
BGD
12, 2459–2489, 2015

Coupled isotopes of
plant wax and
hemicellulose

markers

M. Tuthorn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Biogeosciences Discuss., 12, 2459–2489, 2015
www.biogeosciences-discuss.net/12/2459/2015/
doi:10.5194/bgd-12-2459-2015
© Author(s) 2015. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

Coupled isotopes of plant wax and
hemicellulose markers record information
on relative humidity and isotopic
composition of precipitation
M. Tuthorn1, R. Zech2, M. Ruppenthal3, Y. Oelmann3, A. Kahmen4, H. F. del
Valle5, T. Eglinton2, and M. Zech1,6

1Department of Soil Physics and Chair of Geomorphology, University of Bayreuth,
Universitätsstr. 30, 95440 Bayreuth, Germany
2Geological Institute, ETH Zurich, Sonneggstrasse 5, 8092 Zurich, Switzerland
3Geoecology, University of Tübingen, Rümelinstr. 19–23, 72070 Tübingen, Germany
4Departement of Environmental Sciences – Botany, University of Basel, Schönbeinstrasse 6,
4056 Basel, Switzerland
5Ecología Terrestre, Centro Nacional Patagónico (CENPAT), Consejo Nacional de
Investigaciones Científicas y Técnicas (CONICET), Boulevard Brown 2825, U9120ACF Puerto
Madryn, Argentina
6Institute of Agronomy and Nutritional Sciences, Soil Biogeochemistry, Martin-Luther
University Halle-Wittenberg, von-Seckendorff-Platz 3, 06120 Halle, Germany

2459

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/2459/2015/bgd-12-2459-2015-print.pdf
http://www.biogeosciences-discuss.net/12/2459/2015/bgd-12-2459-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 2459–2489, 2015

Coupled isotopes of
plant wax and
hemicellulose

markers

M. Tuthorn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Received: 28 October 2014 – Accepted: 4 December 2014 – Published: 4 February 2015

Correspondence to: M. Zech (michael_zech@gmx.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

2460

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/2459/2015/bgd-12-2459-2015-print.pdf
http://www.biogeosciences-discuss.net/12/2459/2015/bgd-12-2459-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 2459–2489, 2015

Coupled isotopes of
plant wax and
hemicellulose

markers

M. Tuthorn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

The δ2H isotopic composition of leaf waxes is used increasingly for paleohydrological
and -climate reconstructions. However, it is challenging to disentangle past changes in
the isotopic composition of precipitation and changes in evapotranspirative enrichment
of leaf water. We analyzed δ2H on n-alkanes and fatty acids in topsoils along a climate5

transect in Argentina, for which we had previously measured δ18O on plant-derived
sugars. Our results indicate that leaf wax biomarker δ2H values (δ2Hlipids) primarily re-

flect δ2Hsource water (precipitation), but are modulated by evapotranspirative enrichment.
A mechanistic model is able to produce the main trends in δ2Hlipids along the transect,
but seems to slightly underestimate evapotranspirative enrichment in arid regions and10

overestimate it in grass-dominated ecosystems. Furthermore, the (i) coupling of the
δ2Hlipid and δ18Osugar biomarker results and (ii) application of biosynthetic fractiona-

tion factors allows calculating the δ2H-δ18O isotopic composition of leaf water along
the transect. This also yields the deuterium excess (d excess) of leaf water, which
mainly reflects evapotranspirative enrichment, and can be used to model relative air15

humidity (RH). The high correlation of modeled (reconstructed based on biomarker re-
sults) and measured RH, as well as the good agreement between modeled and actual
δ2H and δ18O of precipitation along the transect lends support to the coupled δ2Hlipid

and δ18Osugar biomarker approach for future paleoclimate research.

1 Introduction20

Long chain n-alkanes and fatty acids are important components of the epicuticular
leaf waxes of terrestrial plants (Eglinton, 1967). As leaf waxes can be preserved in
sedimentary archives over a long time (Radke et al., 2005; Samuels et al., 2008), they
can serve as valuable biomarkers for paleo-environmental and -climate reconstructions
(Eglinton and Eglinton, 2008; Zech et al., 2011). The δ2H isotopic composition of leaf25
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waxes is of particular interest in this regard, because, at least to a first order, it reflects
the isotopic composition of precipitation (Sauer et al., 2001; Sachse et al., 2004; Rao
et al., 2009), which in turn depends on temperature, humidity, atmospheric circulation,
etc. (Gat, 1996; Araguas-Araguas et al., 2000). While there is probably no fractiona-
tion of hydrogen isotopes during water uptake by the roots (Ehleringer and Dawson,5

1992), several studies have shown that leaf water is enriched in 2H compared to the
source water or precipitation (Flanagan et al., 1991; Yakir, 1992; Sachse et al., 2006;
Smith and Freeman, 2006; Farquhar et al., 2007; Feakins and Sessions, 2010). This
2H enrichment, which is also recorded in the leaf waxes, can be explained by evap-
otranspiration and is mainly controlled by relative air humidity (RH), temperature and10

the isotopic composition of atmospheric water vapor. Potential variations in the degree
of evapotranspirative enrichment in the past can make it challenging to reconstruct the
isotopic composition of paleoprecipitation from δ2H biomarker records alone.

Compound-specific δ2H of lipid biomarkers, especially n-alkanes due to their good
preservation, are already widely applied in paleoclimate and -hydrological research15

(Sauer et al., 2001; Schefuss et al., 2005; Pagani et al., 2006; Tierney et al., 2008;
Zech et al., 2013). Comparison of δ2Hn-alkanes with δ2Hfatty acids in such research is
hardly done so far but may provide additional merits of using fatty acids as an alterna-
tive to n-alkanes. Similarly, compound-specific δ18O analyses of sugars remain in their
infancy, yet hold significant promise (Hener et al., 1998; Juchelka et al., 1998; Werner,20

2003; Jung et al., 2005, 2007; Greule et al., 2008; Zech and Glaser, 2009; Zech et al.,
2012). Similar to leaf waxes, hemicellulose-derived sugars record the isotopic compo-
sition of water used for metabolism, i.e. the isotopic composition of precipitation altered
by evapotranspirative 18O enrichment of soil and leaf water (Zech et al., 2013b). Hemi-
cellulose residues can persist in soils (Zech et al., 2012). Given the evaporative 2H25

and 18O enrichment of leaf water being recorded in both, n-alkanes and hemicellulose-
derived sugars the combined plant wax δ2H and hemicellulose sugar δ18O analyses
offer the potential of reconstructing the deuterium excess of leaf water. The d excess
quantifies the isotopic deviation of water from the Global Meteoric Water Line (GMWL)
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and may serve as valuable proxy for evapotranspirative enrichment and RH. Further-
more, if leaf water values are defined in a δ2H-δ18O diagram, sugar and n-alkane iso-
topic information may enable reconstruction of the isotopic composition of precipitation
in paleohydrological studies (Zech et al., 2013a).

This study describes the application of a combined δ2H and δ18O biomarker ap-5

proach to modern topsoils sampled along a climate transect in Argentina. The aims of
this investigation are to

i. compare the δ2H values of n-alkanes with those of fatty acids, modeled n-alkane
δ2H values and δ18O values of sugars and evaluate the dominant climate factors
influencing these values,10

ii. reconstruct d excess using δ2H values of n-alkanes and δ18O values of sugars
and assess the potential of reconstructed d excess of leaf water as paleoclimate
proxy for RH, and

iii. evaluate the potential of the combined δ18O and δ2H biomarker approach to re-
construct the isotopic composition of precipitation.15

2 Material and methods

2.1 Transect description and samples

The investigated transect in Argentina spans from ∼ 32 to 47◦ S, and encompasses 20
sampling localities spanning a large climate and altitudinal (22–964 m) gradient (Fig. 1).
Mean annual temperature ranges from 11.4 to 18.0 ◦C and mean annual precipitation20

from 185 to 1100 mm. Precipitation shows a systematic southward trend towards more
negative δ18O and δ2H values (δ18Oprec and δ2Hprec, respectively) (Bowen, 2012;
GeoINTA, 2012).

The transect is described in detail by Tuthorn et al. (2014). Briefly, it is characterized
by warm humid subtropical conditions in the north (Zárate, Buenos Aires Province),25
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pronounced arid conditions in the middle part of the transect and cool temperate con-
ditions in the south (Las Heras, Santa Cruz Province). These markedly contrasting
climate conditions are reflected in the vegetation zones of the study area, changing
from Humid/Dry Pampa in the north to the Espinal vegetation zone that prevails under
semi-arid climate (Burgos and Vidal, 1951), Low Monte semidesert/desert in the most5

arid region of Argentina (Fernández and Busso, 1997), and Patagonian Steppe in the
southernmost part of the transect (Le Houérou, 1996; Paruelo et al., 1998).

During a field campaign in March and April 2010, mixed topsoil samples (Ah-
horizons) from maximum 51 cm depth were collected in triplicate replication from the
20 sample sites along the transect. The soil samples were air-dried in the field and later10

in an oven at 50 ◦C. While sampling site heterogeneity was checked for the δ18Osugar
analyses (Tuthorn et al., 2014), the field replications were merged to one composite
sample per study site for δ2Hlipid analyses.

2.2 Compound-specific δ2H analyses of n-alkanes and fatty acids

For δ2H analyses of n-alkane and fatty acid biomarkers, an Accelerated Solvent Ex-15

tractor (Dionex ASE 200) was used to extract free lipids from the dried soil samples with
dichloromethane (DCM) and methanol (MeOH; 9 : 1) according to Zech et al. (2013).
The total lipid extracts were separated over pipette columns filled with ∼ 2 g amino-
propyl. n-Alkanes were eluted with hexane, more polar lipids with DCM : MeOH (1 : 1),
and free fatty acids with diethyl ether:acetic acid (19 : 1). The n-alkanes were further20

purified using zeolite (Geokleen) pipette columns. The zeolite was dried and dissolved
in HF after eluting branched- and cyclo-alkyl compounds with hexane, and the straight-
chain (n-alkyl) compounds were then recovered by liquid–liquid extraction with hexane.
For samples 1–12, an additional purification step with silver nitrate columns was car-
ried out in order to eliminate unsaturated compounds. The chromatograms of the other25

sampled displayed no requirement for this purification step.
Fatty acids were methylated using 5 % HCl in methanol at 80 ◦C for 12 h. Subse-

quently, liquid–liquid extraction with 5 % NaCl and hexane was used to retrieve fatty
2464
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acid methyl esters (FAMEs). FAMEs were purified by elution with dichloromethane over
SiO2 columns (∼ 2 g).

5α androstane and hexamethylbenzene was used for quantification of the com-
pounds on an Agilent Technologies 7890A gas chromatograph (GC) equipped with
a VF1 column (30 m, 0.25 mm i.d., 0.25 µm film thickness) and a flame ionization detec-5

tor (FID). Compound-specific δ2H values of the long-chain n-alkanes and FAMEs were
determined based on at least triplicate analyses on a gas chromatograph-pyrolysis-
isotope ratio mass spectrometer (GC-pyrolysis-IRMS, Delta V, ThermoFisher Scien-
tific, Bremen, Germany). The A4 standard mixture (provided by Arndt Schimmelmann,
Indiana University, USA) was run three times per sequence at three different concen-10

trations. All results are reported after normalization using multi-linear regression (Paul
et al., 2007) and simple mass-balance correction of the FAMEs for the isotopic com-
position of the methanol used for derivatisation. Long-term precision of the analyses
was monitored using a laboratory standard (oak, n-C29). The standard was analyzed
in every sequence and yielded a mean value of −147.2 ‰ with a SD of ±1.7 ‰ across15

all sequences run for this study.

2.3 Modeling of leaf water 2H enrichment

The empirical data analyses were combined with mechanistic model simulations of
δ2Hleaf water in order to better detect and evaluate how the dominant climate variables
(air temperature and relative air humidity) influence 2H enrichment in lipids. The2H en-20

richment of leaf water due to evapotranspiration can be predicted by using mechanistic
models originally developed for isotope fractionation processes associated with evap-
oration from water surfaces by Craig and Gordon (1965). These models were adapted
for plants by Dongmann et al. (1974) and subsequently Farquhar and Lloyd (1993).
Evaporative 2H enrichment of the leaf water (∆2He) at the evaporative surface in the25

mesophyll is given by the equation:

∆2He = ε
+ +εk +

(
∆2HWV −εk

) ea

ei
, (1)
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where ε+ is the equilibrium fractionation between liquid water and vapor at the air–
water interfaces (Bottinga and Craig, 1969), εk is the kinetic fractionation during water
vapor diffusion from leaf intercellular air space to the atmosphere, ∆2HWV is the isotopic
difference of the water vapor and the source water, and ea/ei is the ratio of ambient
to intercellular vapor pressure (Craig and Gordon, 1965). This basic calculation was5

modified by including a Péclet effect that accounts for opposing fluxes of source water
entering the leaf through the transpiration flow and the back-diffusion of isotopically
enriched water from the sites of evaporation (Farquhar and Lloyd, 1993):

∆2Hleaf water =
∆2He(1−e−ϕ)

EL/CD
. (2)

The quotient of EL/CD represents the Péclet number (ϕ) where E is the transpira-10

tion rate, L is the effective path length, C is the molar concentration of water and
D is the diffusivity of 2H2O. The model approach we used followed that of Kahmen
et al. (2011b), where the Péclet-modified Craig Gordon model is reduced to three input
variables: air temperature, atmospheric vapour pressure and source water δ2H. This
simplified model is based on the assumption that leaf temperature equals air tempera-15

ture and that atmospheric vapor δ2H is in equilibrium with source water δ2H (Kahmen
et al., 2011b). Transpiration rates are estimated using relative humidity and air temper-
ature (retrieved from GeoINTA, 2012) and assuming a mean stomatal conductance of
0.15 molm−2 s−1. Based on reports for a large number of species in the literature (Kah-
men et al., 2008, 2009; Song et al., 2013), we used an average value of 20 mm for L20

and kept it constant across the transect. For our simulation of leaf water δ2H values we
obtained the model input variables air temperature, atmospheric vapor pressure and
source water δ2H from GeoINTA (2012) and Bowen (2012), respectively.

The isotopic composition of the leaf water can be estimated according to Eq. (3):

δ2Hleaf water = ∆2Hleaf water +δ
2HSW, (3)25
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where ∆2Hleaf water is the bulk leaf water evaporative enrichment and δ2HSW is the
hydrogen isotope ratio of source/xylem water.

2.4 The conceptual model for a coupled δ18O-δ2H approach

In a δ18O-δ2H diagram, the distance of reconstructed leaf water to the Global Mete-
oric Water Line (GMWL) defines the deuterium excess (d = δ2H−8 ·δ18O). Observed5

deviation is caused by the kinetic effect resulting in slower diffusivity of the 1H1H18O
molecules compared to the 2H1H16O molecules. More humid conditions and less evap-
otranspiration are reflected by lower d values, and more arid conditions and more evap-
otranspiration are reflected by higher d values. Using a Craig–Gordon model adapted
by Gat and Bowser (1991), the d excess of leaf water can be used to calculate RH10

values normalized to the temperature of leaf-water:

RH = 1− ∆d

(ε∗2 −8 ·ε∗18 +C
2
k −8 ·C18

k )
(4)

where ∆d represents the difference in d excess between leaf-water and source water.
According to Merlivat (1978), experimentally determined kinetic isotope fractionation
equals 25.1 and 28.5 ‰ for C2

k and C18
k , respectively, considering that these are the15

maximum values of kinetic fractionation during molecular diffusion of water through
stagnant air. Equilibrium isotope enrichments ε∗2 and ε∗18 as functions of temperature
can be calculated using empirical equations of Horita and Wesolowski (1994).

The combined δ18O-δ2H biomarker approach also allows reconstruction of the iso-
topic composition of plant source water, which can be considered as an approximation20

for δ2Hprec and δ18Oprec. In Fig. 5 these are given by the intercepts of the individual
evaporation lines (EL) with the GMWL. The slope value of 2.82 that is used for the EL
has been observed in previous experiments on evaporating leaf water (Allison et al.,
1985; Walker and Brunel, 1990; Bariac et al., 1994). For further details on modelling
coupled δ18O-δ2H biomarker results the reader is referred to Zech et al. (2013a).25
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3 Results and discussion

3.1 Comparison of δ2Hn-alkanes and δ2Hfatty acids

The C29 and C31 n-alkane homologues were sufficiently abundant in all samples to be
measured for their hydrogen isotopic composition. The δ2H values range from −155
to −222 ‰ and reveal a similar trend between n-C29 and n-C31 along the investigated5

transect (Table 1 and Fig. 2). While the northern and middle part of the transect is char-
acterized by relatively high δ2H values (∼ −160 ‰), the southern part of the transect is
characterized by considerably more negative δ2H values (∼ −210 ‰).

The δ2H values of the fatty acids n-C22, n-C24, n-C26, n-C28 and n-C30 range from
−128 to −225 ‰ (Table 1 and Fig. 2). In general, there is a good overall agreement be-10

tween the n-alkanes and the fatty acids (R = 0.96, p < 0.001, n = 20; for the weighted
means), both showing much more negative δ2H values in the south than in the north-
ern and middle portions of the transect (Table 1, Fig. 2). Interestingly, the longer ho-
mologues n-C28 and n-C30 are systematically enriched by 3 to 43 ‰ compared to the
n-alkanes. The same was observed by Chikaraishi and Naraoka (2007), reporting on n-15

alkanes being depleted in 2H relative to the corresponding n-alkanoic acid. Reasons for
this trend remain vague at this point, but may be relate to metabolic pathways, seasonal
differences in homologue production, or differences in homologue sources. Roots, for
example, have also been suggested as a source of long-chain n-fatty acids (Bull et al.,
2000). Shorter homologues, have been suggested to be not only plant-derived, but20

also of bacterial origin (Matsumoto et al., 2007; Bianchi and Canuel, 2011). Similarly,
soil microbial overprinting of long chain n-alkanes and fatty acids cannot be excluded
(Nguyen Tu et al., 2011; Zech et al., 2011).

The consistent δ2H pattern revealed by the n-alkanes and fatty acids along the
north–south climate transect does not solely reflect the δ2H isotopic composition of25

precipitation. Especially in the middle part of the transect, δ2H of the lipid biomarkers
shows a pronounced offset (Fig. 3). Given that n-alkanes are considered to primarily
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reflect leaf signals and are most widely applied in paleoclimate and paleohydrological
studies, we will principally refer to δ2H of long chain n-alkanes in further discussion
and calculations.

3.2 Evapotranspirative 2H enrichment of leaf water

Assuming a consistent biosynthetic fractionation of −160 ‰ for the n-alkane and fatty5

acids biosynthesis in plants (Sessions et al., 1999; Sachse et al., 2006), we estimated
the isotopic composition of leaf water using our n-alkane and fatty acids δ2H values
along the transect/gradient (Fig. 3). Note that an average biosynthetic fractionation fac-
tor of ∼ −200 ‰ was reported by Sessions et al. (1999) for short- and mid-chained fatty
acids synthesized mostly by unicellular/multicellular marine alge. By contrast, there10

are hardly any biosynthetic fractionation factors reported for long-chained fatty acids
of higher plants. Given that our δ2Hn-alkanes and fatty acids values are very similar,
using a biosynthetic fractionation factor of −160 ‰ for both lipids seems appropriate.

Estimated leaf water δ2H values suggest a pronounced 2H enrichment of leaf wa-
ter compared to precipitation (up to +62 ‰). This finding highlights the role of aridity15

for evapotranspiration and isotopic enrichment of leaf waxes, in good agreement with
prior studies (Sachse et al., 2006; Feakins and Sessions, 2010; Douglas et al., 2012;
Kahmen et al., 2013a).

Figure 4 illustrates the overall good agreement between δ2Hleaf water values inferred
from the measured n-alkanes and fatty acids, and δ2Hleaf water values calculated us-20

ing the Peclet-modified Graig–Gordon model. The correlations are highly significant
(r = 0.88, p < 0.001, n = 20, for n-alkanes and r = 0.93, p < 0.001, n = 20 for fatty
acids), suggesting that the model correctly implements the most relevant processes re-
lated to evapotranspirative enrichment of leaf water. While predicting the overall trend
in leaf water δ2H along the transect with reasonable accuracy, the model does not25

capture site-to-site excursions in the n-alkane-derived leaf water δ2H values from this
overall trend. As such, additional influences that are not captured by the model, such as
evaporative 2H enrichment of soil water can possibly explain the underestimation of the

2469

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/2459/2015/bgd-12-2459-2015-print.pdf
http://www.biogeosciences-discuss.net/12/2459/2015/bgd-12-2459-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 2459–2489, 2015

Coupled isotopes of
plant wax and
hemicellulose

markers

M. Tuthorn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

modeled δ2Hleaf water values in the middle part of the transect (Fig. 4). In contrast, the
model might overestimate δ2Hleaf water in the northern and the southern part of the tran-
sect. The corresponding ecosystems, the Humid Pampa and the Patagonian Steppe,
respectively, are grasslands, whereas the middle part of the transect is dominated by
shrubland. Grass-derived lipids have been shown to be less strongly affected by evap-5

orative leaf water 2H enrichment than those of trees or shrubs (McInerney et al., 2011;
Yang et al., 2011; Sachse et al., 2012; Kahmen et al., 2013b), and hence the overes-
timation of the model may be due to plant species effects (Pedentchouk et al., 2008;
Douglas et al., 2012). The more pronounced offsets in Patagonia could additionally be
attributed to a seasonality effect. The growing season in Patagonia is not year-round10

but mainly in spring.
In order to assess the sensitivity of the model to the input parameters, we varied

vapor pressure of air by ±5 hPa and mean annual temperature by ±5 ◦C. While changes
in temperature have only negligible effects on the modeled δ2H isotopic composition
of leaf water, changes in RH yield difference of up to ∼ 30 ‰ (Fig. 4). Different climatic15

conditions during the spring growing season in Patagonia could thus readily explain
the overestimation of the evapotranspirative enrichment in the model.

Evapotranspirative enrichment of leaf water has also been observed in δ18O values
of hemicellulose-derived arabinose, fucose and xylose analysed in topsoils along the
investigated transect (Tuthorn et al., 2014). Model sensitivity tests of 18O enrichment20

of leaf water using PMCG model corroborate the observations presented here that air
humidity is the key factor defining the 18O/2H enrichment of leaf water.

3.3 Combining δ18O sugar and δ2Hn-alkane biomarker analyses

A conceptual model for the combined interpretation of δ2Hn-alkane and δ18Osugar

biomarkers can be illustrated in a δ18O-δ2H diagram (Fig. 5). The model is based25

on the assumption that the investigated n-alkane and hemicellulose biomarkers are
primarily leaf-derived and reflect the isotopic composition of leaf water. With regard
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to the topsoil transect investigated here, this assumption is reasonable and supported
by leaf water modeling (for δ2H in Sect. 3.2, and for δ18O see Tuthorn et al., 2014).
Accordingly, the isotopic composition of leaf water can be reconstructed from the iso-
topic composition of the biomarkers by applying an average value according to various
studies of the biosynthetic fractionation factors resulting in −160 ‰ (Sessions et al.,5

1999; Sachse et al., 2006) and +27 ‰ (Sternberg et al., 1986; Yakir and DeNiro, 1990;
Schmidt et al., 2001; Cernusak et al., 2003) for δ2H and δ18O, respectively (Fig. 5).

3.3.1 Reconstructed RH values along the climate transect and comparison with
actual RH values

The reconstructed d excess values of leaf water along the investigated transect range10

from −67 to −178 ‰ and reveal a systematic trend towards more negative values in
the south (Fig. 6). The reconstructed RH values calculated using the leaf water d ex-
cess values according to the above-described Craig–Gordon model range from 16 to
65 %, with one extremely low value of 5 % (Fig. 6). Reconstructed RH values follow the
systematic d excess trend and correlate significantly (r = 0.79, p < 0.001, n = 20) with15

the actual modern RH values retrieved from GeoINTA (2012), which generally validates
the δ18O-δ2H conceptual model.

However, as depicted by Fig. 6, the reconstructed RH values systematically under-
estimate the actual (modern) RH values. This is especially pronounced for the three
southernmost locations (18–20) and may be attributed to several causes. First, the20

applied model calculations do not account for evaporative enrichment of soil water. In
the δ18O-δ2H diagram, the soil water enrichment shifts the source water (simplified to
“reconstructed precipitation” in Fig. 5 and our model) along the evaporation line and
thus leads to too negative d excess values and an underestimation of RH. Second,
the reconstructed source water lies on the GMWL in the model, while local meteoric25

water lines and thus actual precipitation may have a d excess offset from the GMWL
(d excess of GMWL= 10 ‰). In our case, this effect should be negligible, as d excess
values of precipitation along the transect are only on the order of 4.8–11 ‰ (Bowen,
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2012). Third, given that leaf waxes considered to be formed mostly during early stages
of leaf ontogeny (Kolattukudy, 1970; Riederer and Markstaedter, 1996; Kahmen et al.,
2011a; Tipple et al., 2012) they may not necessarily reflect the mean annual isotopic
composition of precipitation in regions with pronounced seasonality, but rather the iso-
topic composition of precipitation during the growing season. As well, compared to the5

annual (modern) RH values, growing season RH yields up to 9 % (CRU, 2013) lower
values in Patagonia where seasonality is especially pronounced. Fourth, reconstructed
RH values will be also underestimated if n-alkanes do not fully incorporate the evap-
otranspirative 2H enrichment of leaf water, which is the case for grasses (Sect. 3.2;
McInerney et al., 2011; Kahmen et al., 2013b). In the δ18O-δ2H diagram, leaf water10

would thus plot lower than the simple Craig–Gordon model predicts, and d excess
would be too negative.

Finally, the δ18O biosynthetic fractionation factor of ∼ +27 ‰, which has been re-
ported for cellulose, may underestimate the actual fractionation factor of hemicelluloses
(Tuthorn et al., 2014; Zech et al., 2014), which would result in reconstructed leaf wa-15

ter values plotting too far to the right in the δ18O-δ2H diagram. This can be explained
with the loss of a relatively 18O-depleted oxygen atom attached to C-6 during pentose
biosynthesis (C-6 decarboxylation; Altermatt and Neish, 1956; Harper and Bar-Peled,
2002; Burget et al., 2003), and is in agreement with the recent finding that about 80 %
of the oxygen atoms at the C-6 position are isotopically exchanged during cellulose20

synthesis (Waterhouse et al., 2013). In contrast, the value of +27 ‰ would be an over-
estimation in cases where significant amounts of stem or root-derived sugars contribute
to the soil sugar pool, because up to 40 % of the oxygen atoms being biosynthesized in
leaves are exchanging with non-enriched root/stem water during cellulose biosynthesis
in roots/stems (Sternberg et al., 1986; Gessler et al., 2009). However, given that this25

would result in an overestimation of reconstructed RH values (the opposite is observed,
Fig. 6), we suggest that the majority of the sugar biomarkers along the topsoil transect
investigated here are leaf-derived and not stem-/root-derived.
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3.3.2 Comparison of reconstructed and actual δ2Hprec and δ18Oprec values

Values of δ18Oprec and δ2Hprec reconstructed as the intercepts of the individual evap-

oration lines (EL) with the GMWL in the δ18O-δ2H diagram (Fig. 5) range from −7
to −22 ‰ and from −47 to −166 ‰, respectively. They correlate significantly (Fig. 7;
r = 0.90, p < 0.001, n = 20, and r = 0.88, p < 0.001, n = 20 for δ18Oprec and δ2Hprec,5

respectively) with the actual δ2Hprec and δ18Oprec values as derived from Bowen

(2012). While the reconstructed δ18Oprec and δ2Hprec values, like the reconstructed
RH values, generally validate our conceptual model, they appear to systematically un-
derestimate the actual δ18O and δ2H values of the precipitation water (Fig. 7).

The uncertainties discussed above for the observed offset of reconstructed vs. actual10

RH values can also affect the accuracy of reconstructed δ18Oprec and δ2Hprec values.
As well, the actual values for the isotopic composition of precipitation as reported by
Bowen (2012) show a confidence interval (95 %) ranging from 0.2 to 1.2 ‰, and from
2 to 11 ‰ for δ2Hprec and δ18Oprec, respectively. Here, we would like to emphasize
the possible influence of seasonality. As reported for sugar biomarkers (Tuthorn et al.,15

2014), we suggest that leaf waxes as well likely reflect the humidity and the isotopic
composition of spring and summer precipitation rather than mean annual values. Ac-
counting for these seasonality effects, the apparent offsets would be reduced. Future
modeling studies should therefore pay particular attention to seasonality, and consider
using climate parameters of the growing season instead of annual means.20

4 Conclusions

The hydrogen isotopic composition of leaf wax n-alkanes and n-alkanoic (fatty) acids
extracted from topsoils along a transect in Argentina varies significantly, with δ2H val-
ues ranging from −155 to −222 ‰ and −128 to −225 ‰, respectively. These δ2H val-
ues broadly parallel variations in the hydrogen isotopic composition of precipitation, but25
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are modulated by evaporative 2H enrichment of leaf water. A mechanistic leaf water
model correctly simulates the overall trends. Sensitivity tests show that relative humid-
ity exerts a stronger influence on evaporative enrichment than temperature.

Based on the premise that n-alkanes and hemicellulose biomarkers are primarily
leaf-derived, we reconstruct δ2Hleaf water and δ18Oleaf water, respectively, which in turn5

allows assessment of the d excess of leaf water. The large calculated range in d ex-
cess along the transect (−67 to −178 ‰) can be used to calculate/model RH; modeled
RH correlates significantly with empirical modern RH along the transect. Despite this
overall correlation, we observe a systematic underestimation of RH, which we attribute
to limitations of the combined δ18O-δ2H conceptual model. Similarly, δ18Oprec and10

δ2Hprec calculated/modeled from biomarker isotopic compositions significantly corre-
late with modern precipitation.

The novel combined δ2H-δ18O biomarker approach has great potential for paleo-
hydrological and paleo-climate reconstructions. In principle, it allows determination of
d excess of past leaf water, thus constraining evaporative enrichment, as well as the15

isotopic signal of past precipitation.
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Table 1. δ2H values of individual leaf wax n-alkanes and fatty acids. Measurements were car-
ried out in at least triplicate (SD= standard deviation).

δ2Hn-alkanes δ2Hfatty acids
sampling C29 C31 C22 C24 C26 C28 C30
locality mean (‰) SD mean (‰) SD mean (‰) SD mean (‰) SD mean (‰) SD mean (‰) SD mean (‰) SD

1 −157 2 −164 2 −155 1 −157 1 −151 1 −153 1 −153 2
2 −166 0 −166 1 −150 0 −155 1 −165 1 −163 1 −161 3
3 −175 1 −179 1 −162 0 −161 1 −165 1 −159 1 −155 0
4 −176 1 −176 1 −162 2 −163 1 −166 1 −165 1 −158 2
5 −178 1 −180 2 −164 0 −165 1 −168 2 −162 1 −159 1
6 −171 2 −172 0 −166 0 −165 2 −169 1 −161 1 −158 1
7 −179 0 −182 0 −170 0 −172 1 −177 0 −169 1 −157 0
8 −162 1 −167 1 −161 1 −161 1 −166 1 −161 1 −158 2
9 −173 1 −168 1 −163 1 −164 0 −168 1 −169 0 −156 1
10 −173 2 −170 2 −159 1 −167 1 −168 0 −159 1 −137 2
11 −170 2 −156 2 −158 0 −169 0 −167 2 −153 4 −147 4
12 −155 1 −176 0 −158 1 −168 1 −172 1 −148 1 −133 1
13 −157 2 −161 1 −158 1 −153 0 −140 1 −135 1 −128 1
14 −158 1 −166 0 −168 1 −183 0 −181 2 −160 2 −147 1
15 −194 2 −193 1 −194 0 −197 0 −191 1 −176 2 −168 2
16 −203 1 −211 1 −204 1 −198 0 −201 0 −193 0 −189 1
17 −218 1 −217 1 −219 1 −220 1 −217 0 −205 1 −204 1
18 −213 1 −202 4 −211 0 −203 1 −204 0 −196 0 −194 0
19 −222 1 −222 1 −220 0 −210 0 −225 1 −212 1 −204 1
20 −220 1 −212 1 −225 0 −221 1 −211 1 −193 3 −195 2
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Figure 1. Sampling localities along the investigated transect in Argentina. The colors illustrate
the gradient in δ2Hprec, and mean annual temperature and precipitation are shown below.
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Figure 2. Comparison of δ2H results of individual leaf wax n-alkanes and n-alkanoic (fatty)
acids along the investigated transect.
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Figure 3. Comparison of measured δ2Hn-alkanes (weighted mean of n-C29 and n-C31) and
δ2Hfatty acids (weighted mean of n-C22, n-C24, n-C26, n-C28 and n-C30) pattern with δ2Hprec
(Bowen, 2012) along the north–south climate transect. Assuming a consistent biosynthetic
fractionation of −160 ‰ for the n-alkane and fatty acid biosynthesis in plants the isotopic com-
position of leaf water was inferred.
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Figure 4. Results of δ2Hleaf water model simulations and comparison with measured δ2Hn-alkanes

and δ2Hfatty acids. Sensitivity tests for δ2Hleaf water are shown for changes in RH and air tempera-
ture for all 20 sites along the transect.
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Figure 5. δ18O-δ2H diagram representing the global meteoric water line (GMWL) and an evap-
oration line (EL). Data for the δ18O values of hemicellulose-derived sugars (mean of arabinose,
fucose and xylose) and the mean δ2H values of leaf wax-derived n-alkanes (mean of n-C29

and n-C31) are displayed. δ2H and δ18O values of leaf water are reconstructed using biosyn-
thetic fractionation factors and the distance of reconstructed leaf water to the GMWL defines
the deuterium excess (d = δ2H−8 ·δ18O). δ2H and δ18O values of precipitation for each site
are calculated as intersection of the individual ELs (slope 2.82) with the GMWL.
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Figure 6. Comparison of reconstructed humidity based on a normalized Craig–Gordon model
accounting for deuterium excess and temperature with modern humidity data retrieved for
the investigated sites (GeoINTA, 2012). Deuterium excess values were calculated using
δ18Oleaf water reconstructed from terrestrial sugars (Tuthorn et al., 2014) and δ2Hleaf water re-
constructed from n-alkanes.
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Figure 7. Correlation of δ18Oprec and δ2Hprec reconstructed from the biomarkers with actual

modern δ18Oprec and δ2Hprec (from Bowen, 2012), a and b, respectively.
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