lake region (Xiao et al.,
2006). This may suggest a progressive strengthening of the summer
monsoon during the middle Holocene towards inland direction. How-
ever, we cannot rule out potential effects of biotubation during the
humid condition of mid-Holocene, which may cause a diffusion of the
δ13CBC and δ13CSOM records and therefore influence the timing of the in-
ferred peak precipitation. After 4.0 ka BP, the precipitation rapidly de-
creased at our study site, which shows consistence with the onset of
drying over the Loess Plateau (An et al., 2003, 2006; Feng et al., 2004).
All in all, BC carbon isotope composition at Lijiayuan can serve as a reli-
able proxy to monitor changes in monsoonal precipitation.

6. Conclusion

In this study, wemade a systematic comparison between the carbon
isotopic records of black carbon and soil organic matter (δ13CBC vs.
δ13CSOM) since last glacial maximum at the Yangling and Lijiayuan
sites along a southeast to northwest transect on Chinese Loess Pla-
teau. Our results demonstrated that the δ13CBC record could docu-
ment the same changing pattern of C4 abundances as the δ13CSOM

record did at Yangling in southeast part of CLP, occupied by mixed
C3/C4 vegetation. By contrast, the δ13CBC record registered a precipi-
tation signature rather than the C3/C4 variation as shown in the
δ13CSOM record at Lijiayuan especially duringmid-Holocene in north-
west part of CLP, where C3 plants dominated. By comparing δ13CBC

with δ13CSOM from the same profile of Yangling, we found that
δ13CBC were generally more negative than δ13CSOM during mid-Holo-
cene andMIS 3 stage and less negative than δ13CSOM during LGM. The
different offset between δ13CBC and δ13CSOM from LGM to the Holo-
cene may be mainly attributed to different seasonality of fire occur-
rence during different climatic periods, which causes more C3

vegetation being burnt in fire seasons during the mid-Holocene
and more C4 vegetation being burnt in fire season during the LGM.
Moreover, black carbon produced from forest fires occurred on sur-
rounding mountains may also contribute to enhance C3 signal in
the δ13CBC record during the mid-Holocene. In this case, BC carbon
isotope composition tends to underestimate the relative abundance
of C4 plants during the mid-Holocene and overestimate the relative
abundance of C4 plants during the LGM. This suggests a restricted
usage of for paleovegetation reconstruction. However, the δ13CBC re-
cord generated from the loess region dominated by C3 plants may be
a useful proxy indicator for precipitation changes. This receives tes-
tified by our δ13CBC record at Lijiayuan site.
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