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A B S T R A C T   

Homologue distribution proxies of leaf wax n-alkanes (normal chain alkanes) have been widely used for 
chemotaxonomy and paleoclimate reconstruction, while modern calibrations of them reported contrasting 
conclusions in different climate settings, especially between the cold arid and other climate regions. To further 
explore n-alkane-abiotic factor correlation in cold arid regions, this study surveyed n-alkane patterns of soil and 
leaf wax of three plant species along confined temperature and precipitation gradients in the Junggar Basin of 
northwest China. Our results show that salinity has a possible strong constraint on the Average Chain Length 
(ACL) of soil n-alkanes in high salinity settings, while precipitation or water stress is the leading constraint on the 
Carbon Preference Index (CPI) of those in low salinity settings. Precipitation also shows strong control over CPI 
or ACL of leaf wax n-alkanes of different plant species. Our results confirmed that n-alkane patterns are sensitive 
to, and constrained by abiotic factors independently on levels of plant species and averaged biome. A compilation 
of soil CPI from transect studies across the hot-humid to cold-arid regions of China further revealed precipitation 
being the first-order constraint of soil CPI, and a CPI trend reversal pattern along the precipitation gradient, 
where CPI increases from arid to semiarid climate and then decreases toward humid climate. Further analysis of 
existing CPI records showed that this CPI trend reversal may help differentiate three climate states qualitatively, 
i.e. arid, semiarid-semihumid and humid climates, which could be a valuable complement to existing proxies for 
paleoclimate reconstruction.   

1. Introduction 

Leaf wax is predominantly composed of long-chain aliphatic com-
pounds, n-alkanes (normal chain alkanes) being one major group of 
them, which forms the outermost layer of leaf cuticle to protect plants 
from extreme climatic and environmental conditions that can impose 
negative influence on plant growth, i.e. abiotic stresses (Eglinton and 
Hamilton, 1967; Eglinton and Logan, 1991; Edwards et al., 1996). It had 
been observed that the n-alkane chain-length distribution patterns and 
abundances can vary dramatically across different plant types and spe-
cies, and in response to various abiotic stresses within the same plant 
species and types, such as radiation, heat, cold, drought, and extreme pH 
and salinity (Post-Beittenmiller, 1996; Jetter et al., 2006; Shepherd and 
Wynne Griffiths, 2006; Bush and McInerney, 2013; and the references 

therein). Because of their relative recalcitrance and omnipresence in 
sediments (Eglinton and Logan, 1991; Peters et al., 2005), diverse n- 
alkane based proxies had been constructed and calibrated in modern 
settings as chemotaxonomy and direct abiotic-factor proxies, and then 
applied to geologic deposits to infer past climatic and environmental 
changes (Castañeda and Schouten, 2011; Sachse et al., 2012; Diefendorf 
and Freimuth, 2017), including the Dominant Chain Length (DCL), 
Average Chain Length (ACL), Carbon Preference Index (CPI) and various 
ratios of different homologue combinations. 

Based on limited data, early studies concluded that plant n-alkanes 
show systematically strong odd-over-even carbon number predomi-
nance, and different n-alkanes are attributed to dominant contributions 
from diverse plant types, e.g. C23, C25, C27, C29 and C31 n-alkanes were 
deemed dominant in Sphagnum moss, aquatic plants, trees, shrubs and 
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grasses, respectively; therefore, variations of the DCL, ACL and ratios of 
various homologue combinations of n-alkanes in geologic records were 
used to infer past vegetation and thus environmental and climatic 
changes, while CPI measuring the strength of odd-over-even predomi-
nance was used as a petroleum source-rock maturity proxy, or to 
distinguish terrestrial from bacterial n-alkanes (Bray and Evans, 1961; 
Eglinton and Hamilton, 1967; Corrigan et al., 1973; Poynter et al., 1989; 
Meyers and Ishiwatari, 1993; Ficken et al., 1998; Nott et al., 2000; 
Meyers, 2003). Recent studies having included more specimens from 
different plant types and species, however, showed that although dra-
matic variations can exist among some coarse divisions of plants, DCL 
can shift and overlap notably within and across plant species or types 
(Bush and McInerney, 2013), rendering most vegetation chemotax-
onomy attempts using DCL, ACL and various ratios of n-alkane combi-
nations problematic. In contrast, since a primary function of leaf wax is 
to protect plants from excessive water loss through cuticle (Kerstiens, 
1996; Riederer and Schreiber, 2001), direct linkages between n-alkane 
proxies and abiotic factors were continuously explored and calibrated 
with a special emphasis on aridity related factors (e.g. Hoffmann et al., 
2013; Bush and McInerney, 2015; Lu et al., 2020). 

A few transect studies of leaf wax and/or soil n-alkanes along various 
climate gradients covering arid regions were conducted in recent years. 
Sachse et al. (2006) found increasing chain length of broadleaf tree leaf 
wax n-alkanes toward warmer and dryer regions along a European 
vegetation gradient. Similar increasing chain length or ACL with 
increasing aridity had also been noted along a C3-C4 grass (Rommer-
skirchen et al., 2006), a rainforest-savannah-C4 grass (Vogts et al., 2009) 
and a succulent-fynbos (Carr et al., 2014) vegetation gradient in 
southern Africa, and a Mean Annual air Temperature (MAT = 3–23 ◦C, 
with limited Mean Annual Precipitation, MAP = 600–800 mm) gradient 
in America (Bush and McInerney, 2015). This seemingly consistent 
relationship was, however, at odds between n-alkane ACL of Acacia and 
Eucalyptus along a precipitation gradient (MAP = 400–1600 mm) in 
Australia (Hoffmann et al., 2013), and absent along a precipitation 
gradient (MAP = 150–2000 mm) in China (Luo et al., 2012). Instead, 
Luo et al. (2012) found that CPI negatively correlates with relative hu-
midity, precipitation and temperature. Similar negative CPI-MAP cor-
relation can also be observed from results along a humid-semiarid 
climate transect (Rao et al., 2009; MAP = 380–1900 mm) and an arid- 
semihumid transect (Lu et al., 2020; MAP = 150–410 mm). A pre-
liminary study in arid Chinese deserts and gobi deserts (MAP = 30–310 
mm), however, revealed possible positive correlations of ACL and CPI 
with precipitation, relative humidity, temperature, etc. (Yan, 2017), 
which is similar to the CPI trend of surface sediments of multiple lakes 
along a 40–470 mm MAP gradient on the Tibetan Plateau (Tian et al., 
2017), but in clear contrast with all other previous observations. 

Several possibilities can account for the contrasting observations. 
One is the different sample types that they used, i.e. leaf (Rommer-
skirchen et al., 2006; Vogts et al., 2009; Hoffmann et al., 2013; Carr 
et al., 2014) versus soil (Rao et al., 2009; Luo et al., 2012; Yan, 2017; Lu 
et al., 2020), lake sediment (Tian et al., 2017), or leaf plus soil samples 
(Bush and McInerney, 2015), which revealed n-alkane-abiotic factor 
correlations on different levels from individual plant species or types to 
averaged biome that is represented by soil and lake sediment samples. 
Another important cause is the large scatter of vegetation and climate 
gradients that these studies covered, which may have revealed incom-
plete or regionalized patterns that are not suitable for direct comparison. 
For example, the arid regions investigated by other studies are mostly 
hot to mild arid zones (temperature of coldest month, Tc > 10 ◦C), while 
Yan (2017) and Tian et al. (2017) mainly focused on cold arid regions 
(Tc < 0 ◦C). Luo et al. (2012) and Lu et al. (2020) do have several 
samples in cold arid regions; their results, however, are heavily 
weighted by data from the humid-semiarid regions. Additionally, most 
vegetation and climate gradients surveyed so far are not confined to 
single-factor gradients (e.g. Luo et al., 2012; Hoffmann et al., 2013; Bush 
and McInerney, 2015; Yan, 2017), whose results are thus open to 

interpretation multiplicity. Recognizing the above-mentioned diverse 
correlations being true in their respective climate settings, we hypoth-
esize that n-alkane distribution patterns of plant species and averaged 
biomes are sensitive to abiotic factors, but they “respond” to these fac-
tors differently in the cold arid climate. 

To test this hypothesis, we surveyed n-alkane patterns of coupled soil 
and leaves of three dominant plant species along more confined tem-
perature and precipitation gradients within a typical cold arid zone, the 
Junggar Basin in Xinjiang Province of China. Our aims are: 1) to test if n- 
alkane patterns are constrained by abiotic factors on levels of individual 
plant species and averaged biome; 2) to assess the validity of the known 
n-alkane proxy-abiotic factor correlations in the cold arid climate; and 3) 
to assess the applicability of n-alkane proxies in paleoclimate recon-
struction, CPI in particular in this study, by analysing existing section 
records. 

2. Material and methodology 

2.1. Sampling 

Junggar Basin is in northwest China. The central flatland of the basin 
is largely covered by fixed to semi-fixed sand dunes, belonging to the 
Gurbantunggut desert, which has an average elevation of around 400 m, 
a typical MAT of 3–7.5 ◦C and a MAP of 150–250 mm. Long-lasting snow 
cover in winter makes this basin a typical cold arid zone (Thomas, 
2011). Based on Chinese climatological MAT and MAP contour maps 
(Xu and Zhang, 2017), we conducted a sampling campaign in 2018 
along a MAP-confined MAT gradient (2–7.5 ◦C, MAP = 134–148.1 mm), 
and a MAT-confined MAP gradient (134.5–280.9 mm, MAT =

4.8–8.1 ◦C). Additional samples along an altitude gradient (~100 m 
apart in between) and from typical salt-crusted soil were also collected 
to assess possible joint influence of MAT and MAP, which generally co- 
vary along altitude gradients, and the influence of salinity, respectively. 
Sampling sites were distributed along the gradients at intervals of 
around 50–100 km apart, with additional ones more scattered (Fig. 1, 
Supplementary Table S1). Leaf (including assimilative shoot) samples of 
plant species dominant at individual sites were collected from more than 
five individual plants into paper bags and air-dried. Note that by 
“dominant” we mean it as more commonly occurring plants by visual 
assessment in the field. Samples of the top 5 cm of soil were collected 
from under more than five plants using a spatula, wrapped in ashed 
aluminium foil and stored in plastic bags. After collection, all samples 
were shipped back immediately and lyophilized before further pro-
cessing. Aiming at intra-species comparison, only results of three most 
commonly occurring plant species were analyzed and presented here, 
including Ephedra distachya, Haloxylon ammodendron, and Artemisia 
songarica. Only samples deep in desert and gobi desert areas, where 
human influence is minimized, were analyzed and reported, including 
20 soil, 8 Artemisia, 5 Ephedra, and 14 Haloxylon samples (please refer to 
Table S1 for their distribution along the gradients, and Appendix Fig. A1 
for pictures of a typical sampling site and three plant species). 

2.2. Sample processing and measurements 

Soil water content (SWC) was calculated from weights of the samples 
before and after lyophilization following the equation: 

SWC =
(
Wf − Wd

)/
Wd*100%  

where Wf is the weight of fresh samples, Wd is the weight of dried 
samples. 

Soil salinity and pH were measured from soil solution extracts (1:2.5 
g/ml for pH and 1:1 g/ml for salinity) using a HACH HQ40D Portable 
Multi Meter. For Total Organic Carbon content (TOC) measurements, 1 g 
of samples was ground, passed through a 100 mesh sieve, reacted with 2 
N hydrogen chloride (HCl) overnight, washed using deionised water, 
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oven-dried and re-ground, and then 30–100 mg of subsamples were 
wrapped in tin boats and analyzed using an Elementar vario PYRO cube 
elemental analyzer (Xie et al., 2016). 

Depending on TOC, ca. 10–20 g of ground soil was extracted in 
dichloromethane (DCM): methanol (MeOH) (9:1 v/v) using a Microwave 
Accelerated Reaction System (CEM Corporation) with a ramp to 100 ◦C 
over 20 min and held for 20 min. The extracts were transferred into 60 
ml vials, and combined with repeated solvent washes (repeated at least 
three times till clear), which were then reduced on a heating plate 
(38 ◦C) under nitrogen flow. Non-polar fractions bearing n-alkanes were 
separated by passing the concentrated extracts through LC-NH2 silica gel 
columns (1 g, SUPELCO) with 4 ml n-hexane, reduced, and transferred 
into 2 ml vials. For leaves, 0.6–0.8 g of minced samples, spiked with 100 
μl androstane (0.088 μg/μl), were extracted ultrasonically for 15 min for 

at least three times (repeated till the extracts were visually clear). The 
extracts were similarly combined and reduced. Their non-polar fractions 
were separated by passing the concentrated extracts through activated 
silica gel columns (100 mesh, 20*1 cm) with n-hexane, and again 
reduced and transferred into 2 ml vials. 

Measurements of soil n-alkanes were done using a Hewlett-Packard 
9860 gas chromatograph, while those of leaf samples were done using 
an Agilent 6890 N gas chromatograph. Both extraction and measure-
ment of soil samples were conducted in the Fye Lab, Marine Chemistry & 
Geochemistry Department, Woods Hole Oceanographic Institution, 
while those of leaf samples were conducted in the State Key Laboratory 
of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences. Quantifications of soil n-alkanes were done by 
comparing with a lab standard containing standard C17, C25, C29 and C33 

Fig. 1. a) Sampling site distribution of this study and studies for comparison. Distribution of deserts comes from the 1:200,000 desert distribution dataset provided 
by Environmental and Ecological Science Data Center for West China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn). b) Sampling sites 
of this study with climatological MAT and MAP contours of the Junggar Basin. Gray lines and accompanying numbers signify the MAT contours with values in degree 
Celsius, while the MAP contours are the colour-filled ones corresponding to the legend. 
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homologues at different concentrations (uncertainty estimated by 
repeated measurements is less than 5%), while those of leaf n-alkanes 
were done by comparing with the internal androstane standard. Range 
of identified n-alkanes is generally from C21 to C33 in leaf samples and 
from C16 to C35 in soil samples (Table S2, S3). To facilitate comparison, 
n-alkanes of C21 to C33 were mostly used in the proxy calculations and 
discussion. ACL and CPI were calculated differently in various litera-
tures (e.g. Luo et al., 2012; Bush and McInerney, 2013; Carr et al., 2014). 
Here they are calculated as follows: 

ACL = (21*C21 + 23*C23 +…+ 33*C33)/(C21 +C23 +…+C33)

CPI = ((C21 +C23 +…+C31)+ (C23 +C25 +…+C33) )

/2*(C22 +C24 +…+C32)

where Cx is the abundance of the n-alkane homologue with x car-
bons. In comparison with results from other studies, different calcula-
tion formulas are used and will be noted in the following sections when 
appropriate. 

2.3. Meteorological data and correlation analysis 

All sampling sites are in remote desert and Gobi Desert regions, 
where meteorological data are scarce. We interpolated meteorological 
data at the sampling sites from two data sources, including the clima-
tological MAT, MAP and aridity (note that higher aridity means drier, 
which is in contrast to the often used aridity index, e.g. Vogts et al., 
2012; Hoffmann et al., 2013) from the aforementioned Chinese back-
ground climatology datasets (Xu and Zhang, 2017), and the 2018 sum-
mer (June, July and August) averages of ground temperature, air 
temperature, evaporation, relative humidity and precipitation from the 
daily surface weather profile dataset provided by the China Meteoro-
logical Data Service Center (http://data.cma.cn/). 

We systematically explored the correlations between individual 
abiotic factors, including altitude, SWC, salinity, pH, and the above- 
mentioned meteorological factors, and n-alkanes proxies, including 
abundances of n-alkanes, ACL, CPI, and a series of ratios between 
important n-alkane homologues (Table S4, S5). Correlation of n-alkane 
proxies with abiotic factors in a random group of samples could be 
suggestive of leading constraints of certain factors, while it could also be 
the result of compounding influence of multiple factors. Correlation of a 
proxy with an abiotic factor along its single-factor gradient as we 
intended should therefore provide a verification or confirmation of the 
correlation. 

Our initial sampling gradients serve as a preliminary grouping of the 
samples. To further explore sample-abiotic factor relationship, we per-
formed a principal component analysis of abiotic factors, which shows 
that five high salinity sites contribute the most to the total variance and 
the first component (explained 51% of the variance), while other sites 
generally contribute more to the second component (explained 23% of 
the variance) (Fig. 2). It is also evident that temperature-related factors, 
including MAT, summer air and ground temperature, and precipitation- 
related factors, including MAP, aridity, summer precipitation, evapo-
ration and relative humidity, have generally good collinearity, while 
SWC and pH contributed little to the total variance and have low cor-
relations with other factors. Therefore, in addition to the intended MAT 
(gradient T1, GrT1, n = 6), MAP (GrP1, n = 8), and altitude gradients 
(GrA, n = 4), we grouped the five high salinity samples into a salinity 
gradient (Table S1). We also reassigned our samples to alternative 
temperature (GrT2) and precipitation (GrP2) gradients by maximizing the 
ranges of the intended factors while minimizing those of other factors 
(Table S1). GrT2 includes more samples (n = 9) along a 2–7 ◦C MAT 
gradient with a much narrower salinity range (0.52–1.73 PSU versus 
0.53–5.54 PSU along GrT1) and a similar MAP range (130.0–148.1 mm). 
GrP2 (n = 7) has a slightly narrower MAP range (142.2–270.5 mm), and 
far narrower MAT (6.9–7.9 ◦C), salinity (0.37–0.71 PSU), and even 

altitude (521–542 m) ranges. 
Although single-factor gradients are still not perfectly achieved, 

given the limitations of available variances of the abiotic factors, we 
believe that our nested correlation analyses should be able to provide a 
clear view of the proxy-factor correlations. Generally, only significant 
correlations (r2 > 0.3, p < 0.05) are discussed. For some groups having 
only 4–5 data points, we only note a significant correlation, if the data 
also form a monotonic sequence. Because of the high collinearity among 
abiotic factors, when an n-alkane proxy was found to correlate with 
multiple abiotic factors in a sample subset, a forward-selection multi-
variate linear regression was applied on standardized n-alkane proxy 
and all abiotic factors to elucidate the dominance of certain factors over 
the proxy variations, indicated by the highest standard regression co-
efficients (Legendre and Legendre, 2012). 

3. Results 

3.1. n-alkane abundances and distribution patterns 

Soil n-alkanes (C16 - C35) have a total abundance ranging from 
0.29–1.38 μg/g dwt (dry weight) with an average and standard devia-
tion of 0.80 ± 0.32 (n = 20) μg/g dwt, among which C16-C20 n-alkanes 
account for 9–36%. The long-chain n-alkanes are mostly dominated by 
C29 or C31, with only one exception by C27 (Table S2). Abundances and 
distribution patterns of leaf n-alkanes (C21 - C33) are obviously dissimilar 
among different plant species and from soil (Fig. A2). Artemisia has the 
largest n-alkane total abundance, ranging from 505 to 2671 μg/g dwt 
with an average and standard deviation of 1434 ± 633 (n = 8) μg/g dwt, 
while those of Ephedra are 56–111 and 80 ± 21 (n = 5) μg/g dwt, and 
those of Haloxylon are 42–521 and 150 ± 139 (n = 14) μg/g dwt, 
respectively. Dominant n-alkane homologue is exclusively C29 for Arte-
misia, and predominantly C27 for Ephedra and Haloxylon (Table S3). 
Alternatively, there are cases that both Haloxylon and Ephedra have C29 
as the dominant n-alkane (Table S3). More surprisingly, Ephedra also has 

Fig. 2. Abiotic-factor loadings (red arrows) and sample scores (black circles) of 
the first and second principal components from PCA of abiotic factors at all 
sampling sites. Additional abbreviations are: SGT - Summer Ground Tempera-
ture; SAT - Summer Air Temperature; SE - Summer Evaporation; SP - Summer 
Precipitation; SRH - Summer Relative Humidity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Y. Yan et al.                                                                                                                                                                                                                                     

http://data.cma.cn/


Chemical Geology 581 (2021) 120402

5

C21 as the dominant n-alkane at one site, and has a generally high 
abundance of C21 throughout (Fig. A2c, Table S3). The range, average 
and standard deviation of ACL and CPI of soil samples are 28.2–29.8, 
29.1 ± 0.4 and 3.0–7.5, 4.6 ± 1.2, respectively, while those are 
29.0–29.8, 29.5 ± 0.3 and 9.3–16.3, 13.7 ± 2.1 for Artemisia, 25.1–26.8, 
26.3 ± 0.6 and 3.3–5.1, 4.3 ± 0.6 for Ephedra, and 26.6–28.2, 27.3 ± 0.5 
and 3.2–13.9, 9.6 ± 3.3 for Haloxylon, respectively (Fig. 3, Table S2, S3). 

3.2. n-alkane proxies-abiotic factor correlations 

Putting data of all soil samples together, we observed no significant 
correlation between any abiotic factor and n-alkane proxy, except for 
between ACL and salinity (negative correlation, r2 = 0.31; Fig. 4a, 
Table S4). A close examination found that this correlation is heavily 
influenced by the monotonic linear trend of the salinity gradient samples 
(r2 = 0.98; Fig. 4a). After excluding the five high salinity samples, we 
observed significant strong correlations between CPI and all 
precipitation-related factors (r2 = 0.36–0.59, positive correlations 
except for with aridity and evaporation; Table S4). Significant negative 
correlation between CPI and temperature-related factors, including 
summer air and ground temperature (both with r2 = 0.51) also exist, 
while no correlation was found between n-alkane proxies and altitude, 
SWC, salinity or pH. Multivariate linear regression of CPI on all abiotic 
factors removed all factors but the summer evaporation, suggesting its 
dominance over the CPI variations (Table S6). 

Along GrT1, GrT2 and GrA, we found no correlation between tem-
perature or altitude and the soil n-alkane proxies, except for between 
C31/C29 and summer air and ground temperature along GrT1 and GrT2 
(both with r2 = 0.58, 0.46, respectively; Table S4). Besides the constraint 
of salinity on ACL mentioned above, we found no other n-alkane proxies 
having monotonic trends along GrS (Table S4). Along GrP1 and GrP2, 
correlations between CPI and temperature- and precipitation-related 
factors persist with higher r2 values than those of the low-salinity sam-
ples, which is again CPI showing generally higher correlation with 
precipitation related indices (r2 = 0.54–0.64 and 0.67–0.71 for GrP1 and 
GrP2, respectively) than with temperature related ones (r2 = 0.51–0.60 
and 0.62–0.69, respectively) (Table S4). Multivariate regression of CPI 
on all factors suggests that summer relative humidity is the sole factor 
chosen to predict CPI variations along GrP1, while summer evaporation 
and salinity both have important contributions to CPI variations along 
GrP2, with summer evaporation as the leading constraint (Table S6, 
Fig. A3a,b). Additional correlation can be found between n-alkane 
proxies and abiotic factors other than the intended factors along their 
respective gradients, such as between ACL and altitude along the pre-
cipitation gradient GrP2 (Table S4). They are considered as by-products 
of the close coupling of abiotic factors in this region, and will not be 
discussed further. 

Correlations of plant samples are diverse for different species, and 
quite different from those of soil. Only three plant samples (Haloxylon 

samples) are available along GrS (Table S1), from which no reliable 
observations of n-alkane proxy-abiotic factor correlations along the 
salinity gradient can be made. All their n-alkane proxies do not appear as 
outliers on box-and-whisker plots (not shown). For all samples of single- 
species groups, no meaningful correlations between n-alkane proxies 
and salinity, pH, or SWC were found, except between pH and C27/C21 in 
the Ephedra data (Table S5). For the Ephedra dataset, no other mean-
ingful correlations were found. 

For Artemisia, ACL, C31/C29 and C31/C27 strongly correlate with 
several precipitation- (r2 = 0.59–0.69, 0.66–0.78 and 0.68–0.79, 
respectively) and temperature-related factors (r2 = 0.65, 0.69–0.80, and 
0.62–0.75, respectively; Table S5). A strong negative correlation also 
exists between altitude and C31/C29 (r2 = 0.80). Multivariate regression 
identified summer evaporation as the leading constraint on ACL and 
C31/C27 changes (exemplified by the ACL-summer evaporation corre-
lation in Fig. 4c), while both MAT and altitude are important constraints 
of C31/C29 variations, with MAT being the leading one (Table S6). 

Based on Haloxylon data, CPI and C27/C21 have weaker correlations 
with MAT (r2 = 0.47 and 0.34, respectively) than with precipitation- 
related factors (r2 = 0.54–0.64 for CPI with MAP and summer precipi-
tation, and 0.32–0.42 for C27/C21 with MAP, summer precipitation and 
evaporation, respectively; Table S5). MAP and ACL, and altitude and 
C31/C29 are also weakly correlated (r2 = 0.37 and 0.47, respectively; 
Table S5). Multivariate regression suggests that MAP and summer 
relative humidity are the dominant constraints of Haloxylon CPI and 
C27/C21, respectively (Table S6). The correlation between CPI and MAP 
is, however, in strikingly contrary signs to that of soil (Fig. 4d). Note that 
due to sampling deficiency of Haloxylon at sites of higher MAP 
(Table S1), the CPI-MAP scatter plot shows polarized clustering at the 
high and low MAP ends. We think the highest r2 between the two might 
be an artifact (Table S5). However, the consistent negative correlation 
between CPI and summer precipitation (the leading constraint in a 
multivariate regression of CPI on all factors without MAP; Fig. A3c) with 
no obvious clustering bolstered our confidence in the reliability of the 
CPI-MAP correlation. 

Temperature and precipitation gradients are only possible for the 
Haloxylon dataset. Along the temperature gradient (GrT2, n = 8), CPI 
shows a significant correlation with MAT (r2 = 0.63) (Table S5). Along 
the precipitation gradient (all available Haloxylon data from GrP1 and 
GrP2, n = 6), strong correlations are found between precipitation-related 
factors and all n-alkane proxies, except for C31/C27 (r2 = 0.67–0.96), 
although most of the high r2 values are due to data clustering (Table S5). 
The correlation between CPI and summer precipitation becomes insig-
nificant (p = 0.09), while that between CPI and MAP becomes slightly 
stronger (r2 = 0.67) with less clustering (Fig. 4d, A3d). Because of the 
low sample number and data clustering effect, we did not apply multi-
variate regression on this sample subset. 

4. Discussion 

4.1. Dissimilarities between soil and plant n-alkane patterns 

The distribution patterns of plant and soil n-alkanes show prominent 
dissimilarities. The dominant n-alkane homologue is mostly C29 for the 
three plant species, while it is C31 for almost half of soil samples. ACL of 
soil n-alkanes is generally equivalent to that of Artemisia, but system-
atically higher than that of Ephedra and Haloxylon (Fig. 3). CPI of soil n- 
alkanes is in contrast systematically lower than that of Artemisia and 
Haloxylon, but equivalent to that of Ephedra (Fig. 3). Soil n-alkanes 
should represent an average n-alkane pattern of the regional biome, but 
soil samples cluster aside from the linear combination of the three types 
of plant samples in the ACL-CPI scatter plot (Fig. 3), suggesting soil n- 
alkane patterns cannot be obtained through mixing of those of the three 
plant species. Under a general assumption that long-chain n-alkanes 
come primarily from higher plants, this suggests that the three “domi-
nant” species do not dominate soil n-alkane patterns, and there are more Fig. 3. Scatter plot of ACL versus CPI of soil and leaf samples.  
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local plant species contributing n-alkanes with higher mass production, 
a longer-chain n-alkane dominance, and weaker odd-over-even pre-
dominance. If this assumption does not hold, there might be notable 
long-chain n-alkane input from non-photosynthetic bacteria in soil, 
which has no obvious odd-over-even preference (Han and Calvin, 1969; 
Albro, 1976; Ladygina et al., 2006). Microbial differential degradation 
of n-alkanes might have played an important role in altering soil n- 
alkane patterns as well (Johnson and Calder, 1973; Walker and Cooney, 
1973; Grimalt et al., 1988; Marseille et al., 1990; Buggle et al., 2010). It 
is also very likely that some or all of these possible scenarios work in 
consortium. At present, we cannot make further discrimination on these 
interesting yet unclear possible scenarios. Note that the dissimilarities 
imply that n-alkane patterns are probably constrained through different 
processes at levels of plant species and averaged biome, as evidenced by 
the following discussion. 

4.2. Constraints of soil and plant n-alkane patterns in cold arid climate 

The total abundances of soil and leaf n-alkanes (0.29–1.38 and 
42–2671 μg/g dwt, respectively) in cold arid climate generally fall in the 
ranges of those reported in humid to arid regions (e.g. Boom et al., 2014; 
Bush and McInerney, 2015). The leaf n-alkane abundance ranges of all 
three plant species are within that of leaf samples along the aforemen-
tioned MAT and MAP transects in America (61–7115 μg/g dwt, Bush and 
McInerney, 2015), South Africa (20–22,000 μg/g dwt, Boom et al., 
2014), and Australia (10–2818 μg/g dwt, Hoffmann et al., 2013). 
Similarly, the soil n-alkane abundance range falls in that of our previous 
study in the same region (0.13–4.49 μg/g dwt, Yan, 2017), and also has 
only two samples with lower abundance than that of the MAT transect in 
the semihumid America (0.40–27.50 μg/g dwt, Bush and McInerney, 
2015). This suggests that in spite of obvious interspecies contrasts, n- 
alkane abundances cannot be used to differentiate plant species or bi-
omes adapted to the cold arid climate and more humid or hot arid 

climate. It is possible that the majority of plant species in certain climate 
have systematically high or low n-alkane abundances (Carr et al., 2014). 
Complete survey of leaf n-alkane patterns of all plant species at sites in 
different climate zones could confirm or refute this, which is, however, 
nearly impossible to implement. 

Correlations between n-alkane proxies and abiotic factors in the cold 
arid climate, on the other hand, show prominent contrast with the re-
ported ones in other climate regions, and therefore suggest different 
leading constraints of abiotic factors on n-alkanes in different climatic 
and/or environmental settings. Although small in sample number, the 
linear monotonic trend of soil ACL along the salinity gradient strongly 
supports a salinity control over soil n-alkane patterns in high salinity 
settings (Fig. 4a). Salinity’s influence on leaf n-alkane patterns is un-
clear, due to the scarcity of plant samples along the salinity gradient. 
This negative control of salinity on soil ACL is by the authors’ knowledge 
not reported. It could possibly be affected by three processes. First, 
degradation of n-alkanes by halophilic and halotolerant microorganisms 
have been well reported by studies of petroleum contamination reme-
diation, with multiple strains identified, isolated and cultured for more 
in-depth researches (Fathepure, 2014 and the references therein). 
Especially, differential degradation of n-alkanes of various carbon 
lengths by differing degraders, and the salinity dependence of the de-
graders were clearly demonstrated in controlled lab experiments (e.g. 
Ward and Brock, 1978; Al-Mueini et al., 2007; Dastgheib et al., 2011; Al- 
Mailem et al., 2013). Second, microbes are known to produce a spectrum 
of n-alkane homologues typically with no obvious odd-over-even carbon 
number predominance (e.g. Blumer et al., 1971; Kolattukudy, 1976; 
Grimalt et al., 1988; Volkman et al., 1998; Ladygina et al., 2006). Third, 
vegetation changes might also change the distribution pattern of plant n- 
alkane input to soil. Contribution change of each of the three processes 
could significantly change distribution patterns of soil n-alkane abun-
dances, resulting in ACL and CPI variability. Future studies are needed to 
further constrain the underlying mechanisms of salinity’s influence on 

Fig. 4. Representative n-alkane proxy - abiotic factor correlations (p < 0.05). a) and b) present soil data, while c) and d) present leaf data. Different symbols signify 
samples from different gradients. The salinity gradient has samples from different gradients, and is thus further differentiated by the red colour with soil data. The 
same symbols are adopted with additional colour schemes to differentiate data from different plant species as labelled. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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leaf and soil n-alkane patterns in these settings. 
Consistent and strong correlation between precipitation-related 

factors and soil CPI for samples in low salinity settings and along 
different precipitation gradients reveals a strong constraint of water 
stress on soil n-alkanes without the influence of salinity. Yan (2017) 
noted a positive correlation between soil CPI and relative humidity (RH) 
in the same region on a smaller gradient (RH = 41–47%, r2 = 0.74, p <
0.01), but no significant correlation between CPI and other 
precipitation-related factors were found, possibly due to interfering 
factors. CPI of surface sediments of 21 lakes on the Tibetan Plateau also 
shows a significant positive correlation (r2 = 0.37, p < 0.01) with MAP 
(40–470 mm), although it was not noted in the original work (Tian et al., 
2017). In comparison, our results confirmed the validity of the positive 
correlation between CPI and MAP or RH (on a larger gradient, RH =
44–56%) in the cold arid region, and revealed the pervasive correlations 
between CPI and precipitation-related factors. One thing worth noting is 
that the dominant constraints of CPI variations in different sample 
groups are often the summer evaporation or relative humidity (Section 
3.2, Table S4, S5, S6). Considering also the lack of correlation between 
SWC and other precipitation-related factors (Fig. 2), we argue that this 
emphasizes the sensitivity to available water and complexity of water- 
availability for plants in arid regions, where precipitation is readily 
drained and relocated within hours to 1–2 days instead of being more 
retained by local soil. 

The positive soil CPI-MAP correlation in the cold arid region is in 
striking contrast to the negative correlation between the two along three 
humid-semiarid/arid transects in China (Rao et al., 2009; Luo et al., 
2012; Lu et al., 2020). If we take the maximum MAP (310 mm) of our 
sampling sites in the cold arid region as the division between arid and 
semiarid climates, only 5 samples in Luo et al. (2012) and 9 in Lu et al. 
(2020) can be classified as arid-region samples, which does not support a 
negative correlation (Fig. A4, Table S7). The conventional MAP 
threshold of 200 mm to divide the two climates means even fewer 
samples of arid regions in each study, which does not lend support to a 
negative correlation as well (Fig. A4). The contrasting CPI-MAP corre-
lations are thus attributed to differing climatic and environmental set-
tings. While Rao et al. (2009) did not explore the CPI-MAP correlation, 
both Luo et al. (2012) and Lu et al. (2020) attributed the negative cor-
relation between the two to intensified microbial degradation and/or 
microbial contribution of long-chain n-alkanes in wetter climate, which 
evidently does not apply here. Soil CPI generally varies within the range 
of plant CPI suggesting a possible direct inheritance of the correlation 
from plants (Fig. 3). But, the constraint of precipitation on plant n- 
alkane patterns is species-dependent. The only CPI-MAP correlation was 
found to be negative with Haloxylon (Table S5, S6), which rules out the 
possibility of a dominant plant governing soil n-alkane patterns. We 
argue that the change of local biome, including plant and microbe 
communities that are very sensitive to precipitation changes in arid 
climate, might be the cause for the positive correlation. Varying plant 
community could contribute a differing mixture of n-alkanes from a 
changing configuration of plant species and their percentages in the 
local community, and plant physiology itself. Varying microbe com-
munity can modulate the intensity of microbial degradation and/or 
microbial contribution of long-chain n-alkanes. It would be intriguing to 
unveil the different physiological mechanisms governing these pro-
cesses, which will be a future topic. 

Based on our dataset, correlations of n-alkane proxies with 
temperature-related factors are generally absent or weaker than those 
with precipitation-related ones. Especially, the correlation often re-
ported between ACL and temperature (e.g. Sachse et al., 2006; Tipple 
and Pagani, 2013; Bush and McInerney, 2015) is absent in soil as well as 
plant samples. This pattern rejects temperature being a primary 
constraint on soil and plant n-alkane patterns in this climate setting. 
Because our samples only spanned a very limited MAT gradient (2–8 ◦C), 
it is also likely that the influence of temperature might work on a 
different scale. Especially, the correlations between temperature-related 

factors or altitude and plant n-alkane proxies, such as CPI, C31/C29, and 
C27/C21, suggest that temperature may still have influence on plant n- 
alkane patterns with special emphasis on certain homologues (Table S5). 
This, however, needs confirmation from future studies. 

Therefore, we think our dataset revealed the sensitivity of n-alkane 
patterns of soil and plants to various abiotic factors in different climate 
and environment settings, and further validated previous inferences that 
abiotic factors constrain n-alkane patterns of soil and plants indepen-
dently (Rao et al., 2009; Luo et al., 2012). 

4.3. Soil CPI trend reversal along the precipitation gradient 

The contrasting CPI-MAP correlations in the cold arid climate and 
other climate regions led us to wonder if precipitation acts as a first- 
order constraint of soil n-alkane CPI in different climate regions, 
although with different underlying mechanisms at work. We assess this 
by compiling available soil n-alkane data across China to observe CPI 
changes along the precipitation gradient. In particular, the compiled 
data include those from three transect studies in east China covering 
humid to arid climates (Rao et al., 2009; Luo et al., 2012; Lu et al., 
2020), and two in the cold arid region in northwest China (Yan, 2017 
and this study; please refer to Fig. 1a for the sample distribution). Note 
specifically that we did not exclude any samples from these datasets, 
which means that all interfering abiotic factors are at work on the ranges 
of soil CPI, including salinity, temperature and vegetation. Corre-
sponding MAP, MAT and aridity data at all the sampling sites were 
obtained from the same datasets used in this study. Because CPI was 
calculated differently in these studies, sometimes without providing 
original n-alkane abundance data, we applied the same calculation 
formulas for CPI25–33 as in Luo et al. (2012) to all datasets when possible 
(Table S7). We had applied different formulas to existing soil n-alkane 
data, which resulted in very strong positive correlation (r2 is generally 
higher than 0.9) between different CPIs (not shown). CPIs calculated 
from different formulas can thus be used interchangeably in respect of 
their potential climatic or environmental implications. 

Plotting CPI25–33 against MAP, MAT and aridity, we observed no 
meaningful distribution pattern for the CPI25–33-MAT and CPI25–33- 
aridity pairs. An interesting trend reversal of CPI25–33, however, clearly 
showed up along the MAP gradient, where CPI25–33 increases with 
incrementing MAP from arid to semiarid (without discrimination be-
tween semiarid and semihumid climates, semiarid is used 

Fig. 5. Soil CPI trend reversal along the precipitation gradient. Arid, semiarid- 
semihumid and humid climates along the gradient are labelled according to 
conventional precipitation divisions as a reference, i.e. < 200, 200–800 and >
800 mm, respectively. To include all data collected from the cold arid region, a 
MAP of 310 mm is adopted to divide the compiled data into the arid (orange 
symbols) and humid (green symbols) groups. CPI25–33 is calculated following 
Luo et al. (2012) as ((C25 + C27 + … + C33)/(C24 + C26 + … + C32) + (C25 +

C27 + … + C33)/(C26 + C28 + … + C34))/2. Data from Lu et al. (2020) is 
CPI23–33, calculated as ((C23 + C25 + … + C31) + (C25 + C27 + … + C33))/2* 
(C24 + C26 + … + C32). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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interchangeably with semiarid-semihumid for brevity) climate and then 
decreases progressively toward humid climate (Fig. 5). We divided the 
compiled data into arid (arid-semiarid) and humid (semiarid-humid) 
data groups by choosing MAP of 310 mm as the cut-off to include all soil 
data from the cold arid region (Table S7). Weak but significant corre-
lation can be observed for both groups (Fig. 5), with correlation coef-
ficient being 0.42 (p < 0.01, n = 50) for the arid group and − 0.62 (p <
0.01, n = 117) for the humid group. A MAP of 200 mm as the threshold 
lowers the correlation strength of both groups without changing the CPI 
trends (Fig. A5). CPI from Lu et al. (2020) is CPI23–33, which is usually 
within 1 unit away from CPI25–33, but can also deviate from it irregu-
larly. We plot them in the background without involving them in cor-
relation analysis, which generally fall within reasonable ranges of 
CPI25–33 in respective climate settings along the MAP gradient, and do 
not change the CPI trends. 

On one hand, the weak but significant correlations imply that pre-
cipitation or water stress should be the first-order constraint of soil n- 
alkane distribution patterns along the hot-humid to cold-arid climate 
gradient in China. The weakness of the correlation is attributable to the 
sensitivity of leaf wax and soil n-alkane distribution patterns to different 
local factors revealed in Section 4.2. Whether this pattern might hold 
true along other climate gradients, or in areas with totally different bi-
omes, still needs future studies to elucidate. On the other hand, even 
though large scatter of CPI of both leaf and soil samples was observed 
almost everywhere along the precipitation gradient, differing CPI- 
abiotic factor correlations (with temperature, salinity, relative humidi-
ty, etc.) were still confirmed by studies along various abiotic factor 
gradients (e.g. Bush and McInerney, 2013, 2015; Luo et al., 2012; Yan, 
2017; Lu et al., 2020; this study). This suggests that the sensitivity of n- 
alkane patterns to local abiotic factors can often lead to the influence of 
local factors overriding that of regional factors. We look forward to 
studies on plant physiology, and microbial n-alkane production and 
degradation in future to reveal the underlying mechanisms. 

4.4. Potential of paleoclimate reconstruction using CPI 

The significant CPI-MAP correlation provides a possibility to inter-
pret CPI records in terms of paleoclimate reconstruction. If local climate 
went from hot-humid to cold-arid or vice versa, we should be able to see 
corresponding CPI changes, possibly modulated by variations of mi-
crobial degradation intensity when climate was humid and changes of 
local biome when climate was arid in response to precipitation changes. 
To empirically assess this hypothesis, we employed a CPI record of the 
Xifeng loess-paleosol section on the Chinese Loess Plateau (Fig. 1a, Liu 
and Huang, 2005). The semiarid-semihumid Chinese Loess Plateau is 
very sensitive to climate changes in the geological past; therefore CPI 
trend reversal in local records should be prominent and frequent. In 
their study, both CPI23–31 and δD of leaf wax n-alkanes were reported, 
while only the paleoclimate information encrypted by n-alkane δD was 
presented, and CPI23–31 was provided just to verify that the long-chain n- 
alkanes were from higher plants. Representative of all δD of long-chain 
n-alkanes, δDC31 is generally higher in loess layers (L1LL1, L1LL2) cor-
responding to relatively colder global climate in MIS (Marine Isotope 
Stage) 2 and 4 that are evidenced by benthic δ18O (Lisiecki and Raymo, 
2005), than in paleosol layers (S0, L1LS1, S1) when global climate was 
warmer in MIS 1, 3, and 5 (Fig. 6). Liu and Huang (2005) suggested that 
this pattern does not support temperature-effect dominance over pre-
cipitation δD, i.e. higher δD during warmer periods and vice versa. They 
then proposed the high δD of n-alkanes resulted from evaporation of soil 
water and evapotranspiration of leaf water during dry periods. This 
proposition is strongly supported by a systematic study of δD of soil 
water, soil n-alkanes, and leaf n-alkanes along a precipitation gradient 
on the Chinese Loess Plateau (Liu et al., 2019). This evaporation or 
aridity effect alone, however, cannot explain the whole record (Liu and 
Huang, 2005), e.g. δDC31 was higher in the beginning of S1 or MIS 5 than 
L1LL2 or MIS 4, when climate is thought to be the warmest or in peak 

interglacial conditions. δDC31 may thus be interpreted as being affected 
by multiple factors at different times. 

In this context, the CPI23–31 record shows a somewhat different trend 
(Fig. 6), which offers some reasonable insights complementing the 
interpretation based on δDC31 at a few important intervals. In compar-
ison with benthic δ18O, adopting the above interpretation strategy, 
δDC31 variations should have been dominated by temperature-effect 
prior to MIS 4, when higher temperature (lower δ18O) corresponds to 
higher δDC31 and vice versa, and aridity-effect afterwards, when lower 
temperature (higher δ18O) corresponds to stronger evaporation and 
evapotranspiration (higher δDC31) and vice versa. In contrast, CPI23–31 
shows generally consistent in-phase fluctuations with benthic δ18O from 
the beginning of MIS 5 to the Last Glacial Maximum (LGM, 19–21 ka) in 
MIS 2, and antiphase variations afterwards. Based on our understanding 
of the CPI trend reversal along the precipitation gradient, this variation 
pattern suggests local climate went from warmer and more humid to 
semiarid from MIS 5 to LGM, turned to arid climate at the end of MIS 2, 
and then became the semiarid-semihumid climate that the Chinese Loess 
Plateau has now. 

Note that systematically higher CPI23–31 from MIS 4 to LGM indicates 
that local climate was essentially semiarid-semihumid, which corre-
sponds to the aridity-effect dominance of δDC31, and thus supports that 
local climate needs to be sufficiently arid for aridity-effect of δDC31 to 
take over. Note also that CPI23–31 peaked at the LGM and jumped to the 
lowest at the end of MIS 2 corresponding to the δDC31 peak. δDC31 peak 
lagging to the LGM was originally interpreted as resulting from com-
bined influence from both temperature and aridity effects (Liu and 
Huang, 2005). The tight coupling of CPI23–31 and δDC31, however, sug-
gests local climate might be the most arid after the LGM. If dating un-
certainty of the section is out of question, the lagging between the local 
climate and global climate extremes might be attributed to local or 
regional influences. From MIS 2 to MIS 1, local climate turned from arid 
to semiarid-semihumid. δDC31 dropped to its level prior to MIS 2, while 
CPI23–31 increased accordingly without a sudden jump to its peak value 
representative of a semiarid-semihumid climate. This is a bit baffling. It 
might be because S0 was developed under a much warmer and more 
humid climate than in the LGM, evidenced by the steep decrease of 

Fig. 6. Time series of CPI23–31 and δDC31 from the Xifeng section on the Chinese 
Loess Plateau (Liu and Huang, 2005), and the benthic δ18O stack (Lisiecki and 
Raymo, 2005). Shaded layers are L1LL1 and L1LL2 corresponding to relatively 
colder global climate in MIS 2 and 4, respectively; unshaded layers are S0, L1LS1 
and S1 corresponding to warmer global climate in MIS 1, 3, and 5, respectively. 
CPI23–31 is calculated as ((C23 + C25 + … + C31)/(C22 + C24 + … + C30) + (C23 
+ C25 + … + C31)/(C24 + C26 + … + C32))/2. 
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δDC31 and δ18O from the LGM to MIS 1. Note the similar CPI23–31 and 
δ18O ranges at the end of MIS 1 and the beginning of MIS 5. The quick 
transition into this climate in MIS 1 and/or the coarse resolution of the 
records might have made this slow CPI23–31 increase possible. More 
studies need to be done to corroborate this conjecture. 

It is also possible that local climate at certain sites experienced 
limited fluctuations at the arid or humid climate ends, whereby no trend 
reversal of CPI would be observed. From the lacustrine deposits of the 
Qarhan Salt Lake in the Qaidam Basin, Pu et al. (2010) observed higher 
percentage of woody plant pollens, fewer grass pollens and high CPI 
during MIS 3. High CPI was attributed to vegetation expansion leading 
to plant n-alkanes outweighing algal and bacterial n-alkanes, corrobo-
rating a warm-humid climate indicated by the pollen proxies (Pu et al., 
2010). In contrast, Cao et al. (2020) observed low CPI corresponding to 
higher percentages of Keteleeriaepollenites and Podocarpidites (warm- 
humid species) pollens in 23.2–21.7 Ma from the fluvial-lacustrine de-
posits in the Lunpola Basin of Central Tibet. The low CPI was interpreted 
as resulting from intensified microbial degradation in a more warm- 
humid climate, again corroborating the pollen records (Cao et al., 
2020). Both the high and low CPI being interpreted in favour of more 
humid climate can be confusing. The CPI trend reversal revealed in this 
study can help put them into context. Climate at the study site of the 
Qarhan Salt Lake is in the cold arid region with a MAP of 40 mm now. 
Although that of the Lunpola Basin is semiarid (MAP = 350 mm) at 
present, it was well within the humid climate belt in early Miocene (Guo 
et al., 2008). It is reasonable that the two sites experienced limited 
climate fluctuations under essentially arid-semiarid and humid-semiarid 
climates, respectively, which manifested as increasing CPI in the arid 
region and decreasing CPI in the humid region with elevated precipi-
tation. These inferences again will need future evidence to corroborate. 

Our interpretation of the CPI records suggests that CPI might be a 
valuable paleoclimate proxy. The CPI trend reversal can potentially help 
differentiate three climate states qualitatively, i.e. arid, semiarid- 
semihumid and humid climates, although the implicit multiplicity at 
the low CPI ends means corroborating proxies are always needed for 
accurate interpretation. As one of the most easily available biomarker 
proxies, CPI was often reported and interpreted as a biodegradation 
proxy instead of a paleoclimatic one. We therefore call on scientists in 
this field to check their old records for possible corroboration or rebuttal 
of this pattern. Further tests in section records and more regional cali-
bration of this proxy should be warranted. 

5. Conclusion 

This study surveyed n-alkane patterns of soil and leaf wax of three 
plant species, including Ephedra distachya, Haloxylon ammodendron, and 
Artemisia songarica, along confined abiotic-factor gradients in the 
Junggar Basin, a typical cold arid region in northwest China. Our results 
show that salinity has strong constraint on the ACL of soil n-alkanes 
(negative correlation) in high salinity settings, while precipitation 
(representative of water availability) controls the CPI of soil n-alkanes in 
low salinity settings (positive correlation). Precipitation also shows 
strong control over ACL of Artemisia (positive correlation), and CPI of 
Haloxylon (negative correlation). These results verified our hypothesis 
that abiotic factors control n-alkane patterns on levels of plant species 
and averaged biomes, and the n-alkane proxy-abiotic factor correlations 
in cold arid regions are in clear contrast with those reported in other 
climate regions. 

The inconsistency of the n-alkane proxy-abiotic factor correlations 
between soil and plants and among different plant species further 
revealed that n-alkane patterns are very sensitive to, and constrained by 
abiotic factors independently at levels of individual plant species and 
averaged biome. Different abiotic factors could thus become leading 
constraints in various settings, which causes n-alkane patterns to 
respond differently at local to regional scales. The climatic and envi-
ronmental implications of the well-known n-alkane proxies, such as ACL 

and CPI, might thus vary depending on the discussion context. Espe-
cially, the positive soil CPI-MAP correlation in the cold arid region 
cannot be attributed to microbial degradation that was employed to 
explain the negative correlation between the two in other climate re-
gions. We argue that the change of local biome, including plant and 
microbe communities that are very sensitive to precipitation changes in 
arid climate, might be the cause for the positive correlation. 

We further assessed the soil CPI-MAP correlation at regional scales 
by compiling datasets from previous studies together with our own 
across the hot-humid to cold-arid regions of China. Despite the sensi-
tivity of n-alkane patterns to local factors, our synthesis revealed a 
striking CPI trend reversal along the precipitation gradient, i.e. CPI in-
creases from arid to semiarid climate and then decreases toward humid 
climate. Weak but significant CPI-MAP correlations at the arid and 
humid climate ends suggest that precipitation is the first-order 
constraint of soil CPI. Further analysis of three existing records 
showed that the CPI trend reversal pattern can potentially help differ-
entiate three climate states qualitatively, i.e. arid, semiarid-semihumid 
and humid climates, which could be a valuable complement to exist-
ing proxies for paleoclimate reconstructions. 

Our study cannot reveal the underlying mechanisms of the n-alkane- 
abiotic factor correlations in soil and plants. Further studies on plant 
physiology and microbial n-alkane production and degradation are 
warranted. Also, more regional calibration studies of soil and plant n- 
alkane proxies, and section studies of CPI variations in the geological 
past should be explored to provide corroboration or rebuttal of our 
findings. 
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