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The hydrogen isotopic composition of leaf wax-derived biomarkers, e.g. long chain n-alkanes (δ2Hnalkane), is widely applied in paleoclimatology research. However, a direct reconstruction of the isotopic
composition of source water based on δ2Hn-alkane alone can be challenging due to the alteration of the
soil water isotopic signal by leaf-water heavy-isotope enrichment. The coupling of δ2Hn-alkane with δ18O
of hemicellulose-derived sugars (δ18Osugar) has the potential to disentangle this effect and additionally
to allow relative humidity reconstructions. Here, we present δ2Hn-alkane as well as δ18Osugar results
obtained from leaves of the plant species Eucalyptus globulus, Vicia faba var. minor and Brassica
oleracea var. medullosa, which grew under controlled conditions. We addressed the questions (i) do
δ2Hn-alkane and δ18Osugar values allow precise reconstructions of leaf water isotope composition, (ii) how
accurately does the reconstructed leaf-water-isotope composition enables relative humidity (RH)
reconstruction in which the plants grew, and (iii) does the coupling of δ2Hn-alkane and δ18Osugar enable a
robust source water calculation?
For all investigated species, the alkane n-C29 was most abundant and therefore used for compoundspecific δ2H measurements. For Vicia faba, additionally the δ2H values of n-C31 could be evaluated
robustly. With regard to hemicellulose-derived monosaccharides, arabinose and xylose were most
abundant and their δ18O values were therefore used to calculate weighted mean leaf δ18Osugar values.
Both δ2Hn-alkane and δ18Osugar yielded significant correlations with δ2Hleaf-water and δ18Oleaf-water,
respectively (r2 = 0.45 and 0.85, respectively; p < 0.001, n = 24). Mean fractionation factors between
biomarkers and leaf water were found to be -156‰ (ranging from -133 to -192‰) for εn-alkane/leaf-water
and +27.3‰ (ranging from +23.0 to 32.3‰) for εsugar/leaf-water, respectively. Modelled RHair values from
a Craig-Gordon model using measured Tair, δ2Hleaf-water and δ18Oleaf-water as input correlate highly
significantly with measured RHair values (R2 = 0.84, p < 0.001, RMSE = 6%). When coupling δ2Hn-alkane
and δ18Osugar values the correlation of modelled RHair values with measured RHair values is weaker but
still highly significant with R2 = 0.54 (p < 0.001, RMSE = 10%). Finally, the reconstructed source water
isotope composition (δ2Hs and δ18Os) as calculated from the coupled approach matches the source
water in the climate chamber experiment (δ2Htank-water and δ18Otank-water). This highlights the great
potential of the coupled δ2Hn-alkane-δ18Osugar paleohygrometer approach for paleoclimate and relative
humidity reconstructions.
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1 Introduction
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Leaf-wax-derived biomarkers, such as long chain n-alkanes, and their stable hydrogen isotopic
composition (δ2Hn-alkane) are widely applied in paleoclimatology research. Sedimentary δ2Hn-alkane values
correlate with δ2H of precipitation (Huang et al., 2004; Mügler et al., 2008; Sachse et al., 2004; Sauer
et al., 2001), confirming the high potential of δ2Hn-alkane to establish δ2H records of past precipitation
(Hou et al., 2008; Rao et al., 2009; Sachse et al., 2012). However, the alteration of the isotopic signal
because of leaf water heavy-isotope enrichment caused by evapotranspiration can be several tens of
per mil. This poses a challenge for accurate data interpretation (e.g. Zech et al., 2015), especially in
respect of single proxy (δ2Hn-alkane)-based climate records. Apart from studies of sedimentary cellulose
(Heyng et al., 2014; Wissel et al., 2008), the oxygen stable isotope composition of sugar biomarkers
(δ18Osugar) emerged as complementary paleoclimate proxy during the last decade (Hepp et al., 2015,
2017, Zech et al., 2013a, 2014a). The interpretation of the δ18Osugar values is comparable to those of
δ2Hn-alkane. When sugars originate primarily from leaf biomass of higher terrestrial plants, they reflect
the plant source water (which is often directly linked to the local precipitation) modified by
evapotranspirative enrichment of the leaf water (Tuthorn et al., 2014; Zech et al., 2014a). The coupling
of δ2Hn-alkane with δ18Osugar values allows quantifying the leaf-water isotopic enrichment and relative air
humidity (Zech et al., 2013a). This approach was validated by Tuthorn et al. (2015) by applying it to
topsoil samples along a climate transect in Argentina. Accordingly, the biomarker-derived relative air
humidity values correlate significantly with actual air relative humidity from the respective study sites,
highlighting the potential of the δ2Hn-alkane-δ18Osugar paleohygrometer approach.
The coupled approach is based on the observation that the isotope signature of precipitation
(δ2Hprecpitation and δ18Oprecpitation) typically plots on or adjacent to the global meteoric water line (GMWL),
in a δ2H-δ18O diagram. The GMWL is characterized by the equation δ2Hprecipitation = 8 ∙ δ18Oprecipitation + 10
(Craig, 1961). In many cases, the local precipitation is directly linked to the source water of plants,
which is indeed soil water and eventually shallow groundwater. The isotopic composition of xylem
water of plants readily reflects these sources (e.g. Dawson, 1993). However, leaf-derived biomarkers
reflect the leaf water isotope composition, which is, unlike xylem water, prone to evapotranspiration
(e.g. Barbour and Farquhar, 2000; Helliker and Ehleringer, 2002; Cernusak et al., 2003; Barbour et al.,
2004; Cernusak et al., 2005; Feakins and Sessions, 2010; Kahmen et al., 2011; Sachse et al., 2012;
Kahmen, et al., 2013; Tipple et al., 2013; Lehmann et al., 2017; Liu et al., 2017). During daytime, the
leaf water is typically enriched in the heavy isotope compared to the source water because of the
evapotranspiration through the stomata. Thereby, lighter water isotopologues evaporate
preferentially, which leads to gradual reduction of a deuterium-excess parameter of the remaining
water compared to the precipitation water (d = δ2Hprecitation - 8 ∙ δ18Oprecitation; according to Dansgaard,
1964). The degree of enrichment by evapotranspiration is mainly controlled by the relative air humidity
(RHair) in the direct surrounding of the plant leaves (e.g. Cernusak et al., 2016). Although the
biomarkers reflect the isotopic composition of leaf water, there is still a modification by biosynthetic
fractionation during the synthesis, leading to an offset between leaf water and biomarker isotope
composition. In case the biosynthetic fractionation is known and constant, there is a great potential to
derive RHair from coupling δ2Hn-alkane with δ18Osugar values.
The overall aim of this study is to evaluate the δ2Hn-alkane-δ18Osugar paleohygrometer approach by
applying it to plant leaf material from three different plants grown in a climate chamber experiment
under well controlled conditions. More specifically, we address the following questions:
(i)
which homologues and specific monosaccharides can be used to obtain δ2Hn-alkane and
δ18Osugar results for the plant leaf material grown in our climate chamber experiment,
respectively,
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(ii)

110

(iii)
(iv)

how precisely do δ2Hn-alkane and δ18Osugar values allow reconstructing δ2Hleaf-water and δ18Oleafwater, respectively,
how accurately does the leaf-water-isotope composition reflect RHair,
and does the coupling of δ2Hn-alkane and δ18Osugar enable a RHair reconstruction and how
robust are source water calculations?

2 Material and Methods
2.1 Climate chamber experiment
115

120

125

130

A phytotron experiment was conducted at the Helmholtz Zentrum München in Neuherberg during
winter 2000/2001 (Mayr, 2002). Three different dicotyledon plant species (Eucalyptus globulus, Vicia
faba var. minor and Brassica oleracea var. medullosa) were grown in eight chambers for 56 days under
seven distinct climatic conditions (same conditions in chambers 4 and 8). Air temperature (Tair) were
set to 14, 18, 24 and 30°C and RHair to around 20, 30, 50, and 70% between 11 a.m. and 4 p.m. (Fig.
1A). During the rest of the day typical natural diurnal variations were aimed for (details in Mayr, 2002).
Furthermore, uniform irrigation conditions were guaranteed via an automatic irrigation system, which
was controlled by tensiometers installed in 9 cm substrate depth. The tank water used for irrigation
was sampled periodically (intervals of one to three days) over the whole experiment and revealed only
minor variability in its isotope composition (δ18Otank-water = -10.7 ± 0.3‰ standard deviation (σ); δ2Htankwater = -7 ± 1‰ σ). Once a week, soil water (via ceramic cups in 13 cm soil depth) and atmospheric water
vapor (via dry ice condensation traps) was sampled (δ2Hsoil-water, δ18Osoil-water and δ2Hatmospheric-water-vapor,
δ18Oatmospheric-water-vapor). Additionally, leaf temperatures (Tleaf) were derived from gas exchange
measurements, at least once a week (Mayr, 2002).
In order to analyze stable hydrogen and oxygen isotopic composition of leaf (δ2Hleaf-water, δ18Oleaf-water)
and stem water, the plants were harvested at the end of the experiment. The vacuum distillation
method was used for the extraction of the plant water. It should be noted that stem water is a mixture
between phloem and xylem water. Only the latter reflects the isotopic composition of soil water. For
simplification, stem water is referred to as xylem water in the following (δ2Hxylem-water, δ18Oxylem-water).
For more details about the experiment, we refer to the original publication (Mayr, 2002).

135

2.2 Leaf biomarker extraction and compound-specific stable isotope analysis
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A total of 24 leaf samples were prepared according to Schäfer et al. (2016) for compound specific δ2H
measurements of n-alkanes, at the Institute of Geography, Group of Biogeochemistry and
Paleoclimate, University of Bern. Microwave extraction with 15 ml dichloromethane (DCM)/methanol
(MeOH) 9:1 (v:v) at 100°C for 1 h was conducted. The resulting total lipid extracts were purified and
separated using aminopropyl-silica-gel (Supelco, 45 μm) pipette columns. The hydrocarbon fractions
(containing n-alkanes) were eluted with n-hexane and cleaned via silver nitrate-coated silica gel
pipettes (Supelco, 60-200 mesh) and zeolite (Geokleen Ltd.) columns. The δ2H measurements of the
highest concentrated n-alkanes (n-C29 and n-C31) were performed on a GC-2H-pyrolysis-IRMS system,
equipped with an Agilent 7890A gas chromatograph (GC) and IsoPrime 100 isotope-ratio-mass
spectrometer (IRMS) coupled with a GC5 pyrolysis/combustion interface operating in pyrolysis modus
with a Cr (ChromeHD) reactor at 1000°C. The compound-specific δ2H values were calibrated against a
standard alkane mix (n-C27, n-C29, n-C33) with known isotope composition (A. Schimmelmann,
University of Indiana), measured twice every six sample injections. Standard deviation of the triplicate
measurements was typically ≤5‰. The H3+ factor stayed constant during the course of the
measurements.
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Additionally, the leaf samples were dried and finely ground in preparation for δ18O analysis of
hemicellulose-derived sugars (modified from Zech and Glaser, 2009) at the Institute of Agronomy and
Nutritional Sciences, Soil Biogeochemistry, Martin-Luther-University Halle-Wittenberg. The
hemicellulose sugars were hydrolytically extracted for 4 h at 105°C using 4M trifluoroacetic acid
(Amelung et al., 1996) and purified via XAD-7 and Dowex 50WX8 columns. Prior to the methylboronicacid (MBA) derivatization (4 mg of MBA in 400 µl dry pyridine for 1 h at 60°C), the cleaned sugars were
frozen and freeze-dried overnight (Knapp, 1979). Compound-specific δ18O measurements were
performed on a Trace GC 2000 coupled to a Delta V Advantage IRMS via an 18O-pyrolysis reactor (GC
IsoLink) and a ConFlo IV interface (all devices from Thermo Fisher Scientiﬁc, Bremen, Germany). The
sample batches were measured along with embedded co-derivatized standard batches, which
contained arabinose, fucose, xylose, and rhamnose in different concentrations of known δ18O value.
The δ18O values of the standard sugars were determined via temperature conversion/elemental
analysis-IRMS coupling at the Institute of Plant Sciences, ETH Zurich, Switzerland (Zech and Glaser,
2009). This procedure allows corrections for possible amount dependencies (Zech and Glaser, 2009)
and ensures the “Principle of Identical Treatment” (Werner and Brand, 2001). Standard deviations for
the triplicate measurements were 0.9‰ and 2.2‰ (average over all investigated samples) for
arabinose and xylose, respectively. We focus on arabinose and xylose in this study because they were
(i) the dominant peaks in all chromatograms, and (ii) previously found to strongly predominate over
fucose (and rhamnose) in terrestrial plants, soils (Hepp et al., 2016).
Figure 1B summarizes isotope data obtained for the 24 analysed leaf samples where all δ values are
expressed in per mil as isotope ratios (R = 18O/16O or 2H/1H) relative to the Vienna Standard Mean
Ocean Water (VSMOW) standard in the common delta notation (δ = (Rsample - Rstandard )⁄Rstandard ; e.g.
Coplen, 2011).

2.3 Framework for coupling δ2Hn-alkane with δ18Osugar results
180

185

190

195

2.3.1 Deuterium-excess of leaf water and relative humidity
The coupled approach is based on the observation that isotope composition of global precipitation
plots typically close to the GMWL (δ2Hprecpitation = 8 ∙ δ18Oprecipitation + 10; Craig, 1961; Fig. 2). The soil
water and shallow groundwater, which acts as source water for plants, can often directly be related to
the local precipitation. However, especially during daytime, leaf water is typically enriched in heavy
isotopes compared to the precipitation due to evapotranspiration through the stomata, therefore
plotting to the right of the GMWL (Fig. 2; e.g. Allison et al., 1985; Bariac et al., 1994; Walker and Brunel,
1990). During stable climatic conditions, the leaf water reservoir at the evaporative sites is frequently
assumed to be in isotopic steady-state (Allison et al., 1985; Bariac et al., 1994; Gat et al., 2007; Walker
and Brunel, 1990), meaning that isotopic composition of transpired water vapour is equal to the
isotopic composition of the source water utilized by plants during the evapotranspiration process. The
Craig-Gordon model (e.g. Flanagan et al., 1991; Roden and Ehleringer, 1999) approximates the isotope
processes in leaf water in δ terms (e.g. Barbour et al., 2004):
ea
δe ≈ δs + ε∗ + εk + (δa - δs - εk ) ,
(Equation 1)
ei
where δe, δs and δa are the hydrogen and oxygen isotopic compositions of leaf water at the evaporative
sites, source water and atmospheric water vapor, respectively. The equilibrium enrichment (ε*) is
expressed as (1-1/αL/V) ∙ 103, where αL/V is the equilibrium fractionation between liquid and vapor in
per mil. The kinetic fractionation parameter (εk) describes the water vapor diffusion from intracellular
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air space through the stomata and the boundary layer into to the atmosphere, and ea/ei is the ratio of
the atmospheric to intracellular vapor pressure.
In a δ2H-δ18O diagram, the isotope composition of the leaf water as well as the source water can be
described as deuterium-excess (d) values by using the equation of Dansgaard (1964), with d = δ2H - 8 ∙
δ18O. This allows rewriting Eq. 1, in which hydrogen and oxygen isotopes have to be handled in
separate equations, in one equation:
ea
18
2
de ≈ ds + (ε*2 - 8 ∙ ε*18 ) + (C2k - 8 ∙ C18
,
(Equation 2)
k ) + [da - ds - (Ck - 8 ∙ Ck )] ∙
ei
where de, ds and da are the deuterium excess values of leaf water at the evaporative sites, source water
and atmospheric water vapor, respectively. The kinetic fractionation parameter (εk) is typically related
to stomatal and boundary layer resistances to water flux (Farquhar et al., 1989). We used the kinetic
enrichment factor (Ck) instead of εk to be close to paleo studies were direct measurements of such a
plant physiological parameter are not available. The kinetic enrichment factor is derived from a more
generalized form of the Craig-Gordon model for describing the kinetic isotope enrichment for 2H and
18
O (Ck2 and Ck18, respectively) (Craig and Gordon, 1965; Gat and Bowser, 1991). If the plant source
water and the local atmospheric water vapor are in isotope equilibrium, the term δa - δs in Eq. 1 can
be approximated by -ε*. Thus, Eq. 2 can be reduced to:
ea
de ≈ ds + (ε*2 - 8 ∙ ε*18 + C2k - 8 ∙ C18
).
(Equation 3)
k ) ∙ (1 ei
The actual atmospheric vapor pressure (ea) and the leaf vapor pressure (ei) in kPa can be derived from
Eqs. 4 and 5 by using Tair (Buck, 1981):
ea = 0.61121 ∙ e[17.502 ∙ Tair / (Tair + 240.97)] ∙ RHair

(Equation 4)

ei = 0.61121 ∙ e[17.502 ∙ Tair / (Tair + 240.97)] .

(Equation 5)

When ei is calculated as in Eq. 5 than the ea/ei represents RHair (ranging between 0 and 1, representing
0 to 100% relative humidity). We are aware, that the Craig-Gordon model would require Tleaf values for
calculating ei values. However, the RH reconstruction methodological framework presented is
attempted to paleo studies for which the Tleaf parameter is probably rather difficult to achieve.
With rearranging Eq. 3, an equation is given to derive relative humidity values (Eq. 6):
de - ds
RHair ≈ 1 - *
.
(Equation 6).
(ε2 - 8 ∙ ε*18 + C2k - 8 ∙ C18
k )
Equilibrium fractionation parameters (ε*2 and ε*18 ) can derived from empirical equations of Horita and
Wesolowski (1994) by using the climate chamber Tair values. The kinetic fractionation parameters (C2k
2
18
and C18
k ) for H and O, respectively, are set to 25.1 and 28.5‰ according to Merlivat (1978), who
reported maximum values during the molecular diffusion process of water through a stagnant
boundary layer. When using supplementary data of Cernusak et al., (2016), εk values of broadleaf trees
and shrubs over broad climatic conditions can calculated which are well in the range with the used C2k
18
2
and C18
k values (23.9 ± 0.9 and 26.7‰ ± 1.0 for εk and εk , respectively).
2
18
If δ Hleaf-water and δ Oleaf-water can be reconstructed from the measured δ values of n-alkanes and sugars
biomarkers, this framework provides a powerful tool to establish relative humidity records from
sedimentary archives (Hepp et al., 2017; Zech et al., 2013a).
To reconstruct the isotope composition of leaf water it is assumed that fractionation factors of −160‰
for 2H of alkanes n-C29 and n-C31 (ε2bio; Sachse et al., 2012; Sessions et al., 1999), and +27‰ for 18O of
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the hemicellulose-derived sugars arabinose and xylose (ε18bio; Cernusak et al., 2003; Schmidt et al.,
2001; Sternberg et al., 1986; Yakir and DeNiro, 1990) can be applied:

235

240

alkane-based δ2Hleaf-water = (δ2Hn-alkane – ε2bio)/(1 + ε2bio/1000)

(Equation 7)

sugar-based δ18Oleaf-water = (δ18Osugar – ε18bio)/(1 + ε18bio/1000).

(Equation 8)

2.3.2 Isotope composition of plant source water
In a δ2H-δ18O diagram, the hydrogen and oxygen isotope composition of the plant source water (δ2Hs
and δ18Os, respectively) can be reconstructed via the slope of the individual leaf water
evapotranspiration lines (LEL´s; Craig and Gordon, 1965; Gat and Bowser, 1991). The LEL slope (SLEL)
can be derived from Eq. 9:
e
ε*2 + C2k ∙ (1 - ea )
ε*2 + C2k
i
(Equation 9)
SLEL ≈
≈
,
ea
ε*18 + C18
ε*18 + C18
k
k ∙ (1- e )
i
where all parameters are defined as in section 2.3.1. The δ2Hs and δ18Os values can then be calculated
for each leaf water data point via the intersect between the individual LEL´s with the GMWL. The δ2Hs
and δ18Os model results can then compared to the measured δ2Htank-water and δ18Otank-water values.

2.4 Modeling and isotope fractionation calculations
245

250

The de values are modeled using Eq. 3 and measured RHair as input, which can be compared to the
calculated deuterium-excess via the measured δ2Hleaf-water and δ18Oleaf-water values. From latter, also the
RHair can derived from Eq. 6 and compared to the measured once. In a next step, reconstructed
(biomarker-based) deuterium-excessleaf-water was used as input for Eq. 6 and compared to the measured
RHair values. All models represent a simplified approach because δa - δs are approximated by -ε* (see
section 2.3). In all equations where δs and ds are needed as input the measured δ2Htank-water and δ18Otankwater were used for calculations. All other input parameters were set as described in section 2.3.
Model quality was overall assessed by calculating the coefficient of determination [R2 = 1 ∑ (modeled - measured)2 ⁄ ∑(measured - measured mean)2 ] and the root mean square error
1
n

[RMSE = √( ∙ ∑(modeled - measured)2 )]. The R2 is not equal to the r2, which provides here the
255

fraction of variance explained by a linear regression between a dependent (y) and an explanatory
variable [r2 = 1 - ∑(y - fitted y)2 ⁄∑(y - mean y)2 ] (R Core Team, 2015).
The fractionation between the measured leaf biomarkers and leaf water can be described by the
following equations (e.g. Coplen, 2011):

260

εn-alkane/leaf-water = (δ2Hn-alkane - δ2Hleaf-water) / (1 + δ2Hleaf-water/1000)

(Equation 10)

εsugar/leaf-water = (δ18Osugar + δ18Oleaf-water) / (1 + δ18Oleaf-water/1000).

(Equation 11)

In order to provide a 1 σ range bracketing the modeled results and calculations they were additionally
run with values generated by subtracting/adding the individual σ to the average.
All calculations and statistical analysis were realized in R (version 3.2.2; R Core Team, 2015).

265
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3 Results and Discussion
3.1 Compound-specific isotope results of leaf wax-derived n-alkanes and hemicellulosederived sugars
270

275

280

The investigated leaf material shows a dominance of C29 n-alkanes. The dominance of n-C29 in Brassica
oleracea and Eucalyptus globulus was also reported by Ali et al. (2005) and Herbin and Robins (1968).
Vicia faba leaf samples additionally revealed a high abundance of C31 n-alkanes. This agrees with results
from Maffei (1996) and enables a robust determination of compound-specific δ2H values for C29 and
C31. The δ2Hn-alkane values of Vicia faba are therefore calculated as weighted mean. Figure 1B illustrates
the δ2Hn-alkane results along with isotopic data for leaf, xylem and soil water (the latter were originally
published in Mayr 2002). In addition, the climate chamber conditions (RHair, RHleaf, Tair and Tleaf) are
displayed (all from Mayr, 2002; Fig. 1A). For more details about the (plant) water isotope results,
climate chamber conditions as well as not shown plant physiological properties the reader is referred
to Mayr (2002). The δ2Hn-alkane values range from -213 to -144‰ over all plant species. As revealed by
overlapping notches in the respective boxplots, no statistically significant differences in the median
values between the three species can be described (Fig. A1A; McGill et al., 1978). Figure 1B moreover
shows that δ2Hn-alkane values range largest for Eucalyptus globulus compared to the other two plants.
However, the low number of samples per plant species prohibits a robust interpretation.
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Fig. 1: A: Climate chamber conditions (leaf temperature and relative humidity in green and air
temperature and relative humidity in red). Error bars represent analytical standard deviation of the
respective measurements (see section 2.2 and Mayr, 2002). B: Plant water (leaf water, xylem water
and soil water) isotope compositions (in green, orange and brown, respectively) and the isotope
composition of the investigated leaf biomarkers (leaf wax n-alkanes n-C29 and n-C31 as open diamonds
and triangles, respectively; hemicellulose-derived sugars: arabinose and xylose as open squares and
circles, respectively) for the three plants Eucalyptus globulus, Vicia faba and Brassica oleracea grown
in the climate chambers.
The investigated leaf samples yielded substantially higher amounts of arabinose and xylose compared
to fucose and rhamnose. This is in agreement with sugar patterns reported for higher plants (D’Souza
et al., 2005; Hepp et al., 2016; Jia et al., 2008; Prietzel et al., 2013; Zech et al., 2012, 2014a) and
hampers a robust data evaluation of fucose and rhamnose. The δ18O values of the investigated
pentoses arabinose and xylose range from 30 to 47‰ and 30 to 50‰, respectively, and are shown
along with isotopic data for leaf, xylem and soil water (Mayr 2002) in the bottom of Fig. 1B. No
considerable difference in the δ18O values of arabinose and xylose can be seen in the δ18O pentose
data. This is in line with findings from Zech and Glaser (2009), Zech et al. (2012), Zech et al. (2013b)
and Zech et al. (2014b) but contradicting with slightly more positive δ18Oarabinose values compared to
δ18Oxylose values reported by Zech et al. (2013a) and Tuthorn et al. (2014). Overall, the two sugars
display very similar results (Fig. 1B; r2 = 0.7, p < 0.001, n = 24). The δ18O values of arabinose and xylose
can therefore be combined as a weighted mean (as δ18Osugar values) for further data interpretation.
The δ18Osugar values are not significantly different between the three investigated plant species (Fig.
A1B).
A comparison of compound-specific isotope results of leaf hemicellulose-derived sugars and leaf waxderived n-alkanes with leaf, xylem, soil and tank water (compare Fig. 1B and Fig. 2) reveals that soil
and xylem water plot close to the tank water, whereas leaf water shows a clear heavy-isotope
enrichment due to evapotranspiration. This enrichment strongly differs between the climate
chambers, depending mainly on T and RH conditions. The biomarker results furthermore follow the
leaf water with a certain offset (εbio). The offset between soil and xylem water compared to the tank
water in Fig. 2 is most likely caused by partial evaporation of tank water from the soil during the
experiment.
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320

Fig. 2: δ2H-δ18O diagram illustrating the isotope composition of the biomarkers, comprising δ2H values
of the leaf wax n-alkanes (C29 for Eucalyptus globulus and Brassica oleracea; weighted mean of C29 and
C31 for Vicia faba) and δ18O values of the hemicellulose-derived sugars arabinose and xylose (black
crosses) and the measured isotope compositions of leaf water (green squares), xylem water (orange
squares), soil water (brown squares), atmospheric water vapor (red squares) and the tank water used
for irrigation (blue triangle), which plot very close to the global meteoric water line.

3.2 Do n-alkane and sugar biomarkers reflect the isotope composition of leaf water?
325

330

The δ2Hn-alkane dataset reveals a significant correlation with δ2Hleaf-water (r2 = 0.45) using all plant species
with p < 0.001 (Fig. 3A). A slope of 1.1 and an intercept of -152‰ furthermore characterize the
relationship. It seems that each plant type shows a different δ2Hn-alkane to δ2Hleaf-water relation, with the
highest slope for Vicia faba and the lowest for Brassica oleracea. However, we argue that the number
of replicates for each plant species is simply too low to interpret this finding robustly. A highly
significant correlation is also observed for the correlation between δ18Osugar and δ18Oleaf-water (r2 = 0.84,
p < 0.001; Fig. 3B). The regression reveals a slope of 0.74 and an intercept of 30.7‰.
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340

345

350
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360

Fig. 3: Scatterplots depicting the relationships between the compound-specific biomarker isotope
composition and the respective leaf water values (A: δ2Hn-alkane vs. δ2Hleaf-water; B: δ18Osugar vs. δ18Oleafwater). Brassica oleracea, Eucalyptus globulus and Vicia faba samples are shown in purple, orange and
black, respectively. Error bars of the δ values represent standard deviation of repeated measurements
(see section 2.2 and Mayr, 2002).
Since it is well known that measured leaf water is not always equal to the specific water pool in which
the n-alkanes are biosynthesized (e.g. Tipple et al., 2015), the correlation reveals a rather low r2 (Fig.
3A). Furthermore, NADPH is acting also as hydrogen source during n-alkane biosynthesis, which is
clearly more negative than the biosynthetic water pool (Schmidt et al., 2003), further contributing to
a weakening of the δ2Hn-alkane to δ2Hleaf-water correlation. The correlation between the deuterium
contents of leaf wax n-alkanes and leaf water presented here is still well in range with the literature.
Feakins and Sessions (2010) presented n-alkane (C29 and C31) and leaf water δ2H data from typical plant
species (excluding grasses) along a southern California aridity gradient, revealing that only δ2H of n-C29
is significantly correlated with leaf water (r2 = 0.24, p < 0.1, n = 16; based on the associated
supplementary data). Another field dataset from the temperate forest at Brown’s Lake Bog, Ohio, USA
revealed significant correlations between δ2H of n-C29 and n-C31 with leaf water of the species Prunus
serotina, Acer saccharinum, Quercus rubra, Quercus alba, and Ulmus americana (r2 = 0.49, p < 0.001,
n = 38; r2 = 0.59, p < 0.001, n = 29; as derived form the supplement material of Freimuth et al., 2017).
Data from a controlled climate chamber experiment using two tree species show a highly significant
relationship between leaf wax n-alkanes δ2H and leaf water (with C31 of Betula occidentalis and C29 of
Populus fremontii; r2 = 0.96, p < 0.001, n = 24; derived from supplementary data of Tipple et al., 2015).
It is conformed that leaf wax n-alkanes of dicotyledonous plants largely incorporate the leaf water
isotope signal, while in monocotyledonous plants (e.g. grasses) the n-alkanes are more strongly
affected by the source water due to the leaf growth at the intercalary meristem (Kahmen et al., 2013).
The observed slope of the δ18Osugar to δ18Oleaf-water relationship (Fig. 3B) could serve as indicator for a
leaf water (heavy-isotope enrichment) signal transfer damping of approximately 26%.
The theory behind the signal damping is adopted from the cellulose research (e.g. Barbour and
Farquhar, 2000). Barbour and Farquhar (2000) related the extent of the signal damping to the
proportion of unenriched source water, which contribute to the local synthesis water pool and to the
proportion of exchangeable oxygen during cellulose synthesis. The here observed damping of 26% is
well in the range with values reported for cellulose synthesis in Gossypium hirsutum leaves (between
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370

375

380

35 and 38%; Barbour and Farquhar, 2000), for Eucalyptus globulus leaf samples (38%; Cernusak et al.,
2005) and for five C3 and C4 grasses (25%; Helliker and Ehleringer, 2002). Recently, Cheesman and
Cernusak (2017) provided damping factors for leaf cellulose synthesis based on plant data grown under
same conditions at Jerusalem Botanical Gardens published by Wang et al. (1998), ranging between 4
and 100% with a mean of 49%, revealing large variations among and between ecological groups
(namely conifers, deciduous, evergreen and shrubs). A large range of damping factors associated with
leaf cellulose was also reported by Song et al. (2014) for Ricinus communis grown under controlled
conditions. A common disadvantage of the above-mentioned studies is the absence of direct
measurements of the proportion of depleted source water contribution to the local synthesis water
(as noticed by Liu et al., 2017), which largely contribute to the extent of the damping factor (Barbour
and Farquhar, 2000). However, when transferring cellulose results to pentoses, such as hemicellulosederived arabinose and xylose, it should be noted that they are biosynthesized via decarboxylation of
the carbon at position six (C6) from glucose (Altermatt and Neish, 1956; Burget et al., 2003; Harper
and Bar-Peled, 2002). Waterhouse et al. (2013) showed that the oxygen atoms at C6 position in glucose
moieties, used for heterotrophic cellulose synthesis, are strongly affected by the exchange with local
water (up to 80%). Based on these findings, it can be suggested that the influence of the non-enriched
source water during the synthesis of leaf hemicelluloses is rather small.

3.3 Fractionation factors between biomarkers and leaf water
385

390

395

In order to explore possible species-specific effects on the fractionation between the biomarkers and
the leaf water, boxplots of the individual plant species of εn-alkane/leaf-water and εsugar/leaf-water values are
shown in Fig. 4. Median εn-alkane/leaf-water values are -155‰ for Brassica oleracea, -164‰ for Eucalyptus
globulus and -149‰ for Vicia faba (Fig. 4A), with an overall mean value of -156‰ (ranging from -133
to -192‰). Median εsugar/leaf-water values of +27.0‰ for Brassica oleracea, +26.6‰ for Eucalyptus
globulus, +26.8‰ for Vicia faba are shown in Fig. 4B. The overall εsugar/leaf-water average value of the
three investigated species is +27.3‰ (ranging from +23.0 to +32.3‰). In both plots, no systematic
difference between the individual species seems to be observable.

Fig. 4: Boxplots comprising the plant-specific fractionation between the biomarkers and the leaf water
(A: εn-alkane/leaf-water according Eq. 10; B: εsugar/leaf-water according to Eq. 11). Brassica oleracera, Eucalyptus
globulus and Vicia faba samples are shown in purple, orange and black, respectively. Boxplots show
median (thick black line), interquartile range (IQR) with upper (75%) and lower (25%) quartiles, lower
and upper whiskers, which are restricted to 1.5 ∙ IQR. Outside the 1.5 ∙ IQR space, the data points are
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marked with a dot. The notches are extend to ± 1.58 ∙IQR⁄√n, by convention and give a 95%
confidence interval for the difference of two medians (McGill et al., 1978).
400
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The boxplots of εn-alkane/leaf-water reveal that the median of the three investigated plant species can be
statistically not distinguished, due to overlapping notches (Fig. 4A). It should be noted that due to the
low sample number from each species, the 95% confidence interval is larger than the interquartile
range in some cases. However, it seems that at least small species-specific differences cannot be ruled
out. Our εn-alkane/leaf-water values resemble well the data from a laboratory study (Kahmen et al., 2011),
reporting a median value of -162‰ for n-C25, n-C27 and n-C29 of Populus trichocarpa. Furthermore, they
are well comparable to climate chamber data of Betula occidentalis (n-C31) and Populus fremontii (nC29) from Tipple et al. (2015), reporting a median εn-alkane/leaf-water value of -155‰. In addition, field
experiments reveal similar median values of -151‰ (for n-C29) and -142‰ (for n-C31) from typical plant
species (excluding grasses) from southern California (Feakins and Sessions, 2010) and -144‰ (for nC29, of the species Prunus serotina, Acer saccharinum, Quercus rubra, Quercus alba and Ulmus
americana) from the temperate forest at Brown’s Lake Bog, Ohio, USA. The large range in εxylem-water/leafwater values from our study (-192 to -133‰) is also obvious in the respective laboratory and field studies
(-198 to -115‰, derived from n-C29 and n-C31 data from Feakins and Sessions, 2010; Kahmen et al.,
2011a; Tipple et al., 2015; Freimuth et al., 2017). This could point to a specific water pool being used
rather than bulk leaf water during biosynthesis (Sachse et al., 2012; Schmidt et al., 2003). In more
detail, alkane synthesis takes place by modifying/expanding fatty acids in the cytosol, while fatty acids
are synthesized in the chloroplasts (Schmidt et al., 2003). Thus, the cytosol as well as chloroplast water
is one hydrogen source. However hydrogen can additionally be added to the alkanes and fatty acids
by NADPH which originates from different sources (photosynthesis and pentose phosphate cycle,
Schmidt et al., 2003). It is therefore challenging to measure directly the water pool in which the alkanes
are biosynthesized (Tipple et al., 2015). Moreover, biosynthetic and metabolic pathways in general
(Kahmen et al., 2013; Sessions et al., 1999; Zhang et al., 2009), the carbon and energy metabolism of
plants more specifically (Cormier et al., 2018) and the number of carbon atoms of the n-alkane chains
(Zhou et al., 2010) may have an influence on the fractionation. Our εn-alkane/leaf-water values correlate with
Tair (Fig. A2A), whereas the correlation with RHair (Fig. A2B) is not significant. This could point to a
relationship between εxylem-water/leaf-water and plant physiological processes (affecting various plants
differently).
The εsugar/leaf-water values (Fig. 4B) do not correlate significantly with Tair, but significantly with RHair (Fig.
A2C and D). A temperature dependence of the εsugar/leaf-water is not supported by this experiment, in
contrast to results from Sternberg and Ellsworth (2011), where a temperature effect on oxygen
fractionation during heterotrophic cellulose biosynthesis is observed. The here observed fractionation
between hemicellulose-derived sugars and leaf water, with regard to εsugar/leaf-water values, is well in
range with values reported for sucrose (exported from photosynthesizing leaves) and leaf water, which
was shown to be +27‰ (Cernusak et al., 2003). Also the cellulose biosynthesis is associated with an
heavy-isotope enrichment of around +27‰ compared to the synthesis water as shown in growth
experiments (Sternberg et al., 1986; Yakir and DeNiro, 1990). The relatively uniform fractionation is
explained via the isotope exchange between the carbonyl oxygens of the organic molecules and the
surrounding water (cf. Schmidt et al., 2001). This equilibrium fractionation effect was indeed described
earlier by the reversible hydration reaction of acetone in water by Sternberg and DeNiro (1983) to be
+28, +28 and +26‰ at 15, 25 and 35°C, respectively. However, the observed range of approximately
9‰ (Fig. 4B) could indicate that partially more than the oxygen equilibrium fractionation between
organic molecules and medium water have to be considered. Presumably, isotopic as well as sucrose
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445

450

synthesis gradients within the leaf have to be taken into account when interpreting leaf sugar oxygen
isotopic compositions and their correlation to leaf water (Lehmann et al., 2017). Lehmann et al. (2017)
reported on a fractionation between sucrose and leaf water of +33.1‰. Based on this they proposed
a conceptual scheme how such gradients can lead to discrepancies between the isotopic composition
of the bulk leaf water and the synthesis water, while the latter is incorporated into the carbohydrates,
and thus fractionation determination based on bulk leaf water can exceed the common average of
+27‰. Also Mayr et al. (2015) found a fractionation between aquatic cellulose δ18O and lake water
larger than this value of around +29‰.

3.4 Strong control of relative humidity over deuterium-excess of leaf water
455

460

465

470

475

The correlations between leaf water-based and measured RHair and modeled de and measured
deuterium-excessleaf-water are illustrated in Fig. 5A and B, respectively.

Fig. 5: Scatterplots illustrating the correlation between leaf water-based and measured air relative
humidity (RHair), modeled vs. measured leaf water deuterium-excess (Tair−based). Black lines indicate
the 1:1 relationship. R2 and RMSE are calculated as described in section 2.4, while the RMSE values
have the dimensions of the respective variables. Error bars for the measured RH values represent
analytical standard deviations (see Mayr, 2002). See section 2.4 for the uncertainties of the calculated
and modeled results.
Evidence for the strong control of relative humidity on deuterium-excess of leaf water comes from
multivariate regression analysis between the measured deuterium-excessleaf-water values versus RHair,
and Tair. The results reveal that the deuterium-excessleaf-water significantly correlates with RHair of the
climate chambers (p < 0.001), with an r2 of 0.92. The strong control of RH on the deuterium-excess of
leaf water is furthermore supported by the significant correlations between calculated versus
measured RHair values (Fig. 5A). This is in line with the strong correlation between modeled de based
on Tair and measured deuterium-excessleaf-water values (Fig. 5B).
Overall, the modeled de values show a high agreement with measured deuterium-excess of leaf water
despite without being too positive, which can be expected from the literature. This is because bulk leaf
is less enriched than the leaf water at the evaporative sites, which is however, the output of the CraigGordon-based leaf water enrichment model (e.g. Allison et al., 1985; Barbour et al., 2004; Cernusak et
al., 2016; section 2.3). Especially under low relative humidity conditions, the discrepancy between
Craig-Gordon model results and the measured values is shown to be more pronounced, associated
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with higher transpiration fluxes and higher isotope heterogeneity within the leaf water due to a nonuniform closure of the stomata (Flanagan et al., 1991; Santrucek et al., 2007). An overestimation of
the Craig-Gordon models can hardly be observed here (Fig. 5B). However, based on the accepted leaf
water enrichment theory (e.g. Cernusak et al., 2016), higher transpiration rates (e.g. under low
humidity conditions) should still lead to a larger discrepancy between Craig-Gordon modelled and
measured leaf water, because the back diffusion of enriched leaf water from the evaporative sites
should get lower the higher the transpiration flux is.
It should be noted, that there is the possibility to build up a more detailed model with Eq. 2. With this,
a model is given to derive de values with the usage of da and ds, which can compared to the measured
deuterium-excessleaf-water values. However, when modeling de without the simplification δa - δs ≈ -ε* the
R2 results to 0.86 and RMSE equals 13.07‰ compared to the presented 0.88 and 12.31‰.
Furthermore, in Eq. 5 Tair can be replaced by Tleaf. With this, Eq. 2 results to de values based on leaf
temperature. This would take into account that the Craig-Gordon model requires for the ei parameter
the temperature of the evaporating surface rather than the air temperature. However, with this model
extension the R2 and the RMSE results to 0.55 and 23.54‰, respectively. By rearranging Eq. 2, RH
values can be modeled which can compared to RHair as well as RHleaf values (ea/ei multiplied by 100
with Tleaf). The respective model characteristics are again lower for the RHleaf case (R2 = 0.27 and RMSE
= 11.84%) than for the RHair comparison (R2 = 0.81 and RMSE = 6.56%). Still Eq. 6 provides better results,
as presented in this paragraph (R2 = 0.84 and RMSE = 6.04%). This discussion is in line the differences
between Tleaf vs. Tair and RHleaf vs. RHair conditions in the climate chambers. They reveal the same trends
and magnitude, but Tleaf is consequently higher than Tair along with higher RHleaf values compared to
RHair (Fig. 1A; Mayr, 2002). Summarized we therefore argue, that the model presented in Eq. 6
(including the simplifications of δa - δs ≈ -ε* and using Tair in Eq. 5) is able to reconstruct RHair values
based on δ2Hleaf-water and δ18Oleaf-water values.

3.5 Coupling δ2Hn-alkane and δ18Osugar – potential and limitations

505

510

515

One of the advantages of the proposed coupled δ2Hn-alkane-δ18Osugar approach is a more robust
reconstruction of the isotope composition of the source water, which can often be directly linked to
the local precipitation signal (Hepp et al., 2015, 2017; Tuthorn et al., 2015; Zech et al., 2013a).
Therefore, Fig. 6 shows boxplots for measured leaf water, biomarker-based (reconstructed) leaf water,
measured source water (tank water; see section 2.1), biomarker-based source water (using
reconstructed leaf water as origin for the LEL´s) and leaf-water-based source water values (using
measured leaf water as origin for the LEL´s). Source water isotope compositions were calculated via
the slopes of the LEL´s and the GMWL. The figure shows that the n-alkane and sugar biomarkers reflect
leaf water rather than tank water used for irrigation. For δ2H, neither the range nor the median of the
δ2Hleaf-water are well captured by the alkane-based leaf water values. However, the overlapping notches
do not support a statistical difference in the median values (Fig. 6A). The medians are still on average
13‰ more positive than the measured δ2Htank-water. A higher agreement between measured and
modeled values is observed from leaf water-based δ2Hs compared to δ2Htank-water. The average offset is
reduced to 2‰ and the range is reduced by approximately 70‰, compared to the biomarker-based
reconstruction.
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Fig. 6: Boxplots showing the measured leaf water in comparison to the biomarker-based leaf water,
tank water, source water calculated with biomarker-based leaf water values and source water based
on measured leaf water (A: δ2Hleaf-water; B: δ18Oleaf-water). Source water isotope compositions were
calculated via the slopes of the LEL´s (either with biomarker-based or measured leaf water values) and
the GMWL. Boxplots show median (thick black line), interquartile range (IQR) with upper (75%) and
lower (25%) quartiles, lower and upper whiskers, which are restricted to 1.5 ∙ IQR. Outside the 1.5 ∙
IQR space, the data points are marked with a dot. The notches are extend to ± 1.58 ∙IQR⁄√n, by
convention and give a 95% confidence interval for the difference of two medians (McGill et al., 1978).
For δ18O, the sugar-based leaf water values are in agreement with the measured ones with regard to
the median values, as supported by the largely overlapping notches (Fig. 6B). The range of the
reconstructed leaf water is in the order of 6‰ smaller than for the measured δ18Oleaf-water dataset. All
reconstructed δ18Os values, regardless whether they are biomarker- or leaf water-based, are
comparable to the measured δ18Otank-water. While the biomarker-based datasets depict an average
offset of 2‰, the leaf water-based values only differ by 0.3‰ from the tank water δ18O values,
referring to the median.
The overall larger range of modeled δ2Hs and δ18Os compared to measured δ2Htank-water and δ18Otank-water
can related to uncertainties in SLEL modeling (see equations in section 2.3.2). Bariac et al. (1994)
mentioned that they found no agreement between the intersect of modeled LEL´s with the GMWL and
the plant source water. Allison et al. (1985) explained such results with changing environmental
conditions, leading to various LEL´s with a locus line not necessarily passing the δ2Hs and δ18Os data
point, in a system that approaches rapidly new steady-state conditions.
Finally, the alkane and sugar-based leaf water values were used to reconstruct RHair. The measured
RHair is well captured by the biomarker-based air relative humidity values (R2 = 0.54; Fig. 7). Overall, a
lower coefficient of determination of the biomarker-based model results compared to the leaf waterbased reconstructions (compare black with grey data points in Fig. 7) is observed. This can be
attributed to the uncertainties in leaf water reconstructed using δ2Hn-alkane and δ18Osugar datasets as
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discussed in section 3.2. The limitations regarding deuterium arose from the rather weak relationship
between the δ2H of the n-alkanes and the leaf water, probably linked with the large range in the
fractionation between n-alkanes and leaf water (ε2n-alkane/leaf-water). The applied equation to
reconstructed δ2Hleaf-water by using δ2Hn-alkane and a constant biosynthetic fractionation of -160‰ (Eq.
10) was considered to be suitable (Sachse et al., 2012; Sessions et al., 1999), but introduce also some
uncertainty for the final relative humidity reconstruction. With regard to oxygen, the relatively large
variations in εsugar/leaf-water of 9‰ have to be considered (Fig. 4B), because in the δ18Oleaf-water
reconstructions a fixed value of +27‰ is used (Eq. 11). Such a uniform biosynthetic fractionation is an
approximation which may not always be fulfilled, as shown in the literature (e.g. Sternberg and
Ellsworth, 2011; Lehmann et al., 2017). Especially the underestimation of the biomarker-based RHair
values under the 68% relative humidity conditions, as well as the large range in reconstructed RHair
values for the 48, 49, 50% RHair chambers can be attributed to the leaf water reconstruction
uncertainties. It should be mentioned that using Eqs. 7 and 8 to calculate leaf water isotope
composition based on the biomarkers via a biosynthetic fractionation values implies that the
fractionation process in principle can be treated as single process with a unique source. While this
approximation can be questioned (see discussion in section 3.2), the overall correlation between
biomarker-based and measured RHair highlights the potential of the approach (Hepp et al., 2017;
Tuthorn et al., 2015; Zech et al., 2013a), also for future paleo-applications.

Fig. 7: Scatterplot depicting the relationship between biomarker-based (modeled) and measured air
relative humidity (RH). The black line indicates the 1:1 relationship. R2 and RMSE was calculated as
described in section 2.4, while the RMSE values have the dimensions of the respective variables. Error
bars for the measured values represent analytical standard deviations (see Mayr, 2002). For
uncertainty calculation of the modeled properties, see section 2.4. In addition, the leaf water-based
air relative humidity results are shown in light grey for comparison.
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4 Conclusions

580

The climate chamber results and discussion suggest that leaf wax-derived n-alkane and hemicellulosederived sugar biomarkers are valuable δ2Hleaf-water and δ18Oleaf-water recorders, respectively. The coupling
of δ2Hn-alkane and δ18Osugar results allows moreover a robust RHair reconstruction of the chambers in
which the plants were grown, by using a simplified Craig-Gordon equation. With regard to the research
questions, we conclude as follows:
(i)

585

(ii)
590
(iii)

595

600

605

(iv)

Alkanes with the chain-length n-C29 predominated and occurred at abundances suitable
for compound-specific δ2H measurements in the leaf samples from all investigated species
(Eucalyptus globulus, Vicia faba var. minor and Brassica oleracea var. medullosa). For Vicia
faba, additionally n-C31 could be evaluated robustly. δ18Osugar values could be obtained for
the hemicellulose-derived monosaccharides arabinose and xylose.
Both the δ2Hn-alkane and δ18Osugar values yielded highly significant correlations with δ2Hleaf18
2
water and δ Oleaf-water (r = 0.45 and 0.85, respectively; p < 0.001, n = 24). Mean fractionation
factors between biomarkers and leaf water were found to be -156‰ (ranging from -133
to - 192‰) for εn-alkane/leaf-water and +27.3‰ (ranging from +23.0 to +32.3‰) for εsugar/leaf-water.
RHair can be derived robustly by using the measured leaf water isotope composition
(δ2Hleaf-water and δ18Oleaf-water) and a rearranged Craig-Gordon model, (R2 = 0.84; p < 0.001;
RMSE = 6%).
Reconstructed source water isotope composition (δ2Hs, δ18Os) is in range with the
measured tank water (δ2Htank-water, δ18Otank-water). However, modeled δ2Hs and δ18Os show a
clearly larger range compared to δ2Htank-water and δ18Otank-water. The uncertainties for source
water determination are thus considerably higher compared to the relative humidity
reconstructions. Still, the coupled δ2H-δ18O approach enables a back calculation of the
plant source water. Uncertainties with regard to relative humidity reconstructions via
biomarker-based leaf water isotope composition arose from leaf water reconstructions
and model uncertainties, as shown in the conclusions ii) and iii). Overall, the biomarkerbased and measured RHair correlation with R2 of 0.54 (p < 0.001) and RMSE of 10%
highlights the great potential of the coupled δ2Hn-alkane-δ18Osugar paleohygrometer approach
for reliable relative humidity reconstructions.
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Appendix

Fig. A1: Boxplots comprising the plant-specific δ2Hn-alkane (A) and δ18Osugar values (B). Brassica oleracera,
Eucalyptus globulus and Vicia faba samples are shown in purple, orange and black, respectively.
Boxplots show median (thick black line), interquartile range (IQR) with upper (75%) and lower (25%)
quartiles, lower and upper whiskers, which are restricted to 1.5 ∙ IQR. Outside the 1.5 ∙ IQR space, the
data points are marked with a dot. The notches are extend to ± 1.58 ∙IQR⁄√n, by convention and give
a 95% confidence interval for the difference of two medians (McGill et al., 1978).
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640

Fig. A2: Scatterplots of the fractionation between the biomarkers and leaf water vs. air temperature,
air relative humidity (A and B: εn-alkane/leaf-water according Eq. 10; C and D εsugar/leaf-water according Eq. 11).
Brassica oleracera, Eucalyptus globulus and Vicia faba samples are shown in purple, orange and black,
respectively. Error bars for the measured values represent analytical standard deviations of repeated
measurements (see section 2.2 and Mayr, 2002). For uncertainty calculation of the ε values, see section
2.4.

20

https://doi.org/10.5194/bg-2020-434
Preprint. Discussion started: 22 December 2020
c Author(s) 2020. CC BY 4.0 License.

645

650

655

660

665

670

675

680

685

690

695

References
Ali, H. a. M., Mayes, R. W., Hector, B. L., Verma, a. K. and Ørskov, E. R.: The possible use of n-alkanes,
long-chain fatty alcohols and long-chain fatty acids as markers in studies of the botanical
composition of the diet of free-ranging herbivores, The Journal of Agricultural Science, 143(1),
85–95, doi:10.1017/S0021859605004958, 2005.
Allison, G. B., Gat, J. R. and Leaney, F. W. J.: The relationship between deuterium and oxygen-18 delta
values in leaf water, Chemical Geology, 58, 145–156, 1985.
Altermatt, H. A. and Neish, A. C.: The biosynthesis of cell wall carbohydrates: III. Further studies on
formation of cellulose and xylan from labeled monosaccharides in wheat plants, Canadian
Journal of Biochemistry and Physiology, 34(3), 405–413, doi:10.1139/o56-042, 1956.
Amelung, W., Cheshire, M. V. and Guggenberger, G.: Determination of neutral and acidic sugars in soil
by capillary gas-liquid chromatography after trifluoroacetic acid hydrolysis, Soil Biology and
Biochemistry, 28(12), 1631–1639, 1996.
Barbour, M. M. and Farquhar, G. D.: Relative humidity-and ABA-induced variation in carbon and oxygen
isotope ratios of cotton leaves, Plant, Cell & Environment, 23(5), 473–485, 2000.
Barbour, M. M., Roden, J. S., Farquhar, G. D. and Ehleringer, J. R.: Expressing leaf water and cellulose
oxygen isotope ratios as enrichment above source water reveals evidence of a Péclet effect,
Oecologia, 138(3), 426–435, doi:10.1007/s00442-003-1449-3, 2004.
Bariac, T., Gonzalez-Dunia, J., Katerji, N., Béthenod, O., Bertolini, J. M. and Mariotti, A.: Spatial variation
of the isotopic composition of water (18O, 2H) in the soil-plant-atmosphere system, 2.
Assessment under field conditions, Chemical Geology, 115, 317–333, 1994.
Buck, A. L.: New Equations for Computing Vapor Pressure and Enhancement Factor, Journal of Applied
Meteorology, 20, 1527–1532, 1981.
Burget, E. G., Verma, R., Mølhøj, M. and Reiter, W.-D.: The Biosynthesis of L-Arabinose in Plants:
Molecular Cloning and Characterization of a Golgi-Localized UDP-D-Xylose 4-Epimerase Encoded
by the MUR4 Gene of Arabidopsis, Plant Cell, 15(February), 523–531,
doi:10.1105/tpc.008425.response, 2003.
Cernusak, L. A., Wong, S. C. and Farquhar, G. D.: Oxygen isotope composition of phloem sap in relation
to leaf water in Ricinus communis, Functional Plant Biology, 30(10), 1059–1070, 2003.
Cernusak, L. A., Farquhar, G. D. and Pate, J. S.: Environmental and physiological controls over oxygen
and carbon isotope composition of Tasmanian blue gum, Eucalyptus globulus, Tree Physiology,
25(2), 129–146, doi:10.1093/treephys/25.2.129, 2005.
Cernusak, L. A., Barbour, M. M., Arndt, S. K., Cheesman, A. W., English, N. B., Feild, T. S., Helliker, B. R.,
Holloway-Phillips, M. M., Holtum, J. A. M., Kahmen, A., Mcinerney, F. A., Munksgaard, N. C.,
Simonin, K. A., Song, X., Stuart-Williams, H., West, J. B. and Farquhar, G. D.: Stable isotopes in
leaf water of terrestrial plants, Plant Cell and Environment, 39(5), 1087–1102,
doi:10.1111/pce.12703, 2016.
Cheesman, A. W. and Cernusak, L. A.: Infidelity in the outback: Climate signal recorded in Δ 18O of leaf
but not branch cellulose of eucalypts across an Australian aridity gradient, Tree Physiology,
37(5), 554–564, doi:10.1093/treephys/tpw121, 2017.
Coplen, T. B.: Guidelines and recommended terms for expression of stable-isotope-ratio and gas-ratio
measurement results, Rapid Communications in Mass Spectrometry, 25(17), 2538–2560,
doi:10.1002/rcm.5129, 2011.
Cormier, M.-A., Werner, R. A., Sauer, P. E., Gröcke, D. R., M.C., L., Wieloch, T., Schleucher, J. and
Kahmen, A.: 2H fractiontions during the biosynthesis of carbohydrates and lipids imprint a
metabolic signal on the δ2H values of plant organic compounds, New Phytologist, 218(2), 479–
491, doi:10.1111/nph.15016, 2018.
Craig, H.: Isotopic Variations in Meteoric Waters, Science, 133, 1702–1703, 1961.
Craig, H. and Gordon, L. I.: Deuterium and oxygen-18 variations in the ocean and the marine
atmosphere, in Proceedings of a Conference on Stable Isotopes in Oceanographic Studies and
Palaeotemperatures, edited by E. Tongiorgi, pp. 9–130, Lischi and Figli, Pisa., 1965.
D’Souza, F., Garg, A. and Bhosle, N. B.: Seasonal variation in the chemical composition and

21

https://doi.org/10.5194/bg-2020-434
Preprint. Discussion started: 22 December 2020
c Author(s) 2020. CC BY 4.0 License.

700

705

710

715

720

725

730

735

740

745

carbohydrate signature compounds of biofilm, Aquatic Microbial Ecology, 41(2), 199–207,
doi:10.3354/ame041199, 2005.
Dansgaard, W.: Stable isotopes in precipitation, Tellus, 16(4), 436–468, doi:10.1111/j.21533490.1964.tb00181.x, 1964.
Dawson, T. E.: Hydraulic lift and water use by plants: implications for water balance, performance and
plant-plant interactions, Oecologia, 95(4), 565–574, 1993.
Farquhar, G. D., Hubick, K. T., Condon, A. G. and Richards, R. A.: Carbon Isotope Fractionation and Plant
Water-Use Efficiency, in Stable Isotopes in Ecological Research. Ecological Studies (Analysis and
Synthesis), vol. 68, edited by P. W. Rundel, J. R. Ehleringer, and K. A. Nagy, pp. 21–40, SpringerVerlag, New York., 1989.
Feakins, S. J. and Sessions, A. L.: Controls on the D/H ratios of plant leaf waxes in an arid ecosystem,
Geochimica
et
Cosmochimica
Acta,
74(7),
2128–2141,
doi:http://dx.doi.org/10.1016/j.gca.2010.01.016, 2010.
Flanagan, L. B., Comstock, J. P. and Ehleringer, J. R.: Comparison of Modeled and Observed
Environmental Influences on the Stable Oxygen and Hydrogen Isotope Composition of Leaf
Water in Phaseolus vulgaris L., Plant Physiology, (96), 588–596, 1991.
Freimuth, E. J., Diefendorf, A. F. and Lowell, T. V.: Hydrogen isotopes of n-alkanes and n-alkanoic acids
as tracers of precipitation in a temperate forest and implications for paleorecords, Geochimica
et Cosmochimica Acta, 206, 166–183, doi:10.1016/j.gca.2017.02.027, 2017.
Gat, J. R. and Bowser, C. J.: The heavy isotope enrichment of water in coupled evaporative systems, in
Stable Isotope Geochemistry: A Tribute to Samuel Epstein, vol. 3, edited by H. P. Tayler, J. R.
O’Neil, and I. R. Kaplan, pp. 159–168, The Geochemical Society, Lancester., 1991.
Gat, J. R., Yakir, D., Goodfriend, G., Fritz, P., Trimborn, P., Lipp, J., Gev, I., Adar, E. and Waisel, Y.: Stable
isotope composition of water in desert plants, Plant and Soil, 298(1--2), 31–45,
doi:10.1007/s11104-007-9321-6, 2007.
Harper, A. D. and Bar-Peled, M.: Biosynthesis of UDP-Xylose. Cloning and Characterization of a Novel
Arabidopsis Gene Family, UXS, Encoding Soluble and Putative Membrane-Bound UDPGlucuronic Acid Decarboxylase
Isoforms, Gene, 130(December), 2188–2198,
doi:10.1104/pp.009654.2188, 2002.
Helliker, B. R. and Ehleringer, J. R.: Differential 18O enrichment of leaf cellulose in C3 versus C4 grasses,
Functional Plant Biology, 29, 435–442, 2002.
Hepp, J., Tuthorn, M., Zech, R., Mügler, I., Schlütz, F., Zech, W. and Zech, M.: Reconstructing lake
evaporation history and the isotopic composition of precipitation by a coupled δ18O–δ2H
biomarker approach, Journal of Hydrology, 529, 622–631, 2015.
Hepp, J., Rabus, M., Anhäuser, T., Bromm, T., Laforsch, C., Sirocko, F., Glaser, B. and Zech, M.: A sugar
biomarker proxy for assessing terrestrial versus aquatic sedimentary input, Organic
Geochemistry, 98, 98–104, doi:10.1016/j.orggeochem.2016.05.012, 2016.
Hepp, J., Zech, R., Rozanski, K., Tuthorn, M., Glaser, B., Greule, M., Keppler, F., Huang, Y., Zech, W. and
Zech, M.: Late Quaternary relative humidity changes from Mt. Kilimanjaro, based on a coupled
2 18
H- O biomarker paleohygrometer approach, Quaternary International, 438, 116–130,
doi:10.1016/j.quaint.2017.03.059, 2017.
Herbin, G. A. and Robins, P. A.: Studies on plant cuticular waxes-II. Alkanes from members of the genus
Agave (Agavaceae), the genera Kalanchoe, Echeveria, Crassula and Sedum (Crassulaceae) and
the genus Eucalyptus (Myrtaceae) with an examination of Hutchinson, Phytochemistry, 7(1951),
257–268, 1968.
Heyng, A., Mayr, C., Lücke, A., Wissel, H. and Striewski, B.: Late Holocene hydrologic changes in
northern New Zealand inferred from stable isotope values of aquatic cellulose in sediments from
Lake Pupuke, Journal of Paleolimnology, 51(4), 485–497, doi:10.1007/s10933-014-9769-3, 2014.
Horita, J. and Wesolowski, D. J.: Liquid-vapor fractionation of oxygen and hydrogen isotopes of water
from the freezing to the critical temperature, Geochimica et Cosmochimica Acta, 58(16), 3425–
3437, doi:http://dx.doi.org/10.1016/0016-7037(94)90096-5, 1994.
Hou, J., D’Andrea, W. J. and Huang, Y.: Can sedimentary leaf waxes record D/H ratios of continental
precipitation? Field, model, and experimental assessments, Geochimica et Cosmochimica Acta,

22

https://doi.org/10.5194/bg-2020-434
Preprint. Discussion started: 22 December 2020
c Author(s) 2020. CC BY 4.0 License.

750

755

760

765

770

775

780

785

790

795

800

72, 3503–3517, doi:10.1016/j.gca.2008.04.030, 2008.
Huang, Y., Shuman, B., Wang, Y. and Iii, T. W.: Hydrogen isotope ratios of individual lipids in lake
sediments as novel tracers of climatic and environmental change: a surface sediment test,
Journal of Paleolimnology, 31, 363–375, 2004.
Jia, G., Dungait, J. A. J., Bingham, E. M., Valiranta, M., Korhola, A. and Evershed, R. P.: Neutral
monosaccharides as biomarker proxies for bog-forming plants for application to
palaeovegetation reconstruction in ombrotrophic peat deposits, Organic Geochemistry, 39(12),
1790–1799, doi:10.1016/j.orggeochem.2008.07.002, 2008.
Kahmen, A., Dawson, T. E., Vieth, A. and Sachse, D.: Leaf wax n-alkane δD values are determined early
in the ontogeny of Populus trichocarpa leaves when grown under controlled environmental
conditions, Plant, Cell and Environment, 34(10), 1639–1651, doi:10.1111/j.13653040.2011.02360.x, 2011.
Kahmen, A., Schefuß, E. and Sachse, D.: Leaf water deuterium enrichment shapes leaf wax n-alkane δD
values of angiosperm plants I: Experimental evidence and mechanistic insights, Geochimica et
Cosmochimica Acta, 111, 39–49, 2013.
Knapp, D. R.: Handbook of Analytical Derivatization Reactions, John Wiley & Sons, New York,
Chichester, Brisbane, Toronto, Singapore., 1979.
Lehmann, M. M., Gamarra, B., Kahmen, A., Siegwolf, R. T. W. and Saurer, M.: Oxygen isotope
fractionations across individual leaf carbohydrates in grass and tree species, Plant Cell and
Environment, 40(8), 1658–1670, doi:10.1111/pce.12974, 2017.
Liu, H. T., Schäufele, R., Gong, X. Y. and Schnyder, H.: The δ18O and δ2H of water in the leaf growthand-differentiation zone of grasses is close to source water in both humid and dry atmospheres,
New Phytologist, 214(4), 1423–1431, doi:10.1111/nph.14549, 2017.
Maffei, M.: Chemotaxonomic significance of leaf wax n-alkanes in the umbelliferae, cruciferae and
leguminosae (subf. Papilionoideae), Biochemical Systematics and Ecology, 24(6), 531–545,
doi:10.1016/0305-1978(96)00037-3, 1996.
Mayr, C.: Möglichkeiten der Klimarekonstruktion im Holozän mit δ13C- und δ2H-Werten von BaumJahrringen auf der Basis von Klimakammerversuchen und Rezentstudien, PhD thesis, LudwigMaximilians-Universität München. GSF-Bericht 14/02, 152 pp., 2002.
Mayr, C., Laprida, C., Lücke, A., Martín, R. S., Massaferro, J., Ramón-Mercau, J. and Wissel, H.: Oxygen
isotope ratios of chironomids, aquatic macrophytes and ostracods for lake-water isotopic
reconstructions - Results of a calibration study in Patagonia, Journal of Hydrology, 529(P2), 600–
607, doi:10.1016/j.jhydrol.2014.11.001, 2015.
McGill, R., Tukey, J. W. and Larsen, W. A.: Variations of Box Plots, The American Statisticans, 32(1), 12–
16, 1978.
Merlivat, L.: Molecular diffusivities of H216O, HD16O, and H218O in gases, The Journal of Chemical
Physics, 69(6), 2864–2871, doi:http://dx.doi.org/10.1063/1.436884, 1978.
Mügler, I., Sachse, D., Werner, M., Xu, B., Wu, G., Yao, T. and Gleixner, G.: Effect of lake evaporation
on δD values of lacustrine n-alkanes: A comparison of Nam Co (Tibetan Plateau) and Holzmaar
(Germany), Organic Geochemistry, 39(6), 711–729, 2008.
Prietzel, J., Dechamps, N. and Spielvogel, S.: Analysis of non-cellulosic polysaccharides helps to reveal
the history of thick organic surface layers on calcareous Alpine soils, Plant and Soil, 365(1–2),
93–114, doi:10.1007/s11104-012-1340-2, 2013.
R Core Team: R: A Language and Environment for Statistical Computing, [online] Available from:
https://www.r-project.org/, 2015.
Rao, Z., Zhu, Z., Jia, G., Henderson, A. C. G., Xue, Q. and Wang, S.: Compound specific δD values of long
chain n-alkanes derived from terrestrial higher plants are indicative of the δD of meteoric
waters: Evidence from surface soils in eastern China, Organic Geochemistry, 40(8), 922–930,
doi:http://dx.doi.org/10.1016/j.orggeochem.2009.04.011, 2009.
Roden, J. S. and Ehleringer, J. R.: Observations of Hydrogen and Oxygen Isotopes in Leaf Water Confirm
the Craig-Gordon Model under Wide-Ranging Environmental Conditions, Plant Physiology,
120(August), 1165–1173, 1999.
Sachse, D., Radke, J. and Gleixner, G.: Hydrogen isotope ratios of recent lacustrine sedimentary n-

23

https://doi.org/10.5194/bg-2020-434
Preprint. Discussion started: 22 December 2020
c Author(s) 2020. CC BY 4.0 License.

805

810

815

820

825

830

835

840

845

850

855

alkanes record modern climate variability, Geochimica et Cosmochimica Acta, 68(23), 4877–
4889, doi:http://dx.doi.org/10.1016/j.gca.2004.06.004, 2004.
Sachse, D., Billault, I., Bowen, G. J., Chikaraishi, Y., Dawson, T. E., Feakins, S. J., Freeman, K. H., Magill,
C. R., McInerney, F. A., van der Meer, M. T. J., Polissar, P., Robins, R. J., Sachs, J. P., Schmidt, H.L., Sessions, A. L., White, J. W. C. and West, J. B.: Molecular Paleohydrology: Interpreting the
Hydrogen-Isotopic Composition of Lipid Biomarkers from Photosynthesizing Organisms, Annual
Reviews, 40, 221–249, doi:10.1146/annurev-earth-042711-105535, 2012.
Santrucek, J., Kveton, J., Setlik, J. and Bulickova, L.: Spatial Variation of Deuterium Enrichment in Bulk
Water of Snowgum Leaves, Plant Physiology, 143(1), 88–97, doi:10.1104/pp.106.089284, 2007.
Sauer, P. E., Eglinton, T. I., Hayes, J. M., Schimmelmann, A. and Sessions, A. L.: Compound-specific D/H
ratios of lipid biomarkers from sediments as a proxy for environmental and climatic conditions,
Geochimica et Cosmochimica Acta, 65(2), 213–222, doi:http://dx.doi.org/10.1016/S00167037(00)00520-2, 2001.
Schäfer, I. K., Lanny, V., Franke, J., Eglinton, T. I., Zech, M., Vysloužilová, B. and Zech, R.: Leaf waxes in
litter and topsoils along a European transect, SOIL, 2, 551–564, doi:10.5194/soil-2-551-2016,
2016.
Schmidt, H.-L., Werner, R. A. and Roßmann, A.: 18O Pattern and biosynthesis of natural plant products,
Phytochemistry, 58(1), 9–32, doi:http://dx.doi.org/10.1016/S0031-9422(01)00017-6, 2001.
Schmidt, H.-L., Werner, R. A. and Eisenreich, W.: Systematics of 2H patterns in natural compounds and
its importance for the elucidation of biosynthetic pathways, Phytochemistry Reviews, 2(1–2),
61–85, doi:10.1023/B:PHYT.0000004185.92648.ae, 2003.
Sessions, A. L., Burgoyne, T. W., Schimmelmann, A. and Hayes, J. M.: Fractionation of hydrogen
isotopes in lipid biosynthesis, Organic Geochemistry, 30, 1193–1200, 1999.
Song, X., Farquhar, G. D., Gessler, A. and Barbour, M. M.: Turnover time of the non-structural
carbohydrate pool influences δ18O of leaf cellulose, Plant Cell and Environment, 37(11), 2500–
2507, doi:10.1111/pce.12309, 2014.
Sternberg, L. and Ellsworth, P. F. V.: Divergent Biochemical Fractionation, Not Convergent
Temperature, Explains Cellulose Oxygen Isotope Enrichment across Latitudes, PLoS ONE, 6(11),
e28040, doi:10.1371/journal.pone.0028040, 2011.
Sternberg, L. da S. L. O. and DeNiro, M. J. D.: Biogeochemical implications of the isotopic equilibrium
fractionation factor between the oxygen atoms of acetone and water, Geochimica et
Cosmochimica Acta, 47(12), 2271–2274, doi:10.1016/0016-7037(83)90049-2, 1983.
Sternberg, L. S. L., DeNiro, M. J. and Savidge, R. A.: Oxygen Isotope Exchange between Metabolites and
Water during Biochemical Reactions Leading to Cellulose Synthesis, Plant Physiology, 82, 423–
427, 1986.
Tipple, B. J., Berke, M. A., Doman, C. E., Khachaturyan, S. and Ehleringer, J. R.: Leaf-wax n-alkanes
record the plant-water environment at leaf flush, Proceedings of the National Academy of
Sciences, 110(7), 2659–2664, doi:10.1073/pnas.1213875110, 2013.
Tipple, B. J., Berke, M. A., Hambach, B., Roden, J. S. and Ehleringer, J. R.: Predicting leaf wax n-alkane
2
H/1H ratios: Controlled water source and humidity experiments with hydroponically grown
trees confirm predictions of Craig-Gordon model, Plant, Cell and Environment, 38(6), 1035–
1047, doi:10.1111/pce.12457, 2015.
Tuthorn, M., Zech, M., Ruppenthal, M., Oelmann, Y., Kahmen, A., del Valle, H. F., Wilcke, W. and Glaser,
B.: Oxygen isotope ratios (18O/16O) of hemicellulose-derived sugar biomarkers in plants, soils and
sediments as paleoclimate proxy II: Insight from a climate transect study, Geochimica et
Cosmochimica Acta, 126, 624–634, doi:http://dx.doi.org/10.1016/j.gca.2013.11.002, 2014.
Tuthorn, M., Zech, R., Ruppenthal, M., Oelmann, Y., Kahmen, A., del Valle, H. F., Eglinton, T., Rozanski,
K. and Zech, M.: Coupling δ2H and δ18O biomarker results yields information on relative humidity
and isotopic composition of precipitation - a climate transect validation study, Biogeosciences,
12, 3913–3924, doi:10.5194/bg-12-3913-2015, 2015.
Walker, C. D. and Brunel, J.-P.: Examining Evapotranspiration in a Semi-Arid Region using Stable
Isotopes of Hydrogen and Oxygen, Journal of Hydrology, 118, 55–75, 1990.
Wang, X.-F., Yakir, D. and Avisha, M.: Non-climatic variations in the oxygen isotopic composition of

24

https://doi.org/10.5194/bg-2020-434
Preprint. Discussion started: 22 December 2020
c Author(s) 2020. CC BY 4.0 License.

860

865

870

875

880

885

890

895

900

plants, Global Change Biology, 4, 835–849, 1998.
Waterhouse, J. S., Cheng, S., Juchelka, D., Loader, N. J., McCarroll, D., Switsur, V. R. and Gautam, L.:
Position-specific measurement of oxygen isotope ratios in cellulose: Isotopic exchange during
heterotrophic cellulose synthesis, Geochimica et Cosmochimica Acta, 112(0), 178–191,
doi:http://dx.doi.org/10.1016/j.gca.2013.02.021, 2013.
Werner, R. A. and Brand, W. A.: Referencing strategies and techniques in stable isotope ratio analysis,
Rapid Communications in Mass Spectrometry, 15(7), 501–519, doi:10.1002/rcm.258, 2001.
Wissel, H., Mayr, C. and Lücke, A.: A new approach for the isolation of cellulose from aquatic plant
tissue and freshwater sediments for stable isotope analysis, Organic Geochemistry, 39(11),
1545–1561, doi:http://dx.doi.org/10.1016/j.orggeochem.2008.07.014, 2008.
Yakir, D. and DeNiro, M. J.: Oxygen and Hydrogen Isotope Fractionation during Cellulose Metabolism
in Lemna gibba L., Plant Ecology, 93, 325–332, 1990.
Zech, M. and Glaser, B.: Compound-specific δ18O analyses of neutral sugars in soils using gas
chromatography-pyrolysis-isotope ratio mass spectrometry: problems, possible solutions and a
first application, Rapid Communications in Mass Spectrometry, 23, 3522–3532,
doi:10.1002/rcm, 2009.
Zech, M., Werner, R. A., Juchelka, D., Kalbitz, K., Buggle, B. and Glaser, B.: Absence of oxygen isotope
fractionation/exchange of (hemi-) cellulose derived sugars during litter decomposition, Organic
Geochemistry, 42(12), 1470–1475, doi:http://dx.doi.org/10.1016/j.orggeochem.2011.06.006,
2012.
Zech, M., Tuthorn, M., Detsch, F., Rozanski, K., Zech, R., Zöller, L., Zech, W. and Glaser, B.: A 220 ka
terrestrial δ18O and deuterium excess biomarker record from an eolian permafrost paleosol
sequence,
NE-Siberia,
Chemical
Geology,
360–361,
220–230,
doi:http://dx.doi.org/10.1016/j.chemgeo.2013.10.023, 2013a.
Zech, M., Tuthorn, M., Glaser, B., Amelung, W., Huwe, B., Zech, W., Zöller, L. and Löffler, J.: Natural
abundance of δ18O of sugar biomarkers in topsoils along a climate transect over the Central
Scandinavian Mountains, Norway, Journal of Plant Nutrition and Soil Science, 176(1), 12–15,
doi:10.1002/jpln.201200365, 2013b.
Zech, M., Mayr, C., Tuthorn, M., Leiber-Sauheitl, K. and Glaser, B.: Oxygen isotope ratios (18O/16O) of
hemicellulose-derived sugar biomarkers in plants, soils and sediments as paleoclimate proxy I:
Insight from a climate chamber experiment, Geochimica et Cosmochimica Acta, 126(0), 614–
623, doi:http://dx.doi.org/10.1016/j.gca.2013.10.048, 2014a.
Zech, M., Mayr, C., Tuthorn, M., Leiber-Sauheitl, K. and Glaser, B.: Reply to the comment of Sternberg
on “Zech et al. (2014) Oxygen isotope ratios (18O/16O) of hemicellulose-derived sugar biomarkers
in plants, soils and sediments as paleoclimate proxy I: Insight from a climate chamber
experiment.
GCA,
Geochimica
et
Cosmochimica
Acta,
141(0),
680–682,
doi:10.1016/j.gca.2014.04.051, 2014b.
Zech, M., Zech, R., Rozanski, K., Gleixner, G. and Zech, W.: Do n-alkane biomarkers in soils/sediments
reflect the δ2H isotopic composition of precipitation? A case study from Mt . Kilimanjaro and
implications for paleoaltimetry and paleoclimate research, Isotopes in Environmental and
Health Studies, 51(4), 508–524, doi:10.1080/10256016.2015.1058790, 2015.
Zhang, X., Gillespie, A. L. and Sessions, A. L.: Large D/H variations in bacterial lipids reflect central
metabolic pathways, PNAS, 106(31), 12580–12586, 2009.
Zhou, Y., Grice, K., Stuart-Williams, H., Farquhar, G. D., Hocart, C. H., Lu, H. and Liu, W.: Biosynthetic
origin of the saw-toothed profile in δ13C and δ2H of n-alkanes and systematic isotopic differences
between n-, iso- and anteiso-alkanes in leaf waxes of land plants, Phytochemistry, 71(4), 388–
403, doi:10.1016/j.phytochem.2009.11.009, 2010.

25

