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a b s t r a c t
Leaf-wax n-alkane hydrogen isotope composition (dDalk) is widely applied as a proxy for paleohydroclimatic changes, but the factors controlling dDalk remain to be clarified. In this study, in order to determine
the dominant controls, we measured dDalk in 54 surface soils along a southeast–northwest transect across
a steep climatic gradient in China. dDalk is positively correlated with annual precipitation dD (dDpann) and
better correlated with growing season (April–October) precipitation dD (dDpgs). However, the variability
of dDpann (38‰) and dDpgs (35‰) does not explain all of the variance in dDalk (84‰). The apparent fractionation of hydrogen isotopes between n-alkanes and precipitation (ealk/p) is significantly correlated
with variables related to aridity: relative humidity, rainfall amount, and aridity index (defined as the ratio
of average precipitation to average potential evapotranspiration). This result demonstrates the important
control of aridity on dDalk, which may result from the increasing soil evaporation and plant transpiration,
as well as decreasing biosynthetic fractionation, in arid climates. We compiled published dDalk data from
surface lake/soil sediments in China, and found that aridity effects are pronounced in regions with mean
annual precipitation (MAP) < 800 mm. Therefore, we suggest that soil dDalk reflects precipitation dD modified by aridity, with a greater degree of modification in arid environments (e.g., MAP < 800 mm). Future
work to quantitatively determine the effects of aridity on dDalk is needed to improve the reliability of the
application of dDalk in paleoenvironmental studies.
Ó 2019 Elsevier Ltd. All rights reserved.

1. Introduction
The hydrogen isotope composition (dD) of precipitation (mainly
rain) is an effective tracer of hydrological processes (Craig, 1961;
Dansgaard, 1964). Terrestrial plants synthesize leaf-wax n-alkanes
using hydrogen derived ultimately from precipitation. The nalkanes are stable on geological timescales and their hydrogen
atoms are covalently bonded to carbon atoms, and thus are nonexchangeable at lower temperatures (<150 °C) (Schimmelmann
et al., 2006). Therefore, the hydrogen isotope composition of terrestrial plant-wax n-alkanes (dDalk) has been proposed as a promising
proxy for source water dD (Sachse et al., 2004, 2006, 2012; Hou
et al., 2008; Tipple and Pagani, 2013; Feakins et al., 2016; Sessions,
2016; Freimuth et al., 2017; Zhang et al., 2017). Most studies have
shown that the dDalk values of modern plants and surface lake sedi-
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ments are significantly correlated with precipitation dD (Sachse
et al., 2004, 2006; Liu et al., 2006; Liu and Yang, 2008; Garcin et al.,
2012; Tipple and Pagani, 2013; Feakins et al., 2016; Zhang et al.,
2017; Hou et al., 2018). Thus, dDalk from lacustrine and marine sediments has been widely used for paleohydroclimatic reconstruction
(e.g., Huang et al., 2002; Schefuß et al., 2005, 2011, 2016; Tierney
et al., 2008, 2011, 2013; Polissar et al., 2009; Feakins et al., 2012,
2019; Niedermeyer et al., 2014; Rach et al., 2014; Collins et al.,
2017; Caley et al., 2018). However, other factors, such as evapotranspiration and vegetation type, could also affect dDalk and complicate
the use of dDalk as a direct proxy of precipitation dD, which needs to
be fully evaluated.
The fundamental control of dDalk is the dD of precipitation.
Much research has indicated that the dDalk of surface lake sediments and soils tracks variations in precipitation dD at the basin,
continental, and global scales (Sachse et al., 2004, 2006; Garcin
et al., 2012; Feakins et al., 2016; Zhang et al., 2017). However,
soil-water evaporation and plant-water transpiration could also
affect dDalk, leading to significant deuterium (D)-enrichment in
dDalk (Smith and Freeman, 2006; McInerney et al., 2011; Kahmen

54

Y. Li et al. / Organic Geochemistry 133 (2019) 53–64

et al., 2013a,b). The evapotranspiration D-enrichment of leaf-water
and soil-water is most sensitive to relative humidity, with greater
D-enrichment of plant water in arid climates than in humid climates (Smith and Freeman, 2006; Polissar and Freeman, 2010;
McInerney et al., 2011; Douglas et al., 2012; Kahmen et al.,
2013a, b; Hou et al., 2018). In addition, plant physiology, including
photosynthetic pathways (e.g., C3 vs C4 plants), taxonomic classes
(e.g., angiosperms vs gymnosperms) and growth form (e.g., trees
vs grasses), have been shown to be important factors affecting a
plant’s water-use efficiency, which influences dDalk. dDalk values
are on average 15‰ lower in C3 grasses than in C4 grasses
(Smith and Freeman, 2006; McInerney et al., 2011; Sachse et al.,
2012), and dDalk in C4 grasses is D-depleted by 20‰ relative to
C3 trees and shrubs (Chikaraishi et al., 2004; Liu et al., 2006; Hou
et al., 2007; Liu and Yang, 2008; Sachse et al., 2012). Moreover,
these factors may interact with one another in various environments. For example, vegetation composition changes with climatic
conditions, whereas the feedback effect of plants on climate could
modulate evapotranspiration in the ecosystem (Wood, 2005;
Osakabe et al., 2014). This combined influence makes the relationship between dDalk and precipitation dD values very complex.
Studies of soils and surface lake sediments across mid-latitude
transects have revealed that dDalk was well correlated with precipitation dD, and that the hydrogen isotopic fractionation between nalkanes and precipitation (ealk/p) was independent of climatic
parameters (Sachse et al., 2004, 2006; Hou et al., 2008; Jia et al.,
2008; Rao et al., 2009; Luo et al., 2011; Feakins et al., 2016;
Zhang et al., 2017). Conversely, studies of soil transects in America
indicated that dDalk was not correlated with the dD of precipitation,
and that ealk/p was significantly affected by aridity and vegetation
(Polissar and Freeman, 2010; Douglas et al., 2012). Recently, a soil
investigation from the Tibetan Plateau indicated that, even in very
dry regions, dDalk can record dDp, but that ealk/p varies greatly with
mean annual precipitation and relative humidity (Hou et al., 2018).
Hence, more investigations are needed to determine the principal
factors affecting the relationship between dDalk and precipitation
dD.

In this study, we measured dDalk in 54 surface soils along a transect from southeast to northwest China (23–41°N), spanning a
large gradient of climate and vegetation. This steep environmental
gradient potentially enables us to evaluate how vegetation and climatic factors (namely precipitation, relative humidity, aridity and
temperature) affect dDalk. We then expanded our investigation to
the nationwide scale in order to provide a framework for interpreting dDalk data from other regions in China. Our aims were to determine how climate affects dDalk and to assess the implications of
these effects for paleoenvironmental studies.

2. Materials and methods
2.1. Study sites and samples
Soil samples were collected from 54 sites along a SE–NW transect across China, from 23°N to 41°N (Fig. 1). The climate in the
studied region is influenced mainly by the East Asian Monsoon
(Ding and Chan, 2005). In winter (December–February), the winter
monsoon transports cold, dry air from mid-high-latitude areas
southwards, resulting in a cold and relatively dry climate. Conversely, during summer (June–August), the summer monsoon
transports warm, humid air from low latitudes northwards, resulting in a warm and humid climate. More than 50% of the annual
precipitation occurs in summer. As the summer monsoon weakens
from southeast to northwest, climatic conditions change from
tropical humid (mean annual precipitation (MAP) > 800 mm) to
temperate semi-arid (400 mm < MAP < 200 mm), and to arid
(MAP < 200 mm) (Zheng et al., 2013; Fig. 1a). From southeast to
northwest along the transect, MAP decreases from 2190 mm to
94 mm, mean annual temperature (MAT) decreases from 22 °C to
3 °C, mean annual relative humidity (MARH) decreases from 78%
to 44%, and aridity index (AI, defined as the ratio of mean annual
precipitation to mean annual potential evapotranspiration)
decreases from 2.53 to 0.09 (Supplementary Table S1). Consequently, the vegetation along the transect changes from rainforest

Fig. 1. Sampling locations (gray dots) and maps of (a) mean annual precipitation (MAP, using data from the Data Center for Resources and Environmental Sciences, CAS
(RESDC), 1981–2010), and (b) modern biome distribution (the data set was provided by the Environmental and Ecological Science Data Center for West China, National
Natural Science Foundation of China http://westdc.westgis.ac.cn). TRF: tropical rain forest; STEBF: subtropical temperate evergreen broadleaved forest; WTDBF: warm
temperate deciduous broad-leaved forest; CTDCF: cold temperate deciduous coniferous forest; TCBF: temperate coniferous broad-leaved mixed forest; AVTP: alpine
vegetation of the Tibetan Plateau; TSTP: temperate steppe; TDSTP: temperate desert steppe.
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and evergreen broadleaved forest in the south, to deciduous broadleaved forest in the central region, and to steppe and desert steppe
in the north (Zhang, 2007; Supplementary Table S1; Fig. 1b).
In order to minimize the possible influence of anthropogenic
disturbance and potential contamination, all samples were collected from regional, state, and national wild lands. All the sample
sites were selected from locations which were well vegetated and
had well-developed soil. At each site, five surface soil samples were
collected from different physiographic locations and then combined. Topsoil (0–5 cm) from the A horizon was collected with a
hand trowel after removing the litter layer, and the samples were
then transferred to Whirl-PakR bags. The location and environmental characteristics of all sampling sites are listed in Supplementary
Table S1.
2.2. Leaf-wax isotope analyses
Freeze-dried and finely ground soils (10 g) were extracted 3
times using an Accelerated Solvent Extractor (ASE350, Dionex)
with dichloromethane:methanol (9:1, v/v) for 45 min at 100 °C
and 1500 psi. The total lipid extracts were dried under a stream
of nitrogen. Hydrocarbon fractions were eluted with 4 ml of hexane over a deactivated silica gel column (4 g) (Liu and Liu, 2016;
W. Liu et al., 2017). n-Alkanes were separated from isoalkanes
and cycloalkanes by urea adduction. Briefly, each sample was
added to a urea-saturated methanol solution (1 g of urea in 4 ml
of methanol) and allowed to stand overnight in a freezer for complete adduction. After adduction, the solvent was removed from
the urea precipitate, which was rinsed several times with isooctane to remove the non-adducted fraction. The urea crystals
were then dried under a nitrogen stream. The n-alkanes were
recovered by dissolving the crystals in 0.05% HCl and extracting
them with hexane.
n-Alkanes were identified and quantified using an Agilent 6890
gas chromatograph (GC) equipped with a flame ionization detector
(FID). An HP-1MS capillary column (60 m  0.32 mm  0.25 lm)
was used with helium as the carrier gas at a flow rate of
1.0 ml/min. The GC oven temperature was programmed from
40 °C to 150 °C at 10 °C/min and then from 150 °C to 310 °C (held
for 20 min) at 6 °C/min. n-Alkanes were identified via comparison
of elution times with known n-alkane standards.
The Carbon Preference Index (CPI) was calculated using the
abundances of odd and even chain lengths from n-C24 to n-C34, following Bray and Evans (1961):
CPI ¼ 0:5


nC25 þ nC27 þ nC29 þ nC31 þ nC33 þ
nC25 þ nC27 þ nC29 þ nC31 þ nC33
þ

nC24 þ nC26 þ nC28 þ nC30 þ nC32 þ
nC26 þ nC28 þ nC30 þ nC32 þ nC34
ð1Þ

Hydrogen isotope analyses were performed using a Thermo Scientific Trace GC Ultra coupled to a Thermo Scientific Delta V
Advantage
isotope
ratio
mass
spectrometer
with
a
high-temperature conversion system operating at 1430 °C. The
GC column, carrier gas flow rate, and ramp conditions for dD analyses were identical to the above. The H+3 factor was determined
daily and was 1.83 ± 0.01 (1r, n = 15) during sample analysis,
ensuring stable ion source conditions. Mixed laboratory standards
of n-alkanes (n-C21, n-C25, n-C27, n-C29, n-C31 and n-C33; purity
99.5%, Fluka Inc., Buchs, Switzerland) were measured after every
five injections in order to monitor the external precision of hydrogen isotope analysis, with 219‰ for n-C21, 128‰ for n-C25,
180‰ for n-C27, 243‰ for n-C29, 146‰ for n-C31, and
195‰ for n-C33 (Cao et al., 2012; Liu and Liu, 2016; W. Liu
et al., 2017; Cao and Liu, 2018). The standard deviation of the
working standard was generally <3‰. The working standard was

calibrated across the V-SMOW isotopic scale using the Indiana
University reference standard (Cao et al., 2012; Cao and Liu,
2018). dD values of sample compounds were calculated relative
to pulses of H2 gas and were calibrated against the V-SMOW scale.
Each sample was usually analyzed two or more times, and the
standard deviation was usually <5‰. GC and GC–IRMS determinations were performed at the stable isotope laboratory of the Institute of Earth Environment, Chinese Academy of Sciences.
2.3. Estimating the isotopic composition of precipitation
Estimates of monthly precipitation and annual precipitation dD
come from the online isotopes in precipitation calculator (The
Online Isotopes in Precipitation Calculator, version 3.1, http://
www.waterisotopes.org) using a 100 resolution grid (Bowen and
Wilkinson, 2002; Bowen and Revenaugh, 2003; Bowen et al.,
2005). The data are based on interpolation of the precipitation dD
data from the Global Network of Isotopes in Precipitation (GNIP)
database. There are 31 GNIP sites distributed within China and
they provide a comprehensive geographical coverage (Bowen and
Wilkinson, 2002; Bowen and Revenaugh, 2003; Bowen et al.,
2005). A recent study has shown that the OIPC data are consistent
with newly measured isotope values of precipitation in north
China (Chen et al., 2017), supporting the use of OIPC to estimate
precipitation dD. The 95% confidence interval of the interpolated
precipitation dD ranges from 1‰ to 10‰ for the study area (Supplementary Table S2).
2.4. Climatological data sources
Site-specific monthly and annual precipitation amount, temperature and relative humidity were obtained from the Ten Minute
Climatology dataset of the University of East Anglia Climate
Research Unit (New et al., 2002; data available online at http://
www.cru.uea.ac.uk/cru/data/hrg/tmc/). The data are based on
interpolation of average monthly climate data from data weather
stations on a 30 arc-sec resolution grid. There are 919 stations in
China (Environmental and Ecological Science Data Center for West
China, National Natural Science Foundation of China http://westdc.
westgis.ac.cn), which provides an acceptable station density for the
interpolation of climate variables. The monthly and mean annual
potential evapotranspiration data are from the Consultative Group
of the International Agricultural Research Consortium for Spatial
Information (CGIARCSI) Global Potential Evapo-Transpiration
Geospatial Database (Trabucco et al., 2008; Trabucco and Zomer,
2009; data available online at http://www.csi.cgiar.org/). Climate
variables for all sampling sites are listed in Supplementary
Table S1.
2.5. Calculation of apparent fractionation factors
The apparent fractionation incorporates the effects of biosynthetic fractionation, leaf-water transpiration and soil-water evaporation. We calculated the apparent hydrogen isotope fractionation
(ealk/p) between n-alkanes and precipitation using the following
relationship (Sauer et al., 2001):







ealk =p ¼ ðdDalk þ 1000Þ= dDp þ 1000  1  1000

ð2Þ

where dDalk is the dD of n-alkanes, dDp is the dD of precipitation
estimated from the OIPC model, and ealk/p is expressed in per mil
notation (‰). Errors in ealk/p were calculated by propagating errors
in dDalk measurements and dDp estimates (Taylor, 1997; Polissar
and D’Andrea, 2014).

56

Y. Li et al. / Organic Geochemistry 133 (2019) 53–64

3. Results and discussion
3.1. Leaf-wax n-alkane distributions and sources
The n-alkanes in all soil samples range mainly from n-C25 to
n-C33, with n-C29 or n-C31 being the most abundant compounds
(Supplementary Table S2). A strong odd-over-even carbon-chain
preference was found in all long-chain n-alkanes (n-C25–n-C33)
with the Carbon Preference Index (CPI) between 4 and 16. Such a
distribution pattern is consistent with that observed in terrestrial
higher plants, indicating that n-alkanes are mainly derived from
this source (Eglinton and Hamilton, 1967; Bush and McInerney,
2013). Although we cannot completely exclude an additional input
of eolian plant wax, only a minor eolian contribution of organic
matter (8%) from dust source regions to soil organic matter has
been observed for surface soils in the western Chinese Loess Plateau (Rao et al., 2015). Recently, a soil investigation of leaf wax
n-alkane dD in the Chinese Loess Plateau revealed a consistent seasonal dDalk pattern of variation between plant wax and the corresponding soils (J. Liu et al., 2017). This line of evidence shows
that even in arid regions the organic matter in surface soils is
mainly derived from local plants. Moreover, there was only a minor
contribution of plant-wax n-alkanes (1.1–16.9%) to the total
organic matter in atmospheric aerosols from tens of sites in China
(Bi et al., 2003; Wang et al., 2006a,b). All of the sample sites in this
study were relatively well vegetated and with a well-developed
soil. Thus, we assume that the long-chain n-alkanes are mainly
sourced from local vegetation.
An unknown factor in this study is the residence time of terrestrial plant waxes in the soils, with previous estimates ranging from
<100 yr (Wiesenberg et al., 2004; Wiesenberg and Schwark, 2006,
2008; Zech et al., 2011) to >1200 yr (Kusch et al., 2010; Douglas
et al., 2014). This wide range of residence time is controlled by
environmental conditions, which are likely to vary among sites
as a function of local climate, geology and geomorphology (Kusch
et al., 2010; Galy and Eglinton, 2011; Schmidt, 2003; Schmidt
et al., 2011). However, radiocarbon dating of the bulk total organic
carbon of southern forest and northern grassland soils in China
indicated an age range of 30–70 years (Yang et al., 2007; Chen
et al., 2016). Based on the published dating of soil organic matter,
we assume that the leaf wax n-alkanes in the surface soil are
derived from modern plants. However, it is possible that some
samples may have incorporated leaf wax from older plants (hundreds of years). In the subsequent discussion, we focus on n-C29
and n-C31 n-alkanes since they are the most abundant n-alkanes
in our samples and are frequently used in leaf-wax paleohydrology
studies.
3.2. Relationship between dDalk and precipitation dD
In China, most of the annual precipitation (70–95%) is concentrated from April to October (Supplementary Table S1), and most
of the plant species grow during this period because of the warm
and wet conditions (Liu et al., 2010; Portman et al., 2010). Therefore, in this paper April to October is defined as the growing season.
In addition to mean annual precipitation dD (dDpann), the amountweighted mean dD values for growing season precipitation were
also calculated (dDpgs). dDpann and dDpgs range from 71.0‰ to
33.0‰, and from 57.7‰ to 22.6‰, respectively. dDn-C29 and
dDn-C31 exhibit larger ranges of variability than precipitation dD,
from 211.9‰ to 128.1‰, and from 205.7‰ to 136.8‰,
respectively (Supplementary Table S2). There is a weak correlation
between dDpann and both dDn-C29 (R2 = 0.32, p < 0.001; Fig. 2a) and
dDn-C31 (R2 = 0.15, p < 0.005; Fig. 2b), and a strong correlation
between dDpgs and both dDn-C29 (R2 = 0.62, p < 0.001; Fig. 2c) and
dDn-C31 (R2 = 0.35, p < 0.005; Fig. 2d). This may be explained by

the previous finding that leaf wax n-alkanes are continuously synthesized throughout the growing season and they thus integrate
environmental information during the entire growing phase
(Richardson et al., 2005; Gao and Huang, 2013; Newberry et al.,
2015; Huang et al., 2018). Some studies have suggested that leaf
wax n-alkanes are largely synthesized at the beginning of the
growing season and record eco-climatic information only during
that time (Tipple et al., 2013; Gamarra and Kahmen, 2015;
Freimuth et al., 2017; Nelson et al., 2017, 2018). However, early
growing season (March to April; Liu et al., 2010) precipitation dD
shows a weak negative correlation with dDn-C29 (R2 = 0.22,
p < 0.05; Supplementary Fig. S1a) and dDn-C31 (R2 = 0.15, p < 0.05;
Supplementary Fig. S1b). Thus, we propose that dDalk in soil is
weighted towards the growing season in China. However, annual
precipitation dD and growing season precipitation dD vary by only
38‰ and 35‰, and the variability in precipitation dD cannot fully
explain the relatively large variance in dDn-C29 (84%) and dDn-C31
(69%). There is also a large amount of scatter in the relationship
between dDalk and precipitation dD. We therefore suggest that
other variables also influence dDalk.
3.3. Apparent fractionation factor between dDalk and precipitation dD

ealk/p between dDn-C29 and annual precipitation dD (en-C29/pann),
and ealk/p between dDn-C31 and annual precipitation dD (en-C31/pann),
range from 153.5‰ to 90.8‰, and from 147.9‰ to 90.3‰,
respectively (Supplementary Table S2). ealk/p between dDn-C29 and
growing season precipitation dD (en-C29/pgs), and ealk/p between
dDn-C31 and growing season precipitation dD (en-C31/pgs), range from
163.7‰ to 106.9‰, and from 158.6‰ to 103.7‰, respectively (Supplementary Table S2). These regional ranges in ealk/p values are larger than previously reported for eastern China (140‰
to 130‰), and they reflect the wide range of dDalk values and relatively limited variability in precipitation dD values. From a geographical perspective, both annual ealk/p and growing season
ealk/p increase overall from south to north (Fig. 3). The ealk/p values
are more scattered in the north (34–42°N) than in the south (22–
34°N). In order to examine how environmental factors might affect
ealk/p, in the following discussion we analyze the relationship
between ealk/p and other environmental data (i.e. relative humidity,
precipitation amount, aridity index, temperature, and vegetation).
3.3.1. The influence of vegetation on ealk/p
Plant physiology has been shown to be an important influence
on ealk/p in angiosperms, with important differences between C3
trees and shrubs (highest ealk/p values), C4 grasses (intermediate
ealk/p values), and C3 grasses (lowest ealk/p values) (Chikaraishi
and Naraoka, 2003; Chikaraishi et al., 2004; Liu et al., 2006; Liu
and Yang, 2008; Smith and Freeman, 2006; McInerney et al.,
2011; Sachse et al., 2012; Kahmen et al., 2013a,b). In this study,
there is a limited amount of information on the vegetation composition across the study transect, but it is still possible to evaluate
the potential influence of vegetation change on the isotope characteristics data by reference to the modern vegetation within the
study region. Previous studies of the carbon isotope composition
of soil organic matter (Liu et al., 2005; Rao et al., 2008) and phytoliths (Lü et al., 2000) have demonstrated that the vegetation in
south China (20–30°N) consists mainly of C3 trees, and in north
China (31–50°N) it consists mainly of C3 grasses, with a small contribution of C4 grasses. Because both C3/C4 grasses have lower ealk/p
values than C3 trees, a change from forest-dominated vegetation to
grass-dominated vegetation (from south to north) should drive
ealk/p to more negative values in the north. However, less negative
ealk/p values occur in grassland soils in the north than in the forest
soils in the south (two-tailed Student’s test: p < 0.05 for en-C29/pann,
en-C31/pann, en-C29/pgs and en-C31/pgs; Fig. 4). This indicates that
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Fig. 2. dDalk vs mean annual precipitation dD (a and b) and growing season (April to October) precipitation dD (c and d). Solid black lines are linear fits to the data, and dashed
lines indicate the 95% confidence interval. Horizontal error bars show the standard deviation for precipitation dD, and vertical error bars represent the standard deviation for
dDalk.

Fig. 3. Latitudinal variation of annual ealk/p (a) and growing season (April to
October) ealk/p (b) along the study transect. ealk/p error bars indicate compounded
errors for precipitation dD and dDalk values.

changes in the proportion of trees and grasses are not the primary
control on ealk/p in the soils in the region. A similar minor influence
of vegetation (forest vs grassland, C3 vs C4) on ealk/p values has been
reported for a soil transect across eastern China (Rao et al., 2009),
which further supports our results.
The inconsistent variation between vegetation type and soil
ealk/p can be explained by several factors. Oakes and Hren (2016)
suggested that sediments integrate biomass from different plant
types and possibly represent a time-integrated ecosystem average
of n-alkane dD that yields a more consistent isotopic record of
changes in ambient ecosystem conditions than individual plants.
In this study, the soil sample at each site was collected from five
different locations and thus it integrated a mixture of leaf wax signals from a diverse range of plants, which may reduce apparent
hydrogen isotopic differences between species. In addition, despite
the fact that trees are typically dominant in south China, there is a
relatively dense understory of grasses and herbs in the forests
there, which may counteract the increase in ealk/p values related
to trees. The importance of the vegetation composition may be
overshadowed by other factors, such as relative humidity (Hou
et al., 2008), which also partially explains the minor effect of vegetation on ealk/p. This is discussed further in the following section.
Although the compound-specific carbon isotope composition
(d13C) has been used as an indicator of past changes in C3/C4 vegetation, and thereby to constrain the effects of vegetation ealk/p
(Rao et al., 2009; Douglas et al., 2012), it cannot distinguish C3 trees
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Fig. 4. Box and whisker plots of the annual ealk/p values (a and b) and growing season ealk/p values (c and d) from different biomes. The boxes comprise the middle 50% of
samples and the horizontal black lines within the box represent the median. The upper and lower extremes refer to the maximum and minimum values, respectively. The
upper and lower quartiles refer to the 75th and 25th percentiles, respectively. The circles at the top of the boxes are outliers.

from C3 grasses. Considering that the vegetation along the study
transect varies from predominantly C3 trees in the south to predominantly C3 grasses in the north, d13C is not a suitable proxy
for evaluating the effects of vegetation on ealk/p in the region.
Therefore, more specific vegetation proxies, such as sterols, pentacyclic triterpene methyl ethers (Schwab et al., 2015), phytoliths, or
pollen assemblages are needed to further elucidate the effects of
vegetation on ealk/p in future.
3.3.2. The influence of aridity on ealk/p
There are significant negative correlations between annual ealk/p
and MARH (R2 = 0.64, p < 0.001 for en-C29/pann; R2 = 0.30, p < 0.005
for en-C31/pann; Fig. 5a), MAP (R2 = 0.62, p < 0.001 for en-C29/pann;
R2 = 0.33, p < 0.005 for en-C31/pann; Fig. 5b) and aridity index
(R2 = 0.66, p < 0.001 for en-C29/pann; R2 = 0.34, p < 0.001 for
en-C31/pann; Fig. 5c). Similar correlations can also be observed
between growing season ealk/p and growing season RH (R2 = 0.52,
p < 0.001 for en-C29/pgs; R2 = 0.18, p < 0.005 for en-C31/pgs; Fig. 5d),
growing season precipitation amount (R2 = 0.47, p < 0.001 for
en-C29/pgs; R2 = 0.18, p < 0.005 for en-C31/pgs; Fig. 5e) and growing
season aridity index (R2 = 0.51, p < 0.001 for en-C29/pgs; R2 = 0.19,
p < 0.001 for en-C31/pgs; Fig. 5f). These results indicate that ealk/p is
controlled by aridity. Surprisingly, we observed a negative
relationship between ealk/p and MAT (R2 = 0.46, p < 0.001 for
en-C29/pann; R2 = 0.32, p < 0.001 for en-C31/pann; Supplementary
Fig. S2a). A similar negative correlation between en-C31/pann and
MAT of surface peats in China was reported by Huang et al.
(2016). To date, it is unclear whether D/H fractionation in plants
depends on temperature (Roden et al., 2000; Zhang et al., 2009;
Zhou et al., 2011; Sachse et al., 2012). Given that temperature covaries spatially with rainfall along the study transect, we assume
that the observed negative relationship between ealk/p and temper-

ature may result from the negative relationship between ealk/p and
rainfall amount. In order to test this assumption, previous data
from sites with a non-synchronous variation of temperature and
precipitation (Rao et al., 2009) were included in the regression
analyses (Supplementary Fig. S2b). The ealk/p values are not correlated with temperature when these data are included. This result
indicates that temperature is not the principal factor affecting
ealk/p, and rather that aridity is the more important control on
ealk/p across the study area.
The observed correlation between ealk/p and regional aridity (i.e.
the more arid the climate the less negative the values of ealk/p) is
likely caused by the following factors. Soil-water evaporation has
been shown to be an important mechanism for the D-enrichment
of dDalk (Smith and Freeman, 2006; McInerney et al., 2011;
Kahmen et al., 2013a,b). The northern part of the study area is
located in the Chinese Loess Plateau, where the climate is more
arid than in the south. In most areas of the loess plateau, the
underground water table is usually 50–80 m below the soil surface
and thus too deep to be utilized by vegetation (He et al., 2016).
Hence, plants in this region rely on soil-water reservoirs that are
enriched in D by evaporation; thus ealk/p in the north is more
affected by soil-water evaporative D-enrichment than in the south,
leading to less negative ealk/p values. In addition, D-enrichment of
leaf-water due to leaf transpiration could also affect ealk/p
(Feakins and Sessions, 2010; Kahmen et al., 2013a,b). The Denrichment of leaf-water has previously been modelled using a
Craig-Gorden model which indicates that it may range from about
10‰ in humid southeastern China to about 40‰ in dry northwestern China, for the spring season (Kahmen et al., 2013a). This range
of modelled leaf-water D-enrichment is smaller than that observed
in our soil samples (63‰ for en-C29/pann and 58‰ for en-C31/pann), further indicating that D-enrichment by transpiration can account for
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Fig. 5. Annual ealk/p vs MARH (a), MAP (b), aridity index (c), and growing season ealk/p vs growing season RH (d), growing season precipitation (e), and growing season aridity
index (f). Linear fits and 95% confidence intervals are shown. ealk/p error bars reflect compounded errors in precipitation dD and dDalk.

at least part of the observed change in ealk/p in our samples. Changing biosynthetic fractionation could also be a possible explanation
for the variations in ealk/p. Differences in the carbohydrate source
and thus the NADPH used in n-alkane biosynthesis have been suggested to cause differences in biosynthetic isotope fractionation
(Sessions, 2006; Newberry et al., 2015; Cormier et al., 2018). Plants
with a high photosynthetic carbohydrate supply mainly use current photosynthates for n-alkane synthesis, whereas plants with
a deficient photosynthetic carbohydrate supply may rely more on
stored carbohydrates (e.g., starch, glucose) for n-alkane synthesis.
NADPH derived from stored carbohydrates is much more
D-enriched than that derived directly from the light reactions of
photosynthesis (Luo et al., 1991; Schmidt, 2003; Sessions, 2006;
Cormier et al., 2018). Thus, n-alkanes synthesized using NADPH
derived from stored carbohydrates are D-enriched compared to
n-alkanes synthesized from current photosynthates (Sessions,
2006; Newberry et al., 2015; Cormier et al., 2018). The rate of photosynthesis generally decreases under drought stress due to the
reduced CO2 availability resulting from stomatal closure, and thus
plants growing under arid climates are forced to utilize stored carbohydrates to generate NADPH for n-alkane biosynthesis (Ennahli
and Earl, 2005; Chaves et al., 2009; McDowell, 2011; Osakabe et al.,
2014). Therefore, it is possible that less negative apparent fractionation values in drier climates may also be caused by less negative
biosynthetic fractionation during n-alkane biosynthesis under
drier conditions.
3.3.3. Additional uncertainties in ealk/p
Although changes in aridity account for most of the observed
variability in ealk/p: there is a large amount of scatter in the relationship between aridity and ealk/p, and a wider scatter of ealk/p values in the northern part of the transect than in the southern part,
suggesting that other factors also influence ealk/p. One possible factor is the uneven spatial distribution of sample locations in the
studied area: the sample sites are more scattered in the north than

in the south, as shown in Fig. 1a. Many of the samples with different vegetation and climatic conditions in the north are at a similar
latitude (e.g., HLS, 36.00°N, 110.15°E; ZWL, 36.09°N, 107.60°E),
leading to scattered ealk/p values (e.g., 142.5‰ for en-C29/pann at
HLS; 103.5‰ for en-C29/pann at ZWL) in the north at a given
latitude.
Eolian plant waxes may also contribute to the variability in soil
ealk/p among sites. Plant wax can be transported on a regional scale
(tens to hundreds of kilometers) or across long distances (thousands of km) by winds as aerosols or dust (e.g., Simoneit et al.,
1991; Conte and Weber, 2002; Conte et al., 2003; Bendle et al.,
2006; Yamamoto et al., 2011, 2013; Nelson et al., 2017, 2018). dDalk
values of plant wax aerosol are generally thought to represent an
integrated dDalk signal of terrestrial vegetation along the air mass
trajectory (Yamamoto and Kawamura, 2010; Yamamoto et al.,
2013; Nelson et al., 2017, 2018). In East Asia, aerosols can be transported from the northern part of the Asian continent (e.g., Siberia,
Russian) to low latitudes by the Asian winter monsoon (Yamamoto
et al., 2011), and from the southern part (e.g., southeast Asia) to
high latitudes by the Asian summer monsoon (Bendle et al.,
2006). Previous studies of East Asia have reported that dDalk values
of aerosols were significantly different from those of local plants
(Yamamoto et al., 2011, 2013), because dDalk values of terrestrial
higher plants differ spatially (e.g., Rao et al.,2009; Aichner et al.,
2010; Guenther et al., 2013; Huang et al., 2016; Zhang et al.,
2017; Hou et al., 2018). Therefore, it is possible that some proportion of the variance in ealk/p can be attributed to the contribution of
plant wax aerosols transported substantial distances. Further,
eolian processes are more important for regions with less vegetation than those with more vegetation (Meyers and Kites, 1982;
Nelson et al., 2017; Diefendorf and Freimuth, 2017). Given that
the local vegetation in the northern part of the transect is less
dense than that in the southern part, soil n-alkanes in the north
may be more affected by eolian plant wax than those in the south,
leading to more variable ealk/p values. Additionally, the area over
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which sedimentary plant wax is integrated likely varies with the
surrounding vegetation. For example, the spatial footprint of the
aerosol source region is limited to a few tens of kilometers in a
forested area, while those sites in an open steppe or desert environment may receive more eolian n-alkanes from source areas that
are further away (Nelson et al., 2017, 2018). Because vegetation is
dominated by forest in south China and steppe in north China, a
shift from forest in the south to steppe in the north might thus
increase the source area of plant wax aerosol deposition in the
north, resulting in the larger variation of ealk/p values.
The age range of the leaf-wax n-alkanes and precipitation dD
may also affect ealk/p values. Despite the fact that leaf wax nalkanes in the studied samples are expected to be dominantly
sourced from modern vegetation, some samples may have partially
incorporated an older precipitation dD signal that might be different from that of modern precipitation. This would induce scatter in
the observed ealk/p values. The precipitation dD values from OIPC
are multi-year average dD values of precipitation from GNIP stations (Bowen and Revenaugh, 2003; Bowen and Wilkinson, 2002;
Bowen et al., 2005). However, the temporal coverage of these GNIP
stations varies spatially. For example, the Zhangye GNIP record
(38.93°N, 100.43°E) comprises 17 yearly records with relatively
continuous coverage from 1986 to 2003, while the Fuzhou GNIP
record (26.08°N, 119.28°E) comprises 7 yearly observations spanning the interval 1985–1992. These temporal and spatial discrepancies in the GNIP network may also induce some degree of
regional bias in the estimates of precipitation dD, with implications
for ealk/p estimates.
3.4. Comparison with previous studies of sedimentary dDalk
The negative relationship between ealk/p and aridity observed in
this study agrees well with previous results from the Tibetan Plateau (Aichner et al., 2010; Guenther et al., 2013; Hou et al.,
2018), tropical America (Polissar and Freeman, 2010; Douglas
et al., 2012) and Africa (Herrmann et al., 2017), thus confirming
the control of aridity on ealk/p. However, our study differs from previous studies of dDalk in surface lake/soil sediments in that our
sample set covers a broader hydrological range, from humid conditions
(MAP = 2190 mm)
to
extremely
arid
conditions
(MAP = 94 mm), and we observe a larger range of ealk/p (58‰)
than many previous studies. Therefore, our results provide an
important constraint on aridity effects on dDalk.
Our results also differ from the results of previous studies of
dDalk in modern lake/soil transects across large climatic gradients
in the southwestern U.S.A. (Hou et al., 2008) and Africa (Garcin
et al., 2012; Vogts et al., 2016), which reported relatively constant
ealk/p values across substantial gradients in relative humidity and
vegetation. In both transects there is a vegetation shift from forest
to grassland with increasing aridity. Increased aridity could result
in less negative ealk/p values due to enhanced evapotranspirational
D-enrichment (Chikaraishi et al., 2004; Smith and Freeman, 2006;
McInerney et al., 2011; Sachse et al., 2012; Kahmen et al., 2013a,b).
By contrast, the shift from forest to grassland may result in more
negative ealk/p values along the transects, because grasses have
lower ealk/p values than trees. Thus, the authors attributed the relatively constant ealk/p value to the fact that aridity effects are counteracted by vegetation effects. However, the significant
relationship between ealk/p and aridity observed in the present
study demonstrates that aridity effects can overwhelm vegetation
effects, which should be considered in future research.
Our results also differ from previous studies from south and
east China, which suggested no systematic relationship between
aridity and ealk/p. For example, Rao et al. (2009) analyzed soil dDalk
along a north-south transect in eastern China and observed a

consistent pattern between dDalk and precipitation dD, with ealk/p
values ranging from 140‰ to 130‰. This may be because soils
across eastern China are mainly developed in humid regions (e.g.,
MAP > 600 mm). Another example is from a recent investigation
of dDalk in surface peats across the monsoon regions of China,
which observed large variations of dDalk and ealk/p within a single
peatland, and a poor correlation between n-alkane dD and precipitation dD (Huang et al., 2016). Considering that hydrological conditions in peatlands are complex on a small spatial scale (Nichols
et al., 2010), the observed complex variation of dDalk and ealk/p
may be caused by differences in evaporation potential in microhabitats and differences among species in rooting depth, and thus
in source water.
To evaluate how aridity affects dDalk in different climatic
regions of China, we integrated our results with previously published data from the Tibetan Plateau (Xia et al., 2008; Aichner
et al., 2010; Guenther et al., 2013; Hou et al., 2018), south and east
China (Rao et al., 2009; Huang et al., 2016), and southwest China
(Wang et al., 2017). Overall, dDalk is significantly correlated with
precipitation dD (Fig. 6a, b), thus supporting the fundamental control of precipitation dD on dDalk in China. ealk/p is significantly correlated with MAP (Fig. 6c, d), again confirming the control of
aridity on ealk/p in China. However, in areas with MAP < 800 mm,
ealk/p values become less negative with increasing aridity; while
in more humid areas the tendency towards less negative ealk/p values at drier sites is less pronounced. This therefore suggests that
the effect of aridity on ealk/p is more pronounced in regions with
<800 mm MAP than in more humid areas. This is consistent with
a previous global compilation which indicated that ealk/p is more
affected by evapotranspiration in drier regions (Sachse et al.,
2012). Therefore, we conclude that the dDalk records provide an
integrated precipitation dD signal which is modified by aridity,
with a large degree of modification in regions with MAP < 800 mm.
3.5. Implications for paleoclimatic studies
In previous studies, changes in dDalk in paleoclimatic records
were interpreted primarily in terms of corresponding changes in
precipitation dD (Schefuß et al., 2005, 2011, 2016; Niedermeyer
et al., 2014; Rach et al., 2014; Thomas et al., 2014; Rao et al.,
2016; Collins et al., 2017; Caley et al., 2018). Our results, however,
show that aridity has an important control on dDalk, particularly in
arid regions (e.g., MAP < 800 mm). The relationship between aridity and ealk/p observed in this study indicates that temporal shifts
in dDalk could indicate changes in precipitation dD and/or changes
in aridity. Thus, in order to provide the more reliable estimates of
precipitation dD in the application of dDalk in paleoenvironmental
studies, it is important to disentangle past changes in the precipitation dD and changes in dD caused by aridity. This can be done
using a coupled dDalk  d18O in sugar/carbonates approach
(Polissar and Freeman, 2010; Zech et al., 2013; Tuthorn et al.,
2015). This approach allows an isotopic evaporation line to be
established, which, when extrapolated to the global meteoric
water line, provides an estimate of the isotopic composition of past
precipitation. To date, changes in precipitation isotopic composition from East Asia are mainly based on speleothem d18O records,
which are interpreted as reflecting changes in the East Asian summer monsoon strength (e.g., Wang et al., 2001, 2005, 2008; Yuan
et al., 2004; Cheng et al., 2009, 2016). However, the stalagmite
d18O approach is difficult to apply in regions where carbonate
deposits are absent. n-Alkane dD provides a valuable proxy that
can be applied, in concert with other proxies (e.g., d18O of sugars),
to reconstruct the paleoprecipitation isotope composition and the
East Asian summer monsoon history, even in regions where carbonate deposits are absent.
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Fig. 6. dDalk vs mean annual precipitation dD (a and b), and annual ealk/p vs mean annual precipitation (MAP; c and d) for soil, peat and lake sediment samples from this study
and other published datasets (Xia et al., 2008; Rao et al., 2009; Aichner et al., 2010; Guenther et al., 2013; Huang et al., 2016; Wang et al., 2017; Hou et al., 2018). Solid
regression lines include all plotted data, and dashed lines indicate the 95% confidence interval. Second-order polynomial regressions are shown for correlations between ealk/p
and MAP. Gray areas indicate MAP < 800 mm. Note that MAP is plotted on an inverse axis. Due to missing MAP data in Wang et al. (2017), ealk/p and MAP data from Wang et al.
(2017) are not plotted in c and d.

4. Conclusions

Acknowledgements

We have analyzed the compound-specific hydrogen isotopic
composition of leaf-wax n-alkanes from 54 surface soils across
a steep gradient in aridity and vegetation composition from
southeast to northwest China. dDalk is significantly correlated
with precipitation dD and better correlated with growing season
precipitation dD. ealk/p is significantly correlated with aridity
variables (inferred from MARH, MAP and AI). Thus, we conclude
that dDalk is controlled by growing season precipitation dD and
aridity. This is possibly because of strong soil evaporation and
plant transpiration, as well as weak biosynthetic fractionation,
in arid environments. We compiled the available dDalk data
from surface lake/soil sediments in China and found the strong
effect of aridity in regions with <800 mm MAP. Therefore, we
suggest that dDalk records precipitation dD, modified by aridity,
with greater modification in arid regions (e.g., MAP < 800 mm).
Further work on the quantitative evaluation of aridity effects
on dDalk are needed to improve the application of dDalk in paleoclimatic studies.

This study was supported by the National Natural Science Foundation of China (grants 41725010 and 41672175), the National Key
R&D Program of China (Grant 2017YFA0603403), and the Strategic
Priority Research Program of the Chinese Academy of Sciences
(grants XDB26000000 and XDA19050104). We thank Houyuan
Lü, Xiaofang Huang, Chao Li, Jiabin Wu, Xiaoxiao Yang for assistance in the field and Weiguo Liu, Yunning Cao and Zheng Wang
for help in the laboratory. We are grateful to Dr. S. Nemiah Ladd
and two anonymous reviewers for their constructive comments
and to John K. Volkman and Isla S. Castañeda for editorial handling.

Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.orggeochem.2019.04.009.
Associate Editor—Isla Castañeda

62

Y. Li et al. / Organic Geochemistry 133 (2019) 53–64

References
Aichner, B., Herzschuh, U., Wilkes, H., Vieth, A., Böhner, J., 2010. dD values of nalkanes in Tibetan lake sediments and aquatic macrophytes – a surface
sediment study and application to a 16 ka record from Lake Koucha. Organic
Geochemistry 41, 779–790.
Bi, X., Sheng, G., Peng, P.A., Chen, Y., Zhang, Z., Fu, J., 2003. Distribution of
particulate- and vapor-phase n-alkanes and polycyclic aromatic hydrocarbons
in urban atmosphere of Guangzhou, China. Atmospheric Environment 37, 289–
298.
Bendle, J.A., Kawamura, K., Yamazaki, K., 2006. Seasonal changes in stable carbon
isotopic composition of n-alkanes in the marine aerosols from the western
North Pacific: implications for the source and atmospheric transport.
Geochimica et Cosmochimica Acta 70, 13–26.
Bowen, G.J., Revenaugh, J., 2003. Interpolating the isotopic composition of modern
meteoric precipitation. Water Resources Research 39, 1299. https://doi.org/
10.1029/2003WR002086.
Bowen, G.J., Wassenaar, L.I., Hobson, K.A., 2005. Global application of stable
hydrogen and oxygen isotopes to wildlife forensics. Oecologia 143, 337–348.
Bowen, G.J., Wilkinson, B., 2002. Spatial distribution of d18O in meteoric
precipitation. Geology 30, 315–318.
Bray, E.E., Evans, E.D., 1961. Distribution of n-paraffins as a clue to recognition of
source beds. Geochimica et Cosmochimica Acta 22, 2–15.
Bush, R.T., McInerney, F.A., 2013. Leaf wax n-alkane distributions in and across
modern plants: implications for paleoecology and chemotaxonomy.
Geochimica et Cosmochimica Acta 117, 161–179.
Caley, T., Extier, T., Collins, J.A., Schefuß, E., Dupont, L., Malaizé, B., Rossignol, L.,
Souron, A., McClymont, E.L., Jimenez-Espejo, F.J., García-Comas, C., Eynaud, F.,
Martinez, P., Roche, D.M., Jorry, S.J., Charlier, K., Wary, M., Gourves, P.-Y., Billy, I.,
Giraudeau, J., 2018. A two-million-year-long hydroclimatic context for hominin
evolution in southeastern Africa. Nature 560, 76–79.
Cao, Y., Liu, W., 2018. Factors affecting the stability of hydrogen isotopes
measurements by gas chromatography-thermal conversion-isotope ratio mass
spectrometry. Journal of Chinese Mass Spectrometry Society 39, 670–678 (in
Chinese with English abstract).
Cao, Y., Liu, W., Sauer, P.E., Wang, Z., Li, Z.H., 2012. An evaluation of alumina reaction
tube conditioning for high-precision 2H/1H isotope measurements via gas
chromatography/thermal conversion/isotope ratio mass spectrometry. Rapid
Communications in Mass Spectrometry 26, 2577–2583.
Chaves, M.M., Flexas, J., Pinheiro, C., 2009. Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. Annals of Botany 103,
551–560.
Chen, G., Yang, Y., Yang, Z., Xie, J., Guo, J., Gao, R., Yin, Y., Robinson, D., 2016.
Accelerated soil carbon turnover under tree plantations limits soil carbon
storage. Scientific Reports 6, 19693. https://doi.org/10.1038/srep19693.
Chen, F., Zhang, M., Wang, S., Qiu, X., Du, M., 2017. Environmental controls on stable
isotopes of precipitation in Lanzhou, China: an enhanced network at city scale.
The Science of the Total Environment 609, 1013–1022.
Cheng, H., Edwards, R.L., Broecker, W.S., Denton, G.H., Kong, X., Wang, Y., Zhang, R.,
Wang, X., 2009. Ice age terminations. Science 326, 248–252.
Cheng, H., Edwards, R.L., Sinha, A., Spotl, C., Yi, L., Chen, S., Kelly, M., Kathayat, G.,
Wang, X., Li, X., Kong, X., Wang, Y., Ning, Y., Zhang, H., 2016. The Asian
monsoon over the past 640,000 years and ice age terminations. Nature 534,
640–646.
Chikaraishi, Y., Naraoka, H., 2003. Compound-specific dD–d13C analyses of n-alkanes
extracted from terrestrial and aquatic plants. Phytochemistry 63, 361–371.
Chikaraishi, Y., Naraoka, H., Poulson, S.R., 2004. Hydrogen and carbon isotopic
fractionations of lipid biosynthesis among terrestrial (C3, C4 and CAM) and
aquatic plants. Phytochemistry 65, 1369–1381.
Collins, J.A., Prange, M., Caley, T., Gimeno, L., Beckmann, B., Mulitza, S., Skonieczny,
C., Roche, D., Schefuß, E., 2017. Rapid termination of the African humid period
triggered by northern high-latitude cooling. Nature Communications 8, 1372.
https://doi.org/10.1038/s41467-017-01454-y.
Conte, M.H., Weber, J.C., 2002. Plant biomarkers in aerosols record isotopic
discrimination of terrestrial photosynthesis. Nature 417, 639–641.
Conte, M.H., Weber, J.C., Carlson, P.J., Flanagan, L.B., 2003. Molecular and carbon
isotopic composition of leaf wax in vegetation and aerosols in a northern prairie
ecosystem. Oecologia 135, 67–77.
Cormier, M.A., Werner, R.A., Sauer, P.E., Gröcke, D.R., Leuenberger, M.C., Wieloch, T.,
Schleucher, J., Kahmen, A., 2018. 2H-fractionations during the biosynthesis of
carbohydrates and lipids imprint a metabolic signal on the d2H values of plant
organic compounds. New Phytologist 218, 479–491.
Craig, H., 1961. Isotopic variations in meteoric waters. Science 133, 1702–1703.
Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436–468.
Diefendorf, A.F., Freimuth, E.J., 2017. Extracting the most from terrestrial plantderived n-alkyl lipids and their carbon isotopes from the sedimentary record: a
review. Organic Geochemistry 103, 1–21.
Ding, Y., Chan, J.C.L., 2005. The East Asian summer monsoon: an overview.
Meteorology and Atmospheric Physics 89, 117–142.
Douglas, P.M., Pagani, M., Brenner, M., Hodell, D.A., Curtis, J.H., 2012. Aridity and
vegetation composition are important determinants of leaf-wax dD values in
southeastern Mexico and Central America. Geochimica et Cosmochimica Acta
97, 24–45.
Douglas, P.M., Pagani, M., Eglinton, T.I., Brenner, M., Hodell, D.A., Curtis, J.H., Ma, K.
F., Breckenridge, A., 2014. Pre-aged plant waxes in tropical lake sediments and

their influence on the chronology of molecular paleoclimate proxy records.
Geochimica et Cosmochimica Acta 141, 346–364.
Eglinton, G., Hamilton, R.J., 1967. Leaf epicuticular waxes. Science 156, 1322–1335.
Ennahli, S., Earl, H.J., 2005. Physiological limitations to photosynthetic carbon
assimilation in cotton under water stress. Crop Science 45, 2374–2382.
Feakins, S.J., Sessions, A.L., 2010. Controls on the D/H ratios of plant leaf waxes in an
arid ecosystem. Geochimica et Cosmochimica Acta 74, 2128–2141.
Feakins, S.J., Warny, S., Lee, J.-E., 2012. Hydrologic cycling over Antarctica during the
middle Miocene warming. Nature Geoscience 5, 557–560.
Feakins, S.J., Bentley, L.P., Salinas, N., Shenkin, A., Blonder, B., Goldsmith, G.R.,
Ponton, C., Arvin, L.J., Wu, M.S., Peters, T., West, A.J., Martin, R.E., Enquist, B.J.,
Asner, G.P., Malhi, Y., 2016. Plant leaf wax biomarkers capture gradients in
hydrogen isotopes of precipitation from the Andes and Amazon. Geochimica et
Cosmochimica Acta 182, 155–172.
Feakins, S.J., Wu, M.S., Ponton, C., Tierney, J.E., 2019. Biomarkers reveal abrupt
switches in hydroclimate during the last glacial in southern California. Earth
and Planetary Science Letters 515, 164–172.
Freimuth, E.J., Diefendorf, A.F., Lowell, T.V., 2017. Hydrogen isotopes of n-alkanes
and n-alkanoic acids as tracers of precipitation in a temperate forest and
implications for paleorecords. Geochimica et Cosmochimica Acta 206, 166–183.
Galy, V., Eglinton, T., 2011. Protracted storage of biospheric carbon in the GangesBrahmaputra basin. Nature Geoscience 4, 843–847.
Gamarra, B., Kahmen, A., 2015. Concentrations and d2H values of cuticular n-alkanes
vary significantly among plant organs, species and habitats in grasses from an
alpine and a temperate European grassland. Oecologia 178, 981–998.
Gao, L., Huang, Y., 2013. Inverse gradients in leaf wax dD and d13C values along grass
blades of Miscanthus sinensis: Implications for leaf wax reproduction and plant
physiology. Oecologia 172, 347–357.
Garcin, Y., Schwab, V.F., Gleixner, G., Kahmen, A., Todou, G., Séné, O., Onana, J.-M.,
Achoundong, G., Sachse, D., 2012. Hydrogen isotope ratios of lacustrine
sedimentary n-alkanes as proxies of tropical African hydrology: insights from
a calibration transect across Cameroon. Geochimica et Cosmochimica Acta 79,
106–126.
Guenther, F., Aichner, B., Siegwolf, R., Xu, B., Yao, T., Gleixner, G., 2013. A synthesis
of hydrogen isotope variability and its hydrological significance at the QinghaiTibetan Plateau. Quaternary International 313, 3–16.
He, G., Wang, Z., Li, F., Dai, J., Li, Q., Xue, C., Cao, H., Wang, S., Malhi, S.S., 2016. Soil
water storage and winter wheat productivity affected by soil surface
management and precipitation in dryland of the Loess Plateau, China.
Agricultural Water Management 171, 1–9.
Herrmann, N., Boom, A., Carr, A.S., Chase, B.M., West, A.G., Zabel, M., Schefuß, E.,
2017. Hydrogen isotope fractionation of leaf wax n-alkanes in southern African
soils. Organic Geochemistry 109, 1–13.
Hou, J., D’Andrea, W.J., Huang, Y., 2008. Can sedimentary leaf waxes record D/H
ratios of continental precipitation? Field, model, and experimental assessments.
Geochimica et Cosmochimica Acta 72, 3503–3517.
Hou, J., Tian, Q., Wang, M., 2018. Variable apparent hydrogen isotopic fractionation
between sedimentary n-alkanes and precipitation on the Tibetan Plateau.
Organic Geochemistry 122, 78–86.
Hou, J., D’Andrea, W.J., MacDonald, D., Huang, Y., 2007. Hydrogen isotopic
variability in leaf waxes among terrestrial and aquatic plants around Blood
Pond, Massachusetts (USA). Organic Geochemistry 38, 977–984.
Huang, X., Meyers, P.A., Xue, J., Zhang, Y., Wang, X., 2016. Paleoclimate significance
of n-alkane molecular distributions and d2H values in surface peats across the
monsoon region of China. Palaeogeography, Palaeoclimatology, Palaeoecology
461, 77–86.
Huang, X., Zhao, B., Wang, K., Hu, Y., Meyers, P.A., 2018. Seasonal variations of leaf
wax n-alkane molecular composition and dD values in two subtropical
deciduous tree species: results from a three-year monitoring program in
central China. Organic Geochemistry 118, 15–26.
Huang, Y., Shuman, B., Wang, Y., Webb III, T., 2002. Hydrogen isotope ratios of
palmitic acid in lacustrine sediments record late Quaternary climate variations.
Geology 30, 1103–1106.
Jia, G., Wei, K., Chen, F., Peng, P.A., 2008. Soil n-alkane dD vs. altitude gradients along
Mount Gongga, China. Geochimica et Cosmochimica Acta 72, 5165–5174.
Kahmen, A., Hoffmann, B., Schefuß, E., Arndt, S.K., Cernusak, L.A., West, J.B., Sachse,
D., 2013a. Leaf water deuterium enrichment shapes leaf wax n-alkane dD values
of angiosperm plants II: Observational evidence and global implications.
Geochimica et Cosmochimica Acta 111, 50–63.
Kahmen, A., Schefuß, E., Sachse, D., 2013b. Leaf water deuterium enrichment shapes
leaf wax n-alkane dD values of angiosperm plants I: Experimental evidence and
mechanistic insights. Geochimica et Cosmochimica Acta 111, 39–49.
Kusch, S., Rethemeyer, J., Schefuß, E., Mollenhauer, G., 2010. Controls on the age of
vascular plant biomarkers in Black Sea sediments. Geochimica et Cosmochimica
Acta 74, 7031–7047.
Lü, H., Wang, Y., Wang, G.A., Yang, H., Li, Z., 2000. Analysis of carbon isotope in
phytoliths from C3 and C4 plants and modern soils. Chinese Science Bulletin 45,
1804–1808.
Liu, B., Henderson, M., Zhang, Y., Xu, M., 2010. Spatiotemporal change in China’s
climatic growing season: 1955–2000. Climate Change 99, 93–118.
Liu, H., Liu, W., 2016. n-Alkane distributions and concentrations in algae,
submerged plants and terrestrial plants from the Qinghai-Tibetan Plateau.
Organic Geochemistry 99, 10–22.
Liu, J., An, Z., Wang, Z., Wu, H., 2017a. Using dDn-alkane as a proxy for paleoenvironmental reconstruction: a good choice to sample at the site dominated by
woods. Science of the Total Environment 599, 554–559.

Y. Li et al. / Organic Geochemistry 133 (2019) 53–64
Liu, W., Ning, Y., An, Z., Wu, Z., Lu, H., Cao, Y., 2005. Carbon isotopic composition of
modern soil and paleosol as a response to vegetation change on the Chinese
Loess Plateau. Science in China Series D 48, 93–99.
Liu, W., Liu, H., Wang, Z., An, Z., Cao, Y., 2017b. Hydrogen isotopic compositions of
long-chain leaf wax n-alkanes in Lake Qinghai sediments record
palaeohydrological variations during the past 12 ka. Quaternary International
449, 67–74.
Liu, W., Yang, H., 2008. Multiple controls for the variability of hydrogen isotopic
compositions in higher plant n-alkanes from modern ecosystems. Global
Change Biology 14, 2166–2177.
Liu, W., Yang, H., Li, L., 2006. Hydrogen isotopic compositions of n-alkanes from
terrestrial plants correlate with their ecological life forms. Oecologia 150, 330–
338.
Luo, P., Peng, P.A., Gleixner, G., Zheng, Z., Pang, Z., Ding, Z., 2011. Empirical
relationship between leaf wax n-alkane dD and altitude in the Wuyi,
Shennongjia and Tianshan Mountains, China: implications for paleoaltimetry.
Earth and Planetary Science Letters 301, 285–296.
Luo, Y.-H., Steinberg, L., Suda, S., Kumazawa, S., Mitsui, A., 1991. Extremely low D/H
ratios of photoproduced hydrogen by cyanobacteria. Plant and Cell Physiology
32, 897–900.
McDowell, N.G., 2011. Mechanisms linking drought, hydraulics, carbon metabolism,
and vegetation mortality. Plant Physiology 155, 1051–1059.
McInerney, F.A., Helliker, B.R., Freeman, K.H., 2011. Hydrogen isotope ratios of leaf
wax n-alkanes in grasses are insensitive to transpiration. Geochimica et
Cosmochimica Acta 75, 541–554.
Meyers, P.A., Kites, R.A., 1982. Extractable organic compounds in midwest rain and
snow. Atmospheric Environment 16, 2169–2175.
Nelson, D.B., Knohl, A., Sachse, D., Schefuß, E., Kahmen, A., 2017. Sources and
abundances of leaf waxes in aerosols in central Europe. Geochimica et
Cosmochimica Acta 198, 299–314.
Nelson, D.B., Ladd, S.N., Schubert, C.J., Kahmen, A., 2018. Rapid atmospheric
transport and large-scale deposition of recently synthesized plant waxes.
Geochimica et Cosmochimica Acta 222, 599–617.
New, M., Lister, D., Hulme, M., Makin, I., 2002. A high-resolution data set of surface
climate over global land areas. Climate Research 21, 1–25.
Newberry, S.L., Kahmen, A., Dennis, P., Grant, A., 2015. n-Alkane biosynthetic
hydrogen isotope fractionation is not constant throughout the growing season
in the riparian tree Salix viminalis. Geochimica et Cosmochimica Acta 165, 75–
85.
Niedermeyer, E.M., Sessions, A.L., Feakins, S.J., Mohtadi, M., 2014. Hydroclimate of
the western Indo-Pacific Warm Pool during the past 24,000 years. Proceedings
of the National Academy of Sciences of the United States of America 111, 9402–
9406.
Nichols, J., Booth, R.K., Jackson, S.T., Pendall, E.G., Huang, Y., 2010. Differential
hydrogen isotopic ratios of Sphagnum and vascular plant biomarkers in
ombrotrophic peatlands as a quantitative proxy for precipitation–evaporation
balance. Geochimica et Cosmochimica Acta 74, 1407–1416.
Oakes, A.M., Hren, M.T., 2016. Temporal variations in the dD of leaf n-alkanes from
four riparian plant species. Organic Geochemistry 97, 122–130.
Osakabe, Y., Osakabe, K., Shinozaki, K., Tran, L.S.P., 2014. Response of plants to water
stress. Frontiers in Plant Science 5. https://doi.org/10.3389/fpls.2014.00086.
Polissar, P.J., D’Andrea, W.J., 2014. Uncertainty in paleohydrologic reconstructions
from molecular dD values. Geochimica et Cosmochimica Acta 129, 146–156.
Polissar, P.J., Freeman, K.H., 2010. Effects of aridity and vegetation on plant-wax dD
in modern lake sediments. Geochimica et Cosmochimica Acta 74, 5785–5797.
Polissar, P.J., Freeman, K.H., Rowley, D.B., McInerney, F.A., Currie, B.S., 2009.
Paleoaltimetry of the Tibetan Plateau from D/H ratios of lipid biomarkers. Earth
and Planetary Science Letters 287, 64–76.
Portmann, F.T., Siebert, S., Döll, P., 2010. MIRCA2000—Global monthly irrigated and
rainfed crop areas around the year 2000: a new high-resolution data set for
agricultural and hydrological modeling. Global Biogeochemical Cycles 24.
https://doi.org/10.1029/2008GB003435.
Rach, O., Brauer, A., Wilkes, H., Sachse, D., 2014. Delayed hydrological response to
Greenland cooling at the onset of the Younger Dryas in western Europe. Nature
Geoscience 7, 109–112.
Rao, Z., Jia, G., Li, Y., Chen, J., Xu, Q., Chen, F., 2016. Asynchronous evolution of the
isotopic composition and amount of precipitation in north China during the
Holocene revealed by a record of compound-specific carbon and hydrogen
isotopes of long-chain n-alkanes from an alpine lake. Earth and Planetary
Science Letters 446, 68–76.
Rao, Z., Jia, G., Zhu, Z., Wu, Y., Zhang, J., 2008. Comparison of the carbon isotope
composition of total organic carbon and long-chain n-alkanes from surface soils
in eastern China and their significance. Chinese Science Bulletin 53, 3921–3927.
Rao, Z., Zhu, Z., Jia, G., Henderson, A.C.G., Xue, Q., Wang, S., 2009. Compound specific
dD values of long chain n-alkanes derived from terrestrial higher plants are
indicative of the dD of meteoric waters: evidence from surface soils in eastern
China. Organic Geochemistry 40, 922–930.
Rao, Z., Guo, W., Xue, Q., Chen, F., 2015. Assessment of primary provenance of
organic matter in loess/paleosol sequences in the western Chinese Loess
Plateau: local biomass or bedrocks in dust source regions? Quaternary Sciences
35, 819–827 (in Chinese with English abstract).
Richardson, A., Franke, R., Kerstiens, G., Jarvis, M., Schreiber, L., Fricke, W., 2005.
Cuticular wax deposition in growing barley (Hordeum vulgare) leaves
commences in relation to the point of emergence of epidermal cells from the
sheaths of older leaves. Planta 222, 472–483.

63

Roden, J.S., Lin, G., Ehleringer, J.R., 2000. A mechanistic model for interpretation of
hydrogen and oxygen isotope ratios in tree-ring cellulose. Geochimica et
Cosmochimica Acta 64, 21–35.
Sachse, D., Radke, J., Gleixner, G., 2004. Hydrogen isotope ratios of recent lacustrine
sedimentary n-alkanes record modern climate variability. Geochimica et
Cosmochimica Acta 68, 4877–4889.
Sachse, D., Radke, J., Gleixner, G., 2006. dD values of individual n-alkanes from
terrestrial plants along a climatic gradient – implications for the sedimentary
biomarker record. Organic Geochemistry 37, 469–483.
Sachse, D., Billault, I., Bowen, G.J., Chikaraishi, Y., Dawson, T.E., Feakins, S.J.,
Freeman, K.H., Magill, C.R., McInerney, F.A., van der Meer, M.T.J., Polissar, P.,
Robins, R.J., Sachs, J.P., Schmidt, H.-L., Sessions, A.L., White, J.W.C., West, J.B.,
Kahmen, A., 2012. Molecular paleohydrology: interpreting the hydrogen
isotopic composition of lipid biomarkers from photosynthesizing organisms.
Annual Review of Earth and Planetary Sciences 40, 221–249.
Sauer, P.E., Eglinton, T.I., Hayes, J.M., Schimmelm, A., Alex, L.S., 2001. Compoundspecific D/H ratios of lipid biomarkers from sediments as a proxy for
environmental and climatic conditions. Geochimica et Cosmochimica Acta 65,
213–222.
Schefuß, E., Schouten, S., Schneider, R.R., 2005. Climatic controls on central African
hydrology during the past 20,000 years. Nature 437, 1003–1006.
Schefuß, E., Kuhlmann, H., Mollenhauer, G., Prange, M., Patzold, J., 2011. Forcing of
wet phases in southeast Africa over the past 17,000 years. Nature 480, 509–512.
Schefuß, E., Eglinton, T.I., Spencer-Jones, C.L., Rullkötter, J., De Pol-Holz, R., Talbot, H.
M., Grootes, P.M., Schneider, R.R., 2016. Hydrologic control of carbon cycling and
aged carbon discharge in the Congo River basin. Nature Geoscience 9, 687–690.
Schimmelmann, A., Sessions, A.L., Mastalerz, M., 2006. Hydrogen isotopic (D/H)
composition of organic matter during diagenesis and thermal maturation.
Annual Review of Earth and Planetary Sciences 34, 501–533.
Schmidt, H.-L., 2003. Fundamentals and systematics of the non-statistical
distributions of isotopes in natural compounds. Naturwissenschaften 90, 537–
552.
Schmidt, M.W., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A.,
Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D.A., 2011. Persistence of
soil organic matter as an ecosystem property. Nature 478, 49–56.
Schwab, V.F., Garcin, Y., Sachse, D., Todou, G., Séné, O., Onana, J.-M., Achoundong, G.,
Gleixner, G., 2015. Effect of aridity on d13C and dD values of C3 plant and C4
graminoid-derived leaf wax lipids from soils along an environmental gradient
in Cameroon (Western Central Africa). Organic Geochemistry 78, 99–109.
Sessions, A.L., 2006. Seasonal changes in D/H fractionation accompanying lipid
biosynthesis in Spartina alterniflora. Geochimica et Cosmochimica Acta 70,
2153–2162.
Sessions, A.L., 2016. Factors controlling the deuterium contents of sedimentary
hydrocarbons. Organic Geochemistry 96, 43–64.
Simoneit, B.R.T., Sheng, G., Chen, X., Fu, J., Zhang, J., Xu, Y., 1991. Molecular marker
study of extractable organic matter in aerosols from urban areas of China.
Atmospheric Environment Part A 25, 2111–2129.
Smith, F.A., Freeman, K.H., 2006. Influence of physiology and climate on dD of leaf
wax n-alkanes from C3 and C4 grasses. Geochimica et Cosmochimica Acta 70,
1172–1187.
Thomas, E.K., Clemens, S.C., Prell, W.L., Herbert, T.D., Huang, Y., Liu, Z., Sinninghe
Damsté, J.S., Sun, Y., Wen, X., 2014. Temperature and leaf wax d2H records
demonstrate seasonal and regional controls on Asian monsoon proxies. Geology
42, 1075–1078.
Taylor, J.R., 1997. An Introduction to Error Analysis: The Study of Uncertainties in
Physical Measurements. University Science Books, Sausalito.
Tierney, J.E., Lewis, S.C., Cook, B.I., LeGrande, A.N., Schmidt, G.A., 2011. Model, proxy
and isotopic perspectives on the East African Humid Period. Earth and Planetary
Science Letters 307, 103–112.
Tierney, J.E., Russell, J.M., Huang, Y., Sinninghe Damsté, J.S., Hopmans, E.C., Cohen, A.
S., 2008. Northern hemisphere controls on tropical southeast African climate
during the past 60,000 years. Science 322, 252–255.
Tierney, J.E., Smerdon, J.E., Anchukaitis, K.J., Seager, R., 2013. Multidecadal
variability in East African hydroclimate controlled by the Indian Ocean.
Nature 493, 389–392.
Tipple, B.J., Berke, M.A., Doman, C.E., Khachaturyan, S., Ehleringer, J.R., 2013. Leafwax n-alkanes record the plant-water environment at leaf flush. Proceedings of
the National Academy of Sciences of the United States of America 110, 2659–
2664.
Tipple, B.J., Pagani, M., 2013. Environmental control on eastern broadleaf forest
species’ leaf wax distributions and D/H ratios. Geochimica et Cosmochimica
Acta 111, 64–77.
Trabucco, A., Zomer, R.J., 2009. Global aridity index (global-aridity) and global
potential evapo-transpiration (global-PET) geospatial database. CGIAR
Consortium for Spatial Information. Available from the CGIAR-CSI GeoPortal
at: <http://www.csi.cgiar.org/>.
Trabucco, A., Zomer, R.J., Bossio, D.A., van Straaten, O., Verchot, L.V., 2008. Climate
change mitigation through afforestation/reforestation: a global analysis of
hydrologic impacts with four case studies. Agriculture Ecosystems and
Environment 126, 81–97.
Tuthorn, M., Zech, R., Ruppenthal, M., Oelmann, Y., Kahmen, A., del Valle, H.F.,
Eglinton, T., Rozanski, K., Zech, M., 2015. Coupling d2H and d18O biomarker
results yields information on relative humidity and isotopic composition of
precipitation – a climate transect validation study. Biogeosciences 12, 3913–
3924.

64

Y. Li et al. / Organic Geochemistry 133 (2019) 53–64

Vogts, A., Badewien, T., Rullkötter, J., Schefuß, E., 2016. Near-constant apparent
hydrogen isotope fractionation between leaf wax n-alkanes and precipitation in
tropical regions: Evidence from a marine sediment transect off SW Africa.
Organic Geochemistry 96, 18–27.
Wang, C., Hren, M.T., Hoke, G.D., Liu-Zeng, J., Garzione, C.N., 2017. Soil n-alkane dD
and glycerol dialkyl glycerol tetraether (GDGT) distributions along an
altitudinal transect from southwest China: Evaluating organic molecular
proxies for paleoclimate and paleoelevation. Organic Geochemistry 107, 21–32.
Wang, G., Huang, L., Zhao, X., Niu, H., Dai, Z., 2006a. Aliphatic and polycyclic
aromatic hydrocarbons of atmospheric aerosols in five locations of Nanjing
urban area, China. Atmospheric Research 81, 54–66.
Wang, G., Kawamura, K., Lee, S., Ho, K., Cao, J., 2006b. Molecular, seasonal, and
spatial distributions of organic aerosols from fourteen Chinese cities.
Environmental Science & Technology 40, 4619–4625.
Wang, Y.-J., Cheng, H., Edwards, R.L., An, Z., Wu, J., Shen, C.-C., Dorale, J.A., 2001. A
high-resolution absolute-dated late Pleistocene monsoon record from Hulu
Cave, China. Science 294, 2345–2348.
Wang, Y., Cheng, H., Edwards, R.L., He, Y., Kong, X., An, Z., Wu, J., Kelly, M.J., Dykoski,
C.A., Li, X., 2005. The Holocene Asian monsoon: links to solar changes and North
Atlantic climate. Science 308, 854–857.
Wang, Y., Cheng, H., Edwards, R.L., Kong, X., Shao, X., Chen, S., Wu, J., Jiang, X., Wang,
X., An, Z., 2008. Millennial- and orbital-scale changes in the East Asian monsoon
over the past 224,000 years. Nature 451, 1090–1093.
Wiesenberg, G., Schmidt, M., Schwark, L., 2008. Plant and soil lipid modifications
under elevated atmospheric CO2 conditions: I. Lipid distribution patterns.
Organic Geochemistry 39, 91–102.
Wiesenberg, G.L., Schwark, L., 2006. Carboxylic acid distribution patterns of
temperate C3 and C4 crops. Organic Geochemistry 37, 1973–1982.
Wiesenberg, G.L., Schwarzbauer, J., Schmidt, M.W., Schwark, L., 2004. Source and
turnover of organic matter in agricultural soils derived from n-alkane/ncarboxylic acid compositions and C-isotope signatures. Organic Geochemistry
35, 1371–1393.
Wood, A.J., 2005. Eco-physiological adaptations to limited water environments. In:
Jenks, M.A., Hasegawa, P.M. (Eds.), Plant Abiotic Stress. Blackwell, Oxford, pp. 1–
13.
Xia, Z., Xu, B., Mügler, I., Wu, G., Gleixner, G., Sachse, D., Zhu, L., 2008. Climatic
implication of hydrogen isotope ratios of terrigenous n-alkanes in lacustrine
surface sediment of the Tibetan Plateau. Journal of Lake Science 20, 695–704 (in
Chinese with English abstract).

Yang, L., Pan, J., Shao, Y., Chen, J., Ju, W., Shi, X., Yuan, S., 2007. Soil organic carbon
decomposition and carbon pools in temperate and sub-tropical forests in China.
Journal of Environmental Management 85, 690–695.
Yamamoto, S., Kawamura, K., 2010. Compound-specific stable carbon and hydrogen
isotopic compositions of n-alkanes in urban atmospheric aerosols from Tokyo.
Geochemical Journal 44, 419–430.
Yamamoto, S., Kawamura, K., Seki, O., 2011. Long-range atmospheric transport of
terrestrial biomarkers by the Asian winter monsoon: evidence from fresh snow
from Sapporo, northern Japan. Atmospheric Environment 45, 3553–3560.
Yamamoto, S., Kawamura, K., Seki, O., Kariya, T., Lee, M., 2013. Influence of aerosol
source regions and transport pathway on dD of terrestrial biomarkers in
atmospheric aerosols from the East China Sea. Geochimica et Cosmochimica
Acta 106, 164–176.
Yuan, D., Cheng, H., Edwards, R.L., Dykoski, C.A., Kelly, M.J., Zhang, M., Qing, J., Lin, Y.,
Wang, Y., Wu, J., Dorale, J.A., An, Z., Cai, Y., 2004. Timing, duration, and
transitions of the last interglacial Asian monsoon. Science 304, 575–578.
Zhang, X., 2007. Vegetation Map of the People’s Republic of China (1: 1,000,000).
Geological Publishing House, Beijing, China (in Chinese).
Zhang, X., Xu, B., Günther, F., Mügler, I., Lange, M., Zhao, H., Li, J., Gleixner, G., 2017.
Hydrogen isotope ratios of terrestrial leaf wax n-alkanes from the Tibetan
Plateau: controls on apparent enrichment factors, effect of vapor sources and
implication for altimetry. Geochimica et Cosmochimica Acta 211, 10–27.
Zhang, Z., Sachs, J.P., Marchetti, A., 2009. Hydrogen isotope fractionation in
freshwater and marine algae: II. Temperature and nitrogen limited growth
rate effects. Organic Geochemistry 40, 428–439.
Zhou, Y., Grice, K., Chikaraishi, Y., Stuart-Williams, H., Farquhar, G.D., Ohkouchi, N.,
2011. Temperature effect on leaf water deuterium enrichment and isotopic
fractionation during leaf lipid biosynthesis: results from controlled growth of C3
and C4 land plants. Phytochemistry 72, 207–213.
Zech, M., Pedentchouk, N., Buggle, B., Leiber, K., Kalbitz, K., Marković, S.B., Glaser, B.,
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