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Abstract :   
 
Terrestrial leaf wax n-alkane biomarkers provide considerable insights into paleoenvironmental 
reconstruction. Over decades, a substantial number of field investigations were performed to constrain 
hydroclimatic factors that influence leaf wax n-alkane biomarkers to improve their utility for 
paleoenvironmental applications. However, a critical issue, the plant type effects, does exist which 
potentially affects the fidelity of leaf wax n-alkane biomarkers for paleohydroclimate calibration. Here we 
review the effects of plant types on terrestrial leaf wax n-alkane biomarkers from three aspects: leaf wax 
n-alkane distribution (wood vs. non-wood), hydrogen isotope (δ2Hwax; dicot vs. monocot) and carbon 
isotope (δ13Cwax; C3 vs. C4) biomarkers. Then we demonstrate the relationships between three forms 
of leaf wax n-alkane biomarkers, and provide examples of the cross-calibration among them in paleo-
applications. The in-depth review of plant type effects on leaf wax n-alkane biomarkers will be helpful to 
interpret the hydroclimate and vegetation signals in the geologic past. 
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1. Introduction 

Significant advances in compound-specific analytical techniques have facilitated the 

use of plant lipids as proxies for the reconstruction of paleoenvironment since late 

1990s (Huang et al., 1996; Meyers, 2003; Seki et al., 2010; Sessions, 2016; 

Diefendorf and Freimuth, 2017). Leaf wax n-alkane biomarkers were developed as a 

powerful tool for paleoenvironmental reconstruction. Of these biomarkers, the 

long-chain n-alkanes of leaf wax are the most commonly used because they possess 

many advantages: 1) a ubiquitous distribution in ancient sedimentary archives that 

originates from epicuticular waxes of vascular higher plants (Eglinton and Hamilton, 

1967), 2) the relatively high stability that is resistant to microbial degradation (Bush 

and McInerney, 2013), 3) a simple extraction from diverse matrices using 

well-established biochemical approaches (Eglinton and Hamilton, 1963; Ardenghi et 

al., 2017), and 4) an excellent preservation of the original isotopic composition after 

burial (Polissar et al., 2009) otherwise significant alteration by microorganisms at 

certain conditions (Brittingham et al., 2017). 

 

Numerous approaches were developed to quantify molecular distributions of 

long-chain n-alkanes in plants, soils, and sediments and extract information about past 

changes in environmental conditions (Cranwell, 1973; Bush and McInerney, 2013; 

Freimuth et al., 2019). Long-chain n-alkane distributions can be characterized by 

various n-alkane indices, such as the carbon number range (Crange), carbon number 
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maximum (Cmax), carbon preference index (CPI), ratios of different n-alkanes, percent 

of aquatic plants (Paq) and average chain length (ACL). The n-alkane Crange is mainly 

concentrated on the range of C21-C35, with the Cmax of C27, C29, C31, or C33 in modern 

plants (Wang and Liu, 2012; Carr et al., 2014; Badewien et al., 2015; Liu et al., 2018). 

The n-alkane distributions exhibit a strong odd-over-even predominance, which is 

reflected in the CPI values (Eglinton and Hamilton, 1967). In particular, the CPI is 

used to indicate terrestrial plant sources and thermal immaturity of source rock, with 

generally greater than one for terrestrial plants (Eglinton and Hamilton, 1967; Kuhn et 

al., 2010; Bush and McInerney, 2013). The ACL values are associated with plant 

types such that C31 predominates in grasses (monocots), while the C27 and C29 

predominate in trees and shrubs (dicots) in higher plants (Cranwell, 1984; Meyers, 

2003; Duan et al., 2011a; Wang et al., 2018). However, the ACL indicator was likely 

robust locally and regionally, but would not globally (Bush and McInerney, 2013). In 

lacustrine environment, the Paq has been proposed for distinguishing terrestrial and 

aquatic sources because the long-chain n-alkanes are usually more abundant in 

terrestrial plants than in aquatic plants (Ficken et al., 2000; Wang and Liu, 2012; 

Wang et al., 2018). 

 

Stable hydrogen and carbon isotopes of leaf wax n-alkanes (δ
2
Hwax and δ

13
Cwax) 

showed wide applications in paleoenvironmental studies (Pagani et al., 2006; Schefuβ 

et al., 2011; Feakins et al., 2012; Niedermeyer et al., 2014; Nieto-Moreno et al., 2016; 

Liu and An, 2020; Wang et al., 2021). The applications of δ
2
Hwax values substantially 
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depend on a significant positive correlation between δ
2
Hwax values in various archives 

(e.g., plants, soils, lake and marine sediments) and precipitation δ
2
H at scales ranging 

from local, regional to global scales (Liu and Yang, 2008; Sachse et al., 2012; Collins 

et al., 2013; Feakins et al., 2016a; Liu and An, 2018; Hou et al., 2018). However, 

δ
2
Hwax values are also affected by plant types (dicots versus monocots; Liu et al., 

2016) and ecosystem evapotranspiration from leaves and soils (Feakins and Sessions, 

2010a; Kahmen et al., 2013a, b). Additionally, the biosynthesis for δ
2
Hwax values 

combines a series of biochemical processes modulated by climate (e.g., relative 

humidity and temperature) and ecology (e.g., plant types etc.) (Sachse et al., 2012; 

Newberry et al., 2015; Zhang et al., 2017; Cormier et al., 2018) although these 

processes are not understood. On the other hand, theoretical and empirical studies 

showed that δ
13

Cwax values are sensitive to bioclimatic variables, such as temperature, 

water availability, concentrations of CO2 and vegetation types (Diefendorf et al., 2010; 

Cernusak et al., 2013; Wu et al., 2017; Diefendorf and Freimuth, 2017). Among these 

variables, it is well established that δ
13

Cwax values in higher plants are strongly 

affected by carbon fixation pathways (C3 versus C4) during photosynthesis in 

terrestrial higher plants (Rieley et al., 1991; Collister et al., 1994; Chikaraishi and 

Naraoka, 2003; Ankit et al., 2017; Liu and An, 2020). Collectively, both δ
2
Hwax and 

δ
13

Cwax values have been interpreted as indicators of hydroclimatic variables and 

vegetation changes (He et al., 2016; Liu and An, 2018, 2020). 

 

Leaf wax n-alkane biomarkers mainly contain three forms of information, including 
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n-alkane distribution, δ
2
Hwax and δ

13
Cwax values. Grown under the same 

environmental conditions with the use of the same source water (i.e., soil and leaf 

water) and atmospheric CO2, the δ
2
Hwax and δ

13
Cwax values differ substantially among 

plant types (Chikaraishi and Naraoka, 2003; Liu et al., 2006; Hou et al., 2007; Sachse 

et al., 2012; Ankit et al., 2017; Liu and An, 2020). Over the last decade, several 

reviews have focused on an alternative proxy of n-alkane distribution (Bush and 

McInerney, 2013), δ
2
Hwax (Sachse et al., 2012; Sessions, 2016; Liu and An, 2019) or 

δ
13

Cwax values (Diefendorf and Freimuth, 2017; Liu and An, 2020), we do this review 

by analyzing the effects of plant types on leaf wax n-alkane biomarkers involved all 

three aspects in terrestrial higher plants, and demonstrate the relationships and 

cross-calibrations between them, and then paleo-applications in sediments.  

 

2. Methods 

The three updated global datasets were compiled for three forms of leaf wax n-alkane 

biomarkers based upon the previously published datasets in this review (Fig. 1; see 

Datasets). The long-chain n-alkanes (> C19) in terrestrial higher plants was expanded 

to a larger new dataset (n = 3538) from a prior global dataset of Bush and McInerney 

(n = 1596), in which we complemented the geographical (e.g., latitude, longitude, 

altitude) and biological (e.g., plant type, wood vs. non-wood) information and 

removed the species of aquatic plants, mosses, succulents, etc. Likewise, the δ
2
Hwax 

and δ
13

Cwax datasets were updated through supplementing the recently published data 

based upon our previous datasets (δ
2
Hwax dataset from Liu and An, 2019 and δ

13
Cwax 
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dataset from Liu and An, 2020). The n-alkane indices (i.e., Cmax, ACL and CPI) were 

calculated to characterize the terrestrial n-alkane distribution. Additionally, the 

isotopes of C29 n-alkane of leaf wax were selected as the representative of δ
2
Hwax and 

δ
13

Cwax values because the n-C29 is abundant across plant types and highly coherent 

among the most long-chain n-alkanes (n-C27, n-C29, n-C31) in terrestrial plants 

(Feakins et al., 2018; Liu and An, 2020).  

 

Pearson correlation was conducted to describe various correlations between leaf wax 

n-alkane biomarkers (δ
2
Hwax and δ

13
Cwax) and relevant variables. A one-way ANOVA 

combined with a post hoc Tukey’s test was performed to identify the significant 

differences among plant life forms (e.g., tree, shrub, herb , forb, grass, sedge) and 

plant types (e.g., dicot, monocot, gymnosperm, magnoliid), and independent-sample’s 

t-tests were used to identify differences between two groups. If site location (latitude 

and longitude) and altitude were stated in the publications, these data were used 

directly; otherwise they were determined using Google Earth and the sites provided in 

the original publications. We checked each species by using Web search engines such 

as Google and Baidu to determine the family, plant type, photosynthetic pathway, and 

plant life form. We classified each site in the global datasets into one of five subsets: 

tropical, temperate, arid, cold, and polar zones based on the local Köppen–Geiger 

climate classification (Kottek et al., 2006). Digital maps of the global distribution of 

Köppen–Geiger climate classes were available at http://koeppen-geiger.vu-wien.ac.at. 
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3. Effect of plant types on leaf wax n-alkane distributions  

Local-scale surveys of leaf wax n-alkanes in modern plants indicate that the n-alkane 

concentration and distribution vary among plant species at local scales (Polissar and 

Freeman, 2010; Bush and McInerney, 2013; Diefendorf et al., 2015). Long chain 

n-alkane concentration is typically higher in angiosperm trees and shrubs than many 

gymnosperms, more specifically, conifers (Diefendorf and Freimuth, 2017). In 

addition to woody angiosperms, other life forms such as grasses, succulents, herbs, 

and ferns produce significant concentrations of leaf waxes (Rommerskirchen et al., 

2006; Bush and McInerney, 2013). Moreover, leaf wax n-alkane distributions were 

demonstrated to vary with environmental conditions (Schefuβ et al., 2003; Vogts et al., 

2012; Bush and McInerney, 2015; Howard et al., 2018) and plant types 

(Rommerskirchen et al., 2006; Garcin et al., 2014; Diefendorf et al., 2015).  

 

Our updated global n-alkane dataset shows the average long-chain n-alkane 

distributions across life forms (Fig. 2a), plant types (Fig. 2b), and wood vs. non-wood 

(Fig. 2c). The C29 and C31 n-alkanes are the relatively highest abundances in different 

plant classifications (Fig. 2), which is supported by the previous observations at 

local/regional (Ficken et al., 2000; Meyers, 2003; Kuhn et al., 2010; Luo et al., 2012; 

Badewien et al., 2015; Liu et al., 2018) and global scales (Bush and McInerney, 2013). 

There are significant differences in the terrestrial leaf wax n-alkane indices such as 

ACL, CPI, C29/(C29 + C31), and (C27 + C29)/(C27 + C29 + C31 + C33) among life forms 

(Fig. 3a, b, c, d), taxonomic lineages (Fig. 3e, f, g, h), and wood vs. non-wood (I, j, k, 
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l) although the differences do not seem to be large enough for distinguishing plant 

classifications at the global scale. The result is consistent with the prior global 

n-alkane analysis that it was hard to make chemotaxonomic distinction only by using 

n-alkane abundances at the global scale (Bush and McInerney, 2013). However, the 

differences in n-alkane distributions (e.g., ACL and CPI) between woods (tree and 

shrub) and non-woods (herb, forb, grass, sedge) will become more distinguished when 

the global data is grouped based on the climate zones or across the latitude/longitude 

gradient (Fig. 4; Supplementary Table S1). There are significant differences in the 

ACL and CPI between wood and non-wood across five climate zones (p < 0.01 or p < 

0.05), except the ACL in the polar zone (p = 0.13; Fig. 4). The ACL in non-woods is a 

bit higher than that in woods, but the CPI shows opposite patterns between woods and 

non-woods at each climate zones (Supplementary Table S1; Fig. 4). Meanwhile, the 

ACL appears to be higher in warm zones (e.g., Tropical, Temperate) than that in cold 

zones (e.g., Cold, Polar), but the CPI does not (Supplementary Table S1). At the 

global scale, such significant differences between woods and non-woods are also 

observed by a majority of the results across latitude and longitude gradients, but the 

global differences in the ACL (29.9±1.2 and 30.0±1.1 for wood and non-wood, 

respectively) and CPI (14.1±14.5 and 9.6±11.5 for wood and non-wood, respectively) 

appeared to be insignificant (Fig. 4; Supplementary Table S1). Thus, there is a 

relatively significant difference in n-alkane distribution (i.e., ACL, CPI) between 

woods and non-woods across climate zones but it becomes weakened at the global 

scale, probably due to the mask of mixture of climate zones. The n-alkane distribution 
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biomarker to distinguish plant classifications are relatively robust when the scale is 

restricted at the local and regional level.  

 

Some local/regional calibration studies interpreted leaf wax n-alkane distributions as a 

paleoclimatic proxy from sediment cores (Rommerskirchen et al., 2006; Schouten et 

al., 2007; Tipple and Pagani, 2013), showing that the ACL was correlated with 

temperature (Sachse et al., 2006; Tipple and Pagani, 2013), relative humidity and 

aridity (Hoffmann et al., 2013) and vapor pressure deficit (VPD; Eley and Hren, 2018) 

although the temperature did not, at a global scale, appear to exert significant control 

on ACL, likely because of differences in ACL among plant groupings (Fig. 3a, e, i; 

Diefendorf and Freimuth, 2017). Similar to the ACL, the difference in CPI is also 

significant among plant groupings (Fig. 3b, f, j), but the values span a large range 

with relatively higher CPI values in woods than non-woods (Fig. 3j). Importantly, 

angiosperms (dicot, monocot, magnoliid) have significantly higher average CPI value 

than gymnosperms (Fig. 3f). These results are consistent with the observations of 

Bush and McInerney (2013). Additionally, the long-chain n-alkane ratios, e.g., 

C29/(C29 + C31), (C27 + C29)/(C27 + C29 + C31 + C33), vary significantly with plant 

groupings (Fig. 3c, g, k, d, h, l), with relatively higher values in woods (tree and shrub; 

dicot and magnoliid) relative to non-woods (herb, forb, grass; monocot) because the 

Cmax value arose at C27 or C29 in woody plants (trees and shrubs) whereas that occurs 

at C31 or C33 in grasses (See Datasets n-alkanes). These results were supported by 

many observations at local and regional scales (Cranwell, 1984; Meyers, 2003; Krull 
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et al., 2006; Rommerskirchen et al., 2006; Vogts et al., 2009; Garcin et al., 2014; Liu 

et al., 2018). 

 

In summary, the long-chain n-alkane distributions carries both vegetation and 

hydroclimate signals in terrestrial higher plants, the n-alkane indices such as ACL, 

CPI, C29/(C29 + C31), and (C27 + C29)/(C27 + C29 + C31 + C33) can be used to 

distinguish plant groupings when climate change is constrained at local/regional 

scales (Fig. 4). However, it can be weak to assess the extent to which variation is 

driven by plant adaptation to environmental surroundings and/or chemotaxonomic 

patterns, especially at the global scale (Bush and McInerney, 2013) because of the 

conflation of hydroclimatic conditions and vegetation changes. These combined 

signals of vegetation and hydroclimate in terrestrial higher plants are well preserved 

in natural archives such as soils, peats, and sediments (Rommerskirchen et al., 2006; 

Bush and McInerney, 2015). Leaf wax n-alkane distributions are likely useful in 

combination with other proxy data, in which situation leaf wax n-alkane distributions 

can be envisaged to reflect vegetation and/or hydroclimate changes. For example, 

significant shifts in leaf wax n-alkane distributions with plant types are secondarily 

helpful in interpretation of δ
2
Hwax and δ

13
Cwax records in local sediments (Feakins and 

Sessions, 2010a; Sachse et al., 2012; Zhuang et al., 2014; Wang et al., 2021). 

Simultaneously, leaf wax n-alkane biomarker poses challenges when interpreting 

n-alkane distribution in sediments because scaling relationships have not been 

developed between local, regional, continental, and global scales. In future research, it 
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needs to construct a scale criterion at which leaf wax n-alkane biomarker can be used 

to distinguish between plant groupings.  

 

4. Effect of plant types on δ
2
Hwax values 

The history evolution shows the effect of plant types on δ
2
Hwax values in modern 

plants, especially at scale transitions (Fig. 5). In analogy with the classification on 

carbon isotopes in modern plants, Chikaraishi and Naraoka (2003) investigated 

plant-level δ
2
Hwax values in Japan and Thailand, and proposed that C4 plants had 

relatively lower δ
2
Hwax values than C3 plants in terrestrial plants. However, Liu et al. 

(2006) found that most of the C3 plants were trees and shrubs, whereas the C4 plants 

were from the Gramineae in the plants recorded by Chikaraishi and Naraoka (2003). 

They proposed that plant life forms (woods vs. grasses) played a dominant role in 

determining δ
2
Hwax values in terrestrial plants, instead of photosynthetic pathways. 

Subsequently, the consistent results were observed at a catchment in south-central 

Massachusetts, USA (Hou et al., 2007) and over the global scale (Liu and Yang, 2008; 

Sachse et al., 2012). Applying the global dataset, we found most of the herbaceous 

plants (mainly forbs and herbs) with higher δ
2
Hwax values in Liu and Yang (2008)’s 

dataset that belongs to dicot plants (Liu et al., 2016). When regrouped their previous 

outliers based on plant taxonomy (dicots vs. monocots) rather than plant life forms, 

we observed distinguished distribution patterns in δ
2
Hwax values between dicots and 

monocots (Liu et al., 2016). To further confirm our updated classification that controls 

on δ
2
Hwax values, we sampled a variety of modern plants in the Qiushui catchment on 
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the Chinese Loess Plateau, and found that δ
2
Hwax values in dicots were significantly 

2
H-enriched relative to those in monocots, especially for non-woody dicots (Liu et al., 

2017). These results were also supported by various observations ranging from local 

to global scales (Daniels et al., 2017; Zhang et al., 2017; Pedentchouk and Zhou, 2018; 

Liu and An, 2019; He et al., 2020; Bai et al., 2020). So far, the plant type (dicots vs. 

monocots) is the well-recognized classification that exerts a critical role in 

determining δ
2
Hwax values in modern plants, and thus the effect of plant types on 

δ
2
Hwax values persists from the catchment-level to global scale.  

 

Our expanded global dataset shows that the δ
2
Hwax values in both dicots and monocots 

decrease significantly from Tropical to Polar zone, which is consistent with the trend 

of δ
2
Hwax vs. latitude (Supplementary Table S2; Liu and Yang, 2008; Liu et al., 2016; 

Liu and An, 2019). There are significant differences in δ
2
Hwax values between dicots 

and monocots, which persist at high-level significances across climate zones (p < 

0.001 or p < 0.05; Fig. 6). It is reliably robust for our updated classification (dicots vs. 

monocots) that controls on δ
2
Hwax values from local, catchment, regional to global 

scales. Globally, dicots tend to be isotopically 
2
H-enriched (~ 30‰) relative to 

monocots, with the global mean δ
2
Hwax values of -173 ± 36‰ for dicots and -195 ± 32‰ 

for monocots (Fig. 7). This is consistent with previously plant-derived values at the 

global scale (Liu and Yang, 2008; Sachse et al., 2012; Liu et al., 2016; Liu and An, 

2019). Locally, the difference in δ
2
Hwax values become more obvious, with -164 ± 15‰ 

and -193 ± 16‰ for dicots and monocots on Chinese Loess Plateau, respectively (Liu 
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et al., 2017) and -224 ± 7‰ and -302 ± 8‰ for dicots and monocots in the Alaskan 

Arctic tundra, respectively (Daniels et al., 2017). Generally, dicots are 
2
H-enriched 

compared to monocots, but both of which decrease significantly with the increase of 

latitudes (Liu and An, 2019). What is the underlying mechanism for the difference in 

δ
2
Hwax values between dicots and monocots? A fundamental difference between dicots 

and monocots is the veinal architecture of leaves, with dicots having a reticulate 

veinal architecture whereas monocot leaves having parallel veins (Helliker and 

Ehleringer, 2000). The difference of veinal architecture between dicots and monocots 

leads to intra-leaf hydrogen isotopic gradients of leaf water, which is supported by 

oxygen isotopic variations of leaf water and cellulose between dicots and monocots 

(Helliker and Ehleinger, 2002; Farquhar and Gan, 2003; Barbour, 2007; Song et al., 

2013). Fortunately, our recent investigation of segmented leaf samples between dicots 

and monocots indicates that leaf water isotopic gradients can be well recorded in 

intra-leaf δ
2
Hwax heterogeneity, associated with the veinal difference between dicots 

and monocots (Liu et al., 2021). Thus, the underlying mechanism for the difference in 

δ
2
Hwax values between dicots and monocots derive probably from different 

biosynthetic fractionations (Liu et al., 2016), which is in fact underpinned by the 

intra-leaf variations of δ
2
Hwax values between dicots and monocots.   

 

The δ
2
Hwax values increase with the increase of precipitation δ

2
H values (δ

2
Hp) in 

terrestrial plants, following approximate slopes in both dicots and monocots (Fig. 7a). 

The approximate slopes further support our finding that the plant type (dicots vs. 
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monocots) plays an important role in determining δ
2
Hwax values in terrestrial plants 

(Fig. 7b). Significant positive correlations between δ
2
Hwax and δ

2
Hp values are 

observed in dicots (R
2
 = 0.50, p < 0.01) and monocots (R

2
 = 0.35, p < 0.01), but no or 

weak correlations occur in apparent fractionation (εapp) with δ
2
Hp values in dicots (R

2
 

= 0.09, p < 0.01) or monocots (R
2
 = 0.02, p = 0.02) (Fig. 7c). These results indicate 

that δ
2
Hp values conduct a key control on δ

2
Hwax values (Liu and Yang, 2008; Sachse 

et al., 2012; Liu and An, 2019), but not on εapp values (Hou et al., 2008; Daniels et al., 

2017; Zhang et al., 2017; Liu and An, 2019). The global independence of εapp values is 

consistent with previous studies conducted on local and regional samples (Tipple and 

Pagani, 2013; Garcin et al., 2012; Daniels et al., 2017; Liu and Liu, 2019). The εapp 

values vary significantly with climate zones within dicots (p < 0.001) and monocots 

(p < 0.001) (Supplementary Table S2). The global average εapp values are -107 ± 28.5‰ 

and -142 ± 28.5‰ for dicots and monocots, respectively (Fig. 7d; Liu and An, 2019), 

with monocots 
2
H-depleted by 35‰ relative to dicots (Supplementary Table S2). Such 

differences in εapp values between dicots and monocots persist steadily across climate 

zones although the large standard deviations (S.D.) exist (Supplementary Table S2). 

The εapp values incorporate the influences of soil evaporation, plant transpiration, and 

biosynthesis processes (Sachse et al., 2012; Liu and An, 2018). Both soil evaporation 

and leaf transpiration controlled by hydroclimatic factors lead to 
2
H-enrichment 

relative to precipitation (Feakins and Sessions, 2010a; Kahmen et al., 2013a, b), 

which offsets the negative fractionation associated with leaf wax n-alkane 

biosynthesis (Sessions et al., 1999; Cormier et al., 2018). These processes 
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synergistically results in steady, or less-varied εapp values (Smith and Freeman, 2006; 

Hou et al., 2008; Zhang et al., 2017; Daniels et al., 2017; Liu and An, 2019). A series 

of evidences in support of steady εapp values are as a result of the regulation of leaf 

water 
2
H-enrichment by restricting their water loss especially in arid conditions 

(Feakins and Sessions, 2010a), changes between vegetation types and relative 

humidity (Hou et al., 2008), the counteraction of soil evaporation and biosynthesis 

(Zhang et al., 2017), and the offset of dicots and monocots across latitudes (Liu and 

An, 2019). In addition, the δ
2
Hwax and εapp values in gymnosperms are similar to those 

in dicots (Liu et al., 2016; Liu and An, 2019), so dicots can be used as a representative 

of gymnosperms for comparisons in this study. The reader is referred to the extensive 

investigation of gymnosperms by Liu et al. (2016) and Liu and An (2019).  

 

5. Effect of plant types on δ
13

Cwax values 

Numerous studies have shown that δ
13

Cwax values were influenced by both 

geo-environmental factors (e.g., water availability, temperature, light intensity, aridity, 

altitude; Farquhar et al., 1989; Diefendorf et al., 2010; Schubert and Jahren, 2012; 

Vogts et al., 2009; Wu et al., 2017) and biochemical factors (e.g., photosynthetic 

pathways, plant types; Cernusak et al., 2013; Diefendorf and Freimuth, 2017). The 

photosynthetic pathway is the largest of these factors, with biomass produced by 

plants using C3 carbon fixation pathway (Calvin-Benson) significantly 
13

C-depleted 

relative to waxes produced by the C4 carbon fixation pathway (Hatch-Slack) (O’Leary, 

1981; Collister et al., 1994; Collatz et al., 1998). The third photosynthetic pathway, 
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Crassulacean acid metabolism (CAM), is not included in this study because these 

plants only contribute to about 7% of vascular plants (Boom et al., 2014). There were 

significant variations in δ
13

Cwax values among photosynthetic pathways and plant 

types, with typically ranging from -28‰ to -43‰ in the C3 plants (including dicots, 

monocots, gymnosperms, and magnoliids), while from -17‰ to -27‰ in the C4 

monocots at the family level (Fig. 8). These results were consistent with the ranges of 

previous studies (Rieley et al., 1991; Collister et al., 1994; Chikaraishi and Naraoka, 

2003; Bi et al., 2005; Ankit et al., 2017).  The global mean values were -35.0±3.2 

and -21.9±2.4 for C3 and C4 plants, respectively (Fig. 9), such differences in δ
13

Cwax 

values between C3 and C4 plants were persistent remarkably across climate zones, 

except the polar zone because of the lack of C4 plants available in our dataset (p < 

0.001; Fig. 9; Supplementary Table S3). In addition, there were significant differences 

in δ
13

Cwax values for C3 (p < 0.01) and C4 plants (p < 0.05) across climate zones 

(Supplementary Table S3). Therefore, the difference in δ
13

Cwax values can be used to 

classify plants into C3 and C4 groupings (DeNiro and Epstein, 1977).  

 

Our meta-analysis indicates different responses of δ
13

Cwax values between C3 and C4 

plants to MAP and MAT over the globe (Liu and An, 2020). A significant negative 

correlation between δ
13

Cwax values and MAP in C3 plants compared with C4 plants 

exists, while a significant positive correlation between δ
13

Cwax values and MAP in C4 

plants relative to C3 plants occurs (Fig. 10a, b). The observation is consistent with the 

result of bulk δ
13

C values in modern plants (Rao et al., 2017). Diefendorf et al. (2010) 
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identified the MAP as the strongest control on bulk δ
13

C values compared to other 

geo-climate factors, consistent with the result by Kohn (2010). However, C4 plants 

yield a closer correlation with temperature than C3 plants because C4 plants have a 

competitive growth advantage over C3 plants in conditions of high temperature, 

aridity and low atmospheric CO2 concentration (Edwards et al., 1985; Farquhar et al., 

1989; Sage et al., 1999). The mechanism underlying the contrasting responses of 

δ
13

Cwax values between C3 and C4 plants to precipitation and temperature is associated 

with the carbon isotope discrimination against 
13

C during photosynthesis (Fig. 10c; 

Farquhar et al., 1989). The carbon isotope fractionation between C3 and C4 plants 

contains kinetic discrimination factors associated with diffusion in air through the 

stoma (denoted by a) and enzyme fraction (denoted by b) associated with 

carboxylation during photosynthesis, as well as the ratio of the CO2 concentration in 

the internal stomatal cavity (Ci) and the atmosphere (Ca). The expression for C3 plants 

(Farquhar et al., 1982) is, 

𝛿13𝐶3 = 𝛿13𝐶𝑎𝑖𝑟 − 𝑎3 − (𝑏3 − 𝑎3)
𝐶𝑖

𝐶𝑎
 

while the expression for C4 plants (Farquhar and Richards, 1984) is, 

𝛿13𝐶4 = 𝛿13𝐶𝑎𝑖𝑟 − 𝑎3 − (𝑏4 + 𝑏3 × 𝑓 − 𝑎3)
𝐶𝑖

𝐶𝑎
 

where δ
13C3 and δ

13C4 represent δ
13

Cwax values for C3 and C4 plants, respectively, 

and δ13Cair indicates the δ
13

C values in ambient atmosphere. The ratio of Ci/Ca in 

both expressions is a key value that primarily reflects the stomatal conductance of 

plant leaves. The significant difference between C3 and C4 plants is that the term b in 

C3 plants is only reflected by b3 caused by Rubisco carboxylation, while it is replaced 
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by (𝑏4 + 𝑏3 × 𝑓) in C4 plants that are associated with Rubisco and PEP carboxylase. 

In C3 plants, the coefficient of Ci/Ca (i.e., 𝑏3 − 𝑎3) is not equal to zero, but in C4 

plants, the term (𝑏4 + 𝑏3 × 𝑓 − 𝑎3) is often close to zero with 
13

C discrimination 

responding little to variation in Ci/Ca (Evans et al., 1986; Farquhar et al., 1988). It is 

thus reasonable that δ
13

Cwax values are correlated with the ratio of Ci/Ca, associated 

with water availability (Farquhar et al., 1989), but not in C4 plants. The expression in 

C4 plants can be simplified as 𝛿13𝐶4 = 𝛿13𝐶𝑎𝑖𝑟 − 𝑎3, which is strongly affected by 

temperature associated with a positive correlation between MAP and MAT at the 

global scale (Rao et al., 2017). Overall, δ
13

Cwax values in C3 plants appear to be 

mainly a function of precipitation amount (MAP), whereas those in C4 plants 

primarily formulates temperature (MAT). 

 

The isotopic fractionation during biosynthesis (εlipid) from the lipid to bulk leaf tissue 

varies with plant types. The εlipid values are -5.2‰, -7.4‰, -7.3‰ and -6.0‰ for trees, 

shrubs, forbs and C3 graminoids, respectively, while C4 graminoids at -9.3‰ are more 

negative in angiosperms at the global scale (Diefendorf and Freimuth, 2017). Grown 

under the same environmental condition, conifer trees have smaller εlipid values than 

angiosperm trees (-2.5‰ vs. -4.5‰; Diefendorf et al., 2011). In an updated study, 

Diefendorf et al. (2015) reported a wide range in εlipid values among conifer families 

with the smallest values in Pinaceae, intermediate in Cupressaceae and largest in 

Taxaceae by analyzing a large dataset of conifer species (Diefendorf et al., 2015). The 

difference in εlipid values among plant types is probably due to variation in carbon 
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storage and allocation (Freeman and Pancost, 2014), at least in conifer species 

(Diefendorf et al., 2015). Factors such as photosynthetic pathway, life form and leaf 

lifespan are known to be important to control εlipid values (Diefendorf et al., 2011; 

Magill et al., 2013). It is complicated to disentangle climate effects from plant type 

changes on εlipid values among varied biomes at largely spatial zones. The effect of 

plant types on εlipid values is lacking in this study because there were few literatures 

we compiled that the paired-measurements of lipid δ
13

Cwax values to bulk leaf tissue 

δ
13

C values were simultaneously conducted, so it is needed to perform the analysis of 

the effect of plant types on εlipid values in the future researches. 

 

6. Relationships and inter-calibrations for paleoenvironmental 

reconstruction 

The effects of plan types, three forms of expression (non-wood vs. wood, dicot vs. 

monocot, C3 vs. C4), on leaf wax n-alkane biomarkers (n-alkane distributions, δ
2
Hwax 

and δ
13

Cwax values) were illustrated in Fig. 11. As above discussion, the n-alkane 

distributions (ACL and CPI) differ significantly between non-woods and woods at 

each climate zones, instead of those at global scale; the δ
2
Hwax and δ

13
Cwax values 

were significantly different between dicots and monocots and between C3 and C4 

plants, respectively, which apply consistently with global scale and climate zones. 

Thus, the plant types do exert significant effects on leaf wax n-alkane biomarkers in 

terrestrial higher plants. 
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Interpreting leaf wax n-alkane biomarkers in sediments as signals of 

paleohydroclimate, paleovegetation, and paleoaltitude is complicated by the 

competing effects of climate, geography, and plant types (Fig. 12). Although the 

overall processes and relative factors are increasingly improved for δ
2
Hwax (Sachse et 

al., 2012) and δ
13

Cwax values (Diefendorf and Freimuth, 2017), the multi-proxy 

approach provides an effective cross-check of leaf wax biomarkers. This can resolve 

the ambiguity derived from a single-proxy error, associated with environmental and 

biological changes in paleoenvironmental reconstruction (Hren et al., 2010; Ernst et 

al., 2013; Feng et al., 2019; Wang et al., 2021).  

 

The n-alkane distribution, such as ACL, CPI and the ratio of C31/(C29 + C31) n-alkanes 

(Figs. 3, 4), can reveal signals of vegetation change (e.g. Schefuβ et al., 2003; 

Horikawa et al., 2010; Castañeda et al., 2016; Howard et al., 2018). For example, the 

C31/(C29+C31) ratio and ACL records clearly showed terrestrial landscape variations 

during the glacial/interglacial cycles over past 800 ka, suggesting a major vegetation 

transition from grasses to trees associated with the Mid-Brunhes Event in subtropical 

southern East Africa (Fig. 13a; Castañeda et al., 2016). The δ
13

Cwax biomarker was 

widely used in reconstruction of paleovegetation (C3/C4 plant ratio; Huang et al., 2001; 

Wang et al., 2013; Schefuß et al., 2003; Dubois et al., 2014; Castañeda et al., 2016; 

Fornace et al., 2016), where C3/C4 vegetation changes were highly sensitive to 

hydrology and climate. The combination of n-alkane distribution and δ
13

Cwax 

biomarkers will be helpful to reconstruct paleoclimate (e.g., hydrology, temperature) 
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when paleoecology can be constrained through n-alkane distributions in some biomes 

or biome transitions through time. It is possible to exploit differences in n-alkane 

distributions between plant groups to constrain plant wax sources and to provide 

group-specific δ
13

C values, e.g., n-C29 for C3 plants and both n-C33 and n-C35 for C4 

plants (Garcin et al., 2014). For instance, Schefuß et al. (2003) has reconstructed 

African C4 plant abundance based on δ
13

C of C31 n-alkane records at ODP Site 1077 

between 1.2 and 0.45 million years ago (Fig. 13b), and they found that African C4 

vegetation variations were controlled by tropical sea surface temperatures in the 

mid-Pleistocene period. 

 

The n-alkane distribution and δ
13

Cwax values have great potential to disentangle 

hydroclimatic signals from plant type effects in sedimentary δ
2
Hwax values (Cranwell, 

1984; Meyers, 2003; Luo et al., 2012; Wang et al., 2013; Fornace et al., 2016; Liu et 

al., 2018). Terrestrial δ
2
Hwax biomarker can be used as a proxy for reconstructing 

paleoprecipitation changes, regardless of vapour source effect (Li et al., 2015; Aichner 

et al., 2022), because δ
2
Hwax values are strongly correlated with precipitation δ

2
H in a 

number of studies (e.g., Sachse et al., 2006, 2012; Liu and Yang, 2008; Hou et al., 

2008; Polissar and Freeman, 2010; Garcin et al., 2012; Liu et al., 2016; Feakins et al., 

2016a; Zhang et al., 2017; Liu and An, 2019). For example, a concurrent ~50‰ rise in 

hydrogen isotope composition of C31 n-alkane at ODP Site 722 from 10 to 5.5 Ma 

indicated a progressively drier climate, driving the late Miocene expansion of C4 

plants in the Himalayan foreland and Arabian Peninsula (Fig. 13c; Huang et al., 2007). 
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Notably, the plant type changes (dicots vs. monocots) exert a significant role in the 

past δ
2
Hwax values because of monocots 

2
H-depleted by 30-50‰ relative to dicots 

from local to global scales (Figs. 6, 7). The shift between C4 grasses (monocots) and 

C3 dicots explained more than 40% of δ
2
Hwax changes for n-C31 and n-C33 alkanes 

during the past 37000 years from Zambezi River catchment on the Central African 

Plateau (Wang et al., 2013). Afterward, Fornace et al. (2016) suggested that the effect 

of plant type change (e.g., monocots and dicots) on δ
2
Hwax values can be calibrated by 

δ
2
Hwax - δ

13
Cwax relationship (Fig. 13d). 

 

In addition, the coupled δ
2
Hwax-δ

13
Cwax biomarker is proposed as a paleoelevation 

proxy in a humid elevation transect (Feakins et al., 2018). The altitudinal effect on 

δ
2
Hwax values can be well archived into soils and sediments (Jia et al., 2008; Luo et al., 

2011; Nieto-Moreno et al., 2016; Zhang et al., 2017; Liu and An, 2021), which has be 

used as a proxy for paleoelevation reconstruction in the Tibetan Plateau (Polissar et al., 

2009; Zhuang et al., 2014; Bai et al., 2015; Feng et al., 2019), and on the mountains in 

America (Anderson et al., 2015) and the southern Andes (Nieto-Moreno et al., 2016). 

Recently, studies show that δ
13

Cwax values are 
13

C-enriched with altitude in humid 

tropical regions in both plants (Wu et al., 2017) and surface soils (Feakins et al., 2018). 

The dual-isotope approach of coupled δ
2
Hwax-δ

13
Cwax biomarkers resolved the 

ambiguity introduced by the use of δ
2
Hwax paleoelevation proxy (Feakins et al., 2018). 

However, my recent investigation showed that the coupled δ
2
Hwax-δ

13
Cwax biomarker 

appears to be not robust in an arid elevation transect on the Chinese Loess Plateau 
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(Liu, 2021), suggesting that aridity likely affect the reliability of the coupled 

δ
2
Hwax-δ

13
Cwax biomarker as a paleoelevation proxy. It is necessary to identify other 

proxies to supplement δ
2
Hwax values under a dual-proxy approach in future research.  

 

7. Potentials and constraints for paleoenvironmental reconstruction 

Some advantages of using leaf wax n-alkane biomarkers over other terrestrial proxies 

such as carbonates and stalagmites in paleoenvironmental reconstruction (Rowley and 

Garzione, 2007; Cheng et al., 2016) have been proved to be possessed: 1) 

Paleoenvironmental reconstruction can also be determined at sites where no 

carbonates are present, but where organic material has been preserved; 2) A 

high-resolution paleoenvironmental record is likely to be achieved because the 

biosynthesis of leaf wax n-alkanes is a relatively short-term process compared with 

the formation and precipitation of minerals; and 3) The uncertainty from the 

temperature effect during mineral formation can be largely avoided by the use of leaf 

wax biomarkers (Peterse et al., 2009; Liu and An, 2018). The weaknesses of leaf wax 

biomarkers for paleoenvironmental proxies are 1) a limited data can be compiled 

because of time-consuming workload, 2) both plant types and hydroclimate signals 

are recorded in leaf wax n-alkane biomarkers in sediments and 3) the source 

uncertainty of leaf wax n-alkanes in sedimentary records.   

 

Sediments accumulate mixtures of waxes from plants via three dominant modes: 

waxes attached to leaves (Freimuth et al., 2019), aerosol particulate waxes (Nelson et 
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al., 2018), and soil-derived waxes by rivers or overland flow (Diefendorf and 

Freimuth, 2017). Surveys of most lake sediments and surrounding plants suggest that 

leaf wax input tend to be dominated by direct leaf waxes of local woody plants 

surrounding the lakes (Cranwell et al., 1987; Sachse et al., 2006, 2012; Seki et al., 

2010; Diefendorf et al., 2011; Tipple and Pagani, 2013; Freimuth et al., 2019). 

Aerosol particulate waxes are an effective pathway for transporting fresh, 

regional-scale waxes to sediments (Meyers and Hites, 1982; Nelson et al., 2018). 

River transport of soil-derived waxes is another major pathway that delivers terrestrial 

waxes to marine and lake sediments (Freimuth et al., 2019). Collectively, the 

composition of sedimentary waxes contains a mixture of various pathways that vary 

based on multiple factors such as spatiotemporal variability of vegetation covers in 

the source region (Gao et al., 2014a), catchment structure depending on lake size, 

catchment area, connections to rivers and surrounding vegetation cover (Feakins et al., 

2018) and the variable influence of atmospheric deposition over different geographic 

scales (Freimuth et al., 2019). 

 

In particular, even when restricted to n-alkanes, they could be derived from sources 

other than leaves, such as roots (Huang et al., 2011; Liu et al., 2019), especially from 

wetland plants (He et al., 2020), microbial sources (Li et al., 2018; Chen et al., 2019, 

2021), and aerosol deposition (Nelson et al., 2018). Therefore, when there was a 

significant shift for n-alkane sources (e.g., more or less microbial inputs of n-alkanes 

in sedimentary records), leaf wax n-alkane isotopic signals may not be best suited for 
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paleoenvironmental reconstructions, or the interpretation should be carefully 

approached. For instance, although plant leaf wax was the dominant source of 

long-chain n-alkanes to surface sediments, some aquatic plants could be an important 

source of long-chain n-alkanes to sediments in the lacustrine environment (Aichner et 

al., 2010; Liu et al., 2015; Andrae et al., 2021). In addition, more 
13

C enriched and 

more 
2
H enriched or depleted values were observed for n-alkanes in roots compared 

with those of leaves in wetland plants (He et al., 2020). Similar significant differences 

in n-alkane δ
2
H and δ

13
C values of leaves vs. roots were also observed in multiple C3 

grasses and a shrub species (Gamarra and Kahmen, 2015; Liu et al., 2019). 

 

Microbial input (e.g., fungi and bacteria) of long-chain n-alkanes have gained 

increasing attention (Jones, 1969; Li et al., 2018; Chen et al., 2021). Li et al. (2018) 

performed laboratory incubation and found that the microbial contribution to 

long-chain n-alkanes can reach up to 0.1% per year in aerobic conditions. Therefore, 

prolonged exposure to aerobic conditions can lead to accumulation of microbially 

derived long-chain n-alkanes while degradation of original n-alkanes of leaf wax 

origin in sediments; hence the impact of microbial contribution to long-chain 

n-alkanes in sediments should be constrained when interpreting sedimentary records 

of long-chain n-alkanes (including the chain length distributions and isotopic ratios). 

Chen et al. (2019), for the first time, showed that long-chain n-alkyl lipids (including 

n-alkanes) can predominantly originate from aquatic microbial sources from sediment 

samples at three high-latitude (>69 °S latitude) Antarctic lakes, where no vascular 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

plants are surrounded. Exceptionally high carbon isotopic values (up to –12‰) were 

obtained for these long-chain n-alkyl lipids, which also exclude the possibility of 

inputs from wind or aerosol transport from adjacent vegetated land masses. A 

subsequent study further showed that sedimentary long-chain n-alkanes in two 

desolate Antarctic ponds displayed hydrogen isotopic values up to 300‰ higher than 

those of lake water (Chen et al., 2021). Incorporated with preliminary 16S rRNA gene 

sequencing data and recent experimental data on microbial hydrogen isotopic 

fractionation, the authors stated that their data can only be explained by the 

predominant production of long-chain n-alkanes from heterotrophic microbes (Chen 

et al., 2021). 

 

In this regard, when interpreting sedimentary records, multiple biomarkers are 

encouraged to analyze simultaneously in addition to n-alkanes (He et al., 2018; Liu et 

al., 2020). For instance, various series of biomarkers other than n-alkanes can be 

identified simultaneously in the aliphatic hydrocarbon fraction when analyzing 

n-alkanes, such as branched alkanes (including highly branched isoprenoids), hopanes 

and steranes (hopenes and sterenes), botrycoccenes, triterpenes (including 

des-A-triterpenes) and others (Gao et al., 2007; He et al., 2018; Huang et al., 2013, 

2014). Making full use of these hydrocarbon biomarkers accompanied with n-alkanes 

won’t introduce additional lab work but can better constrain if there is a significant 

input of microbial inputs or specific inputs from angiosperm in the studied settings. In 

addition, statistical analyses and even machine learning approaches could be 
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introduced to better constrain the sources of n-alkanes in sediments and expand their 

applicability for paleoreconstructions (Peaple et al., 2021).  

 

Considering the rapidly increasing importance of leaf wax n-alkanes in paleoclimate 

and paleoenvironmental studies, considerable efforts should be made to investigate 

leaf wax n-alkane biomarkers in modern plants at high-resolution spatial and temporal 

scales because the modern plant analysis builds a foundation for biomarker-based 

reconstructions in the future (e.g., Chikaraishi and Naraoka, 2003; Liu et al., 2006; 

Hou et al., 2007; Sachse et al., 2012; Garcin et al., 2014; Feakins et al., 2016a; Zhang 

et al., 2017; Diefendorf and Freimuth, 2017; Liu and An, 2019, 2020; He et al., 2020) 

and examine the controls and relationships between leaf wax biomarkers and 

hydroclimate factors apart from the effect of plant types on leaf wax biomarkers. The 

dual-proxy or multi-proxy coupling provides an effective tool to reduce the ambiguity 

and uncertainties derived from a single proxy and disentangle hydroclimate signals 

from plant type effects in sedimentary leaf wax biomarkers, but it needs to be firstly 

tested in in-situ modern plants. In addition, understanding and constraining the 

contribution of microbially-derived mid- and long-chain n-alkanes in the studied 

setting and mechanistic understanding of how diagenesis affects the n-alkane isotopic 

signal are also critical to better constrain the applicability of n-alkanes in 

paleoreconstructions.   

 

8. Conclusion 
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The plant type effects, three forms of expression (non-wood vs. wood, dicot vs. 

monocot, C3 vs. C4), on leaf wax n-alkane biomarkers (n-alkane distributions, δ
2
Hwax 

and δ
13

Cwax values) were well demonstrated. It is crucially critical to disentangle 

hydroclimate signals from plant type effects in sedimentary leaf wax biomarkers 

when leaf wax n-alkane biomarkers are utilized to reconstruct paleoenvironments. 

Our results were showed as follows: 

1) The n-alkane distributions, characterized by ACL and CPI, differ more 

significantly at climate zone scale than global scale. The n-alkane distributions are 

much helpful to interpret plant type information (non-wood vs. wood) at local and 

regional scale, instead of global scale.  

2) The δ
2
Hwax biomarker varies significantly between dicots and monocots, with 

dicots 
2
H-enriched by ~30‰ relative to monocots. The global mean εapp values 

are -107 ± 28.5‰ and -142 ± 28.5‰ for dicots and monocots, respectively. Such 

differences in εapp values between dicots and monocots persist steadily across 

climate zones. 

3) The δ
13

Cwax biomarker differs significantly between C3 and C4 plants at both 

climate zones and global scales. The global mean δ
13

Cwax values were -35.0±3.2 

and -21.9±2.4 for C3 and C4 plants, respectively. 

4) The multi-proxy approach provides an effective cross-check among three forms of 

leaf wax n-alkane biomarkers. The combination of leaf wax n-alkane biomarkers 

will be helpful to reconstruct paleohydroclimates when paleoecology can be 

constrained by using n-alkane distributions. 
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5) The transport pathways and microbial input to sediments should be also 

considered when interpreting sedimentary records of long-chain n-alkanes. 

 

Acknowledgments 

We would like to thank C. Zhao for comments on earlier versions of the manuscript. 

Thanks to Y. Cheng for compiling data from the literature. This review was supported 

by the Chinese Academy of Sciences (XDB40000000; ZDBS-LY-DQC033; 

132B61KYSB20170005; XAB2019B02) and the National Natural Science 

Foundation of China (42073017; 42030512).  

 

Author contribution 

J.L. conceived the idea of research. J.L. and C. J. performed the data analysis. J.L., 

J.Z. and D.H. wrote the manuscript. All authors contributed to discuss the results.   

 

Competing interests 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper.  

Appendix 

1. The ACL and CPI of long-chain n-alkanes using the following equations (Liu et 

al., 2018): 

ACL= 
27×C27+29×C29+31×C31+33×C33+35×C35+37×C37

C27+C29+C31+C33+C35+C37
 

and 
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CPI= 
(C27+C29+C31+C33+C35)+(C29+C31+C33+C35+C37)

2×(C28+C30+C32+C34+C36)
 

2. The apparent hydrogen isotopic fractionation factor (εapp) between leaf wax and 

precipitation is determined as the following (Liu et al., 2016): 

εapp=(
δ2Hwax+1000

δ2Hp+1000
-1)×1000 

3. The carbon isotope fractionation during biosynthesis is commonly quantified by  

εlipid=(
δ13Clipid+1000

δ13Cleaf+1000
-1)×1000 

where the carbon isotopic composition of the lipid of interest is compared with bulk 

leaf tissue (Chikaraishi et al., 2004).  
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Figure captions 

Fig. 1 Global maps showing the site distributions of terrestrial leaf wax biomarkers 

(n-alkanes, a; δ
2
Hwax, b; δ

13
Cwax, c); Proportions of n-alkane distributions (ACL, d; 

CPI, e), δ
2
Hwax (f), and δ

13
Cwax (c) across different plant types (woods vs. non-woods 

for n-alkanes, dicots vs. monocots for δ
2
Hwax, and C3 vs. C4 for δ

13
Cwax). Global 

distribution of the Köppen–Geiger climate classification. The black dots are data from 

prior datasets, and red dots are additional data points. 

Fig. 2 Average long-chain n-alkane distributions (C27-C35) across plant life forms (e.g., 

tree, shrub, herb, forb, grass, sedge; a), taxonomic lineages (e.g., dicot, monocot, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

gymnosperm, magnoliid, b), and wood vs. non-wood (c) in terrestrial higher plants. 

The new n-alkane dataset (n = 3365) was expanded based upon the previous dataset of 

Bush and McInerney (2013). The n-alkane data were from Ali et al., 2005a, b; Avato 

et al., 1984; Badewien et al., 2015; Bezabih et al., 2010; Bojović et al., 2012; Bugalho 

et al., 2004; Bush and McInerney., 2013; Bush and McInerney., 2015; Carr et al., 

2014; Castillo et al., 1967; Cerda-Peña et al., 2020; Chen et al., 1998; Cifuentes et al., 

2020; Diefendorf et al., 2015; Dion-Kirschner et al., 2020; Dodoš et al., 2015; Dove 

H., 1992; Dove and Mayes., 2005; Duan et al., 2016; Eglinton et al., 1962; Feakins et 

al., 2016b; Feakins and Sessions., 2010a, b; Ficken et al., 1998; Gamarra and 

Kahmen., 2015; Gülz et al., 1989; Guo et al., 2016; Guo et al., 2014; Guo et al., 2015; 

Hall et al., 1965; Herbin and Robins., 1968a, b; Herbin and Robins., 1969; Horn et al., 

1964; Howard et al., 2018; Lane C.S., 2017; Laredo et al., 1991; Li et al., 2013; Li et 

al., 2012; Liu et al., 2018; Liu et al., 2019; Lütz and Gülz., 1985; Maffei M., 1994; 

Maffei et al., 2004; Maffei M., 1996a, b; Malossini et al., 1990; Martin-Smith et al., 

1967; Mayes et al., 1994; Medina et al., 2006; Mimura et al., 1998; Nichols et al., 

2006; Nikolić et al., 2010; Nikolić et al., 2020; Nott et al., 2000; Oakes and Hren., 

2016; O'Connor et al., 2020; Osborne et al., 1993; Osborne et al., 1989; Pancost et al., 

2002; Piasentier et al., 2000; Reddy et al., 2000; Rieley et al., 1995; Rocini et al., 

2006; Rommerskirchen et al., 2006; Sachse et al., 2009; Salasoo L., 1981; Salasoo L., 

1983; Salasoo L., 1987; Salasoo L., 1989, b; Salasoo L., 1988; Salatino L., 1991; Shi 

et al., 2021; Skorupa L., 1998; Smith et al., 2006; Sonibare1 and Freeman., 2007; 

Sorensen et al., 1978; Stocker and Wanner., 1975; Tipple and Ehleringer., 2018; 

Tulloch A.P., 1982; Tulloch A.P., 1984; Vioque et al., 1994; Vogts et al., 2009; Wang 

et al., 2018a; Wannigama et al., 1981; Xie et al., 2004; Yan et al., 2020; Yao et al., 

2021; Zhang et al., 2004; Zygadlo et al., 1994; Zygadlo et al., 1992. 

Fig. 3 Boxplots for the differences in terrestrial leaf wax n-alkane indices such as 

ACL (average chain length), CPI (carbon preference index), C29/(C29 + C31), and (C27 

+ C29)/(C27 + C29 + C31 + C33) among life forms (a, b, c, d), plant types (e, f, g, h), and 

wood vs. non-wood (I, j, k, l). 
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Fig. 4 Differences in the typical n-alkane indices such as ACL and CPI between wood 

and non-wood across five climate zones, and along latitude and longitude gradients. 

Fig. 5 Evolution of the effect of plant types on δ
2
Hwax values in terrestrial higher 

plants, especially at scale transitions. (a) photosynthetic pathways (e.g., Chikaraishi 

and Naraoka, 2003); (b) plant life forms (grasses vs. woods) at a catchment scale (Liu 

et al., 2006); (c) plant life forms at the global scale (Liu and Yang, 2008); (d) plant 

taxonomic lineages (dicots vs. monocots) at the global scale (Liu et al., 2016) and 

catchment scale (Liu et al., 2017). This figure was modified from Liu and An (2018).  

Fig. 6 Differences in δ
2
Hwax values between dicots and monocots across climate zones 

over the globe. The global map was from the global distribution of the Köppen–

Geiger climate classification. The δ
2
Hwax data were from Bai et al., 2011; Bai et al., 

2014; Bai et al., 2019; Bai et al., 2020; Balascio et al., 2018; Berke et al., 2019; Bi et 

al., 2005; Chikaraishi and Naraoka, 2003; Daniels et al., 2017; Dion-Kirschner et al., 

2020; Duan et al., 2010; Duan et al., 2011a, b; Duan et al., 2014; Duan et al., 2018.; 

Eley et al., 2014; Feakins and Sessions, 2010a; Feakins et al., 2016; Freimuth et al., 

2017; Freimuth et al., 2019; Gao et al., 2014b; Griepentrog et al., 2019; He et al., 

2020; Hou et al., 2007; Kahmen et al., 2013b; Krull et al., 2006; Liu and Liu, 2016; 

Liu and Yang, 2008; Liu et al., 2006; Liu et al., 2015; Liu et al., 2017; Liu et al., 2018; 

Liu et al., 2019; Mȕgler et al., 2008; Oake and Hren, 2016; O'Connor et al., 2020; 

Pedenchouk et al., 2008; Romero and Feakins, 2011; Sachse et al., 2006; Sachse et al., 

2009; Sachse et al., 2010; Sessions, 2006; Smith and Freeman, 2006; Tipple et al., 

2013; Tipple and Pagani, 2013; Wang et al., 2018; Yan et al., 2020; Yang and Huang, 

2003; Yang et al., 2011a, b; Zhang et al., 2017; Zhao et al., 2018. 

Fig. 7 Variations of δ
2
Hwax values and apparent fractionation εapp values in terrestrial 

higher plants. Significant increases in δ
2
Hwax values vary with δ

2
Hp values between 

dicots and monocots, but no or weak correlations occur in εapp values with δ
2
Hp values 

in dicots and monocots (a, c). Boxplots for δ
2
Hwax and εapp values between dicots and 

monocots (b, d). 

Fig. 8 Statistical analysis of global δ
13

Cwax values in terrestrial higher plants. Boxplot 

for plant types separated by major taxonomic group and photosynthetic pathways (a). 
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The δ
13

Cwax values distributed across plant taxonomic lineages at the family level (the 

red shadow indicates C3 plants, and the blue shadow means C4 plants; b). The δ
13

Cwax 

data were from Ankit et al., 2017; Badewien et al., 2015; Bezabih et al., 2011; Bi et al., 

2005; Boom et al., 2014; Ceccopieri et al., 2021; Chikaraishi and Naraoka, 2003; 

Chikaraishi and Naraoka, 2006; Chikaraishi et al., 2004; Collister et al., 1994; Conte 

et al., 2003; Diefendorf et al., 2011; Diefendorf et al., 2015; Dion-Kirschner et al., 

2020; Duan and He, 2011; Eley et al., 2016; Garcin et al., 2014; Ho et al., 2015; 

Hockun et al., 2016; Kristen et al., 2010; Krull et al., 2006; Lane, 2017; Liu et al., 

2015; Liu J.Z., 2021; Lockheart et al., 1997; Mead et al., 2005; Rommerskirchen et al., 

2006; Srivastava and Wiesenberg, 2018; Suh and Diefendorf, 2018; Vogts et al., 2009; 

Wang et al., 2018b; Wu et al., 2017; Yan et al., 2020; Zhao et al., 2018. 

Fig. 9 Differences in δ
13

Cwax values between C3 and C4 plants across climate zones. 

The global average δ
13

Cwax values were 35.0±3.2 and -21.9±2.4 for C3 and C4 plants, 

respectively. The global map was from the global distribution of the Köppen–Geiger 

climate classification. 

Fig. 10 Linear correlations between δ
13

Cwax values of C3 and C4 plants and MAP 

(mean annual precipitation; a) and MAT (mean annual temperature; b). The 

mechanism for explaining different responses of δ
13

Cwax values of C3 and C4 plants to 

precipitation amount and temperature. The shaded area represents 95% confidence 

level. The figure was modified from Liu and An (2020).  

Fig. 11 The effects of plan types, three forms of expression (non-wood vs. wood, 

dicot vs. monocot, C3 vs. C4), on leaf wax n-alkane biomarkers (n-alkane distributions, 

δ
2
Hwax and δ

13
Cwax values) in terrestrial plants. 

Fig. 12 Conceptual model of relationship effect of plant types and other factors on 

leaf wax biomarkers. The effects of plant types on three forms of leaf wax biomarkers 

(wood vs. non-wood for n-alkanes, dicot vs. monocot for δ
2
Hwax, and C3 vs. C4 for 

δ
13

Cwax). The coupled proxies of leaf wax biomarkers can be effectively used to 

reduce errors and uncertainties in paleohydroclimates, paleovegetation, and 

paleoaltitude reconstructions.  
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Fig. 13 Applications of Terrestrial leaf wax biomarkers to paleoclimate and 

paleovegetation. (a) Average chain length (ACL) and the C31/(C29 + C31) n-alkane 

ratio records at MD96-2048 over the past 800 ka, indicating the change in the 

proportion of grassland and forest in the southern East African (Castañeda et al., 

2016). (b) The δ
13

Cwax records at ODP Site 1077 and African C4 plant abundance 

reconstructions between 1.2 and 0.45 million years ago (Schefuß et al., 2003). (c) The 

δ
2
Hwax records at ODP Site 722 in the Arabian Sea, reflecting hydrological changes 

over past 11 million years in Himalayan foreland and Arabian Peninsula (Huang et al., 

2007). (d) The δ
13

Cwax and δ
2
Hwax records in Lake Laguna La Gaiba and 

vegetation-normalized δ
2
Hwax values calibrated by δ

13
Cwax-δ

2
Hwax relationship 

(Fornace et al., 2016). 
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Abstract 

Terrestrial leaf wax n-alkane biomarkers provide considerable insights into 

paleoenvironmental reconstruction. Over decades, a substantial number of field 

investigations were performed to constrain hydroclimatic factors that influence leaf 

wax n-alkane biomarkers to improve their utility for paleoenvironmental applications. 

However, a critical issue, the plant type effects, does exist which potentially affects 

the fidelity of leaf wax n-alkane biomarkers for paleohydroclimate calibration. Here 

we review the effects of plant types on terrestrial leaf wax n-alkane biomarkers from 

three aspects: leaf wax n-alkane distribution (wood vs. non-wood), hydrogen isotope 

(δ
2
Hwax; dicot vs. monocot) and carbon isotope (δ

13
Cwax; C3 vs. C4) biomarkers. Then 

we demonstrate the relationships between three forms of leaf wax n-alkane 

biomarkers, and provide examples of the cross-calibration among them in 

paleo-applications. The in-depth review of plant type effects on leaf wax n-alkane 

biomarkers will be helpful to interpret the hydroclimate and vegetation signals in the 

geologic past.  
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