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Summary

Summary

Stable water isotopes have significantly contributed to the reconstruction of climate history
qualitatively and quantitatively during the last decades. The hydrogen isotopic composi-
tion (82H) of terrestrial leaf wax-derived n-alkanes is used as source water §H recorder,
and is often interpreted as 62Hprecipitaﬁon. However, 82H,,_aiane iS Not only influenced by
52Hprecipitaﬁon changes, but also by the incorporation of the leaf water enrichment signal
caused by evapotranspiration. Therefore, single n-alkane §>H-based climate proxies are
often interpreted only quantitatively. Oxygen isotopic composition (§'80) of hemicellulose-
derived sugars can be interpreted comparable to the 8§*H of n-alkanes. By combining
8?H,-alkane With 8'80g,4ar results, potentially a powerful tool is available for disentangling
between source water and evapotranspirative enrichment changes. Such a coupled
8?Hy-akane-0 1 Osugar @pproach was shown to derive quantitative hydroclimate records, i.e.
past 82Hsource-water; 0 > Osource-water and relative air humidity (RHa;;) values, respectively. In
previous studies, this coupling was therefore introduced as paleohygrometer approach in
analogy to the often used paleothermometer approaches in Quaternary research. Within
this PhD thesis | aim at contributing to the validation and the broader application of the
coupled 82H,-aikane-8 ®Osugar paleohygrometer approach, because a detailed validation
and particularly the application to lake sediments is still missing.

The first two studies are therefore addressing the validation of the coupled 82H,-aikane-
61803ugar (paleohygrometer) approach. Firstly, leaf sample material from a climate cham-
ber experiment conducted with three different plant species was analyzed. The climate
chamber experiment showed that leaf §?H,.akane and 8'¥Ogygar are well correlated with
8*Hieat-waters 0 '3 Ojeatwater (> = 0.45 and 0.85, respectively, p < 0.001, n = 24). RHy;, was
robustly reconstructed based on a simplified Craig-Gordon model. The second validation
approach is a European topsoil transect study. It revealed that the coupled 8*H,._aikane-
8'80sugar approach allows the reconstruction of §*Hsource-waters 0'°Osource-water and mean
RH during day-time and vegetation period (RHypy). However, systematic offsets between
biomarker-based (reconstructed) 82Hsource-waters 0 Osource-water and RHypy values and a
clear larger range compared to 8?Hprecipitations 8 '°Oprecipitation and climate station RHypy,
respectively, were observed.

The application of the coupled 8%H,.-aikane-6'®Osugar @pproach to the terrestrial climate
archive Maundi (Mt. Kilimanjaro, Tanzania) was successful, allowing the reconstruction of
8*Hsource-water, 0 '8 Osource-water and day-time RH (RHp) throughout the last ~100 ka for East
African region. The observed strong positive relationship between the biomarker-based
8*Hsource-water, 0 '3 Osource-water and deuterium-excess of leaf water values indicates that an
amount effect in precipitation isotope composition seems not to be present on long time
scales.

In order to provide the backbone for applying the coupled §2H,-aikane-6 '*Osugar approach, a
source identification study of terrestrial versus aquatic sugar biomarkers in lake sediments
was conducted. For Late Glacial-Early Holocene sediments of Lake Gemlindener Maar
(Western Eifel region, Germany), the results show that arabinose is primarily of terrestrial
origin while fucose and xylose stem predominantly from aquatic sources. This allows for
using &'30,rabinose and terrestrial 82H,.aikane results from Lake Gemiindener Maar sedi-
ments in a coupled 52Hn_a|kane‘61803ugar paleohygrometer approach in order to derive a
day-time vegetation period RH (RHgy) record. The results challenge the paradigmatic view
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that the Younger Dryas is characterized by dry climatic conditions. They rather suggest
that a relatively wet phase at the beginning of the Younger Dryas prevailed, which is fol-
lowed by a more drier ending of the Younger Dryas. Also, large RHg, changes during the
Early Holocene were obvious which are more pronounced than the variations during the
Allergd-Younger Dryas transition phase.

Finally, | aimed to apply the coupled 62Hn_a||«,me—5lgosugar approach also to the Late Glacial-
Early Holocene sediments of Lake Bergsee (Southern Black Forest, Germany) in order to
validate or falsify the findings from Lake Gemindener Maar. However, the source iden-
tification strongly suggest that the sugar biomarkers in that lake are primarily of aquatic
origin. Hence, a coupling of terrestrial 62H,akane With 8'8Osygar records was not feasi-
ble. At the same time, the coupling of aquatic 8°H,-alkane With 51803L,gar records was not
possible either, because n-C,3 could not be considered as robust aquatic biomarker.

Overall, the findings of the studies | conducted for this thesis highlight the large poten-
tial to derive quantitative hydroclimate information from the coupled §?H,.akane-0'*Osugar
(paleohygrometer) approach. At the same time, the reconstruction of 8*Hiea.water from
8°H,.-alkane turned out to be a major uncertainty, representing the limitation regarding the
reconstruction of rather small variability of §ZHsource-water; 0 \*Osource-water and RH. Further-
more, a clear differentiation between terrestrial or aquatic origins of the n-alkane and sugar
biomarkers seems to be of fundamental importance for a successful application of the cou-
pled 8?H,-akane-6 '8 Osugar approach to lacustrine archives.
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Zusammenfassung

Die Analyse der stabilen Wasserisotope hat in den letzten Dekaden mafgeblich dazu
beigetragen die Klimageschichte qualitativ wie auch quantitativ zu erfassen. Zur Rekon-
struktion der Isotopenzusammensetzung des Wasserstoffs (6H) des Wassers, welches
Pflanzen aufnehmen, wird oftmals die §H von n-Alkan Biomarkern aus Blattwachsen
herangezogen. Diese wird wiederum als §*H des Niederschlags interpretiert. Allerdings
werden die 8°H,,..aan Werte nicht nur durch Verénderungen in den 62HNiedersch|ag Werten
beeinflusst, sondern beinhalten auch ein Anreicherungssignal, welches bei der Evapotran-
spiration von Blattwasser auftritt. Daher kénnen Klimaproxies, die allein auf 82H,, Aikan
Ergebnissen basieren, oft nur qualitativ interpretiert werden. Die Interpretation der Iso-
topenzusammensetzung des Sauerstoffs (§'80) von Hemizellulose-biirtigen Zuckern ist
vergleichbar mit der Interpretation der §*H von n-Alkanen. Die Kopplung von Beiden
erweist sich als sehr hilfreich um zwischen den Veranderungen im Wasser, welches die
Pflanzen aufnehmen und Anderungen in der Evapotranspiration von Blattwasser zu unter-
scheiden. Solch ein gekoppelter Ansatz kann daher dazu beitragen die hydroklimatischen
Bedingungen in der Vergangenheit auch quantitativ zu erfassen. Dazu werden §*Hwasser
und 8'8Owasser Werte und relative Luftfeuchtigkeiten (RH) rekonstruiert. In vorangegan-
gen Arbeiten wurde diese Kopplung als Paleohygrometer Ansatz eingeflihrt, in Analogie
zu den in der Quartarforschung oft verwendeten Paleothermometer Anséatzen. In dieser
Arbeit will Ich einen Beitrag zur Validierung und der breiteren Anwendung des gekoppelten
82H,-Aikan-0 '8 Ozucker Ansatzes leisten, da eine detaillierte Validierung und insbesondere
eine Anwendung auf Seesedimente bislang nicht erfolgt sind.

Die ersten beiden Studien befassen sich mit der Validierung des Ansatzes. Hierfir kon-
nte zum einen auf Blattmaterial eines Klimakammerexperimentes mit drei verschiedenen
Pflanzenarten zurlickgegriffen werden. Das Klimakammerexperiment zeigt, dass die
8?H,-Alkan Und 8'80zycer Werte gut mit den 6*Hpjattwasser bZW.  8'®Opjattwasser Werten
korreliert sind (r> = 0.45 und 0.85, p < 0.001, n = 24). Zudem konnten die RH Bedin-
gungen der Klimakammern mit Hilfe eines simplen Craig-Gordon Modell robust rekonstru-
iert werden. Als zweiter Validierungsansatz wurden 82H,.akan und 8'80zcker in Ober-
bodenproben eines europdischen Transektes analysiert. $2Hwasser UNd 88 Owasser SOWiE
RH Werte konnten hiermit rekonstruiert werden. Die RH Werte sind hierbei reprasen-
tativ fur die gemittelten Bedingungen wéahrend des Tages und der Vegetationsperiode
(RHmpv). Jedoch gibt es eine systematische Abweichung zwischen den rekonstruierten
8*Hwasser, 0'®Owasser Und RHypy Werten sowie eine gréBere Streuung im Vergleich zu
52HNiederschIaga 6180Niederschlag und RHypy Werten der Klimastationen.

Die Anwendung des gekoppelten 6?H,,_aikan-0 '8 Ozucker Ansatzes auf das terrestrisches Kii-
maarchiv. Maundi (Mt. Kilimanjaro, Tansania) erlaubte die Rekonstruktion von
8?Hwasser und 8 '30wasser und Tageszeit RH (RHp) wahrend der letzten ~100 ka fiir die Re-
gion Ostafrikas. Es besteht ein starker positiver Zusammenhang zwischen den Biomarker-
basierten 82Hwasser, 0 °Owasser Werten und dem Deuterium-Exzess des Blattwassers.
Dies deutet darauf hin, dass der Niederschlagsmengen-Effekt auf die Niederschlagsiso-
topie fur langere Zeitskalen keinen Einfluss hat.

Um eine solide Basis fiir die Anwendung des gekoppelten 8%H,-aikan-6 '8 Ozucker Ansatzes
auf Seesedimente zu schaffen, wurde zunachst untersucht, wie zwischen dem terrestrisch-
en und aquatischen Beitrag von sedimentaren Zuckerbiomarkern unterschieden werden



Zusammenfassung

kann. FUr die Spatglazialen-Frihholozédnen Sedimente des Gemundener Maars (West-
eifel, Deutschland) konnte gezeigt werden, dass Arabinose hauptsachlich terrestrischen
Ursprungs ist, wahrend Fucose und Xylose mafgeblich auf aquatischen Eintrag zurlck-
zufiihren sind. Basierend auf terrestrischen 82H,.akan und 8'®Oarapinose Ergebnissen,
kann damit der gekoppelte 8%H,.akan-0 '8 Ozucker paleohygrometer Ansatzes etabliert wer-
den. Die hiermit rekonstruierten RH Werte, welche die RH Bedingungen wéhrend der
Vegetations- und Tageszeit widerspiegeln (RHqyy), stellen die paradigmatische Vorstellung
einer trockenen Jingeren Dryas in Frage. Die Ergebnisse deuten eher darauf hin, dass
die Jungere Dryas relativ feucht begonnen hat und sich erst zum Ende dieser Periode ein
trockeneres Klima einstellt hat. Zudem wird offensichtlich, dass die Schwankungen in RHgy
im Friihholozan im Vergleich zur Ubergangsphase zwischen Allerad und Jiingeren Dryas
deutlich héher sind.

Zuletzt sollte der gekoppelte 8?H,,-akan-6 "2 Ozucker Ansatz auf die Sedimente des Bergsees
(Stdschwarzwald, Deutschland) tbertragen werden. Jedoch zeigte sich, dass die Zucker-
biomarker im Bergsee mafgeblich aquatischen Ursprungs sind, was eine Kopplung von
terrestrischen 82H,,.akan Mit 8'80zucker Ergebnissen verhindert. Zudem war auch keine
Kopplung von aquatischen 8%H,.akan Mit 8'80z,cer Ergebnissen méglich, da n-C3 nicht
als robuster aquatischer Biomarker herangezogen werden kann.

Die Ergebnisse der einzelnen Studien dieser Arbeit zeigen das grof3e Potential des gekop-
pelten 82H,,.akan Mit 88Oz cer Ansatzes zur Ableitung von quantitativen hydroklimatis-
chen Informationen. Es wird jedoch auch offensichtlich, dass insbesondere die Rekon-
struktion von 8?Hpgjaiwasser basierend auf 82H,..akan Werten fehlerbehaftet sein kann, was
die Rekonstruktion von kleinen Schwankungen in 8*Hwasser, 8 '8Owasser Und RH limitiert.
Zudem ist eine deutliche Unterscheidung zwischen terrestrischen und aquatischen Ur-
sprungs der n-Alkan- und Zuckerbiomarker eine Grundbedingung fir die erfolgreiche An-
wendung des gekoppelten 82H,,aikan-6 '8 Ozucker Ansatzes auf Seesedimentarchive.

Vi
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Extended Summary

1 Introduction

The history of human evolution, and especially its cultural history, has always been strongly
linked to climate variability (e.g. Behrensmeyer, 2006; Trauth et al., 2007; Sirocko, 2012).
This explains why much scientific effort is spent for a better understanding of modern cli-
mate systems and climate changes of the past. Stable isotopes have contributed sig-
nificantly during the last decades to reconstructing qualitatively and quantitatively climate
history. For example, the stable oxygen isotopic composition (5'0) of deep-sea records
serves as proxy for global ice volume and §'80, as well as the hydrogen isotope compo-
sition (8%H), of ice cores from Antarctica and Greenland are used as proxy for global tem-
perature history (Shackleton, 1987; Petit et al., 1999; Johnsen et al., 2001). With regard to
terrestrial climate archives, deriving quantitative paleoclimate information, like relative hu-
midity (RH) and isotope composition of precipitation (8?Hprecipitations ' Oprecipitation)s from
biomarker-isotope proxy data could overcome typical limitations of so far applied qualita-
tive interpretation approaches (Feng et al., 2007). Eley and Hren (2018) presented leaf
wax-derived n-alkane chain-length pattern to derive past vapor pressure deficit changes.
Furthermore, Gazquez et al. (2018) showed that triplicate oxygen stable isotope measure-
ments of gypsum can be used for RH,jr reconstructions. Triplicate oxygen isotope com-
position was also measured in phytoliths in order to derive RH information for a climate
chamber and a topsoil transect study (Alexandre et al., 2018). Rach et al. (2017) used
the differences in the hydrogen isotope composition of terrestrial and aquatic n-alkanes to
calculate a RHy; record from the Allead-Younger Dryas-Early Holocene transition, which
were so far only qualitatively interpreted (Rach et al., 2014).

Limitations of single isotope approaches

The hydrogen isotopic composition of terrestrial leaf wax-derived lipid biomarkers (such
as long-chain n-alkanes and n-alkanoic acids) are used as source water hydrogen isotope
composition recorders, and are therefore often interpreted as 62Hprecipitation records (e.g.
Jacob et al., 2007; Seki et al., 2011; Rach et al., 2014; Muschitiello et al., 2015). Leaf wax
8°H extracted from lacustrine surface sediments (Sauer et al., 2001; Huang et al., 2004;
Sachse et al., 2004; Mugler et al., 2008; Rao et al., 2014) and from surface soils (Hou et al.,
2008; Rao et al., 2009), also display high correlation with 52Hprecipitation. As lipid biomarkers
are biosynthesized in the leaves of the plants, this correlation is based on a strong leaf wa-
ter to precipitation (~plant source water) relationship which occurs when leaf water enrich-
ment is of minor relevance (Sachse et al., 2012). Long-term §*Hprecipitations 8 Oprecipitation
variations show distinct correlation to local air temperature changes in temperate regions
(e.g. Stumpp et al., 2014). In tropical regions the precipitation amount seems to play an
important role (Dansgaard, 1964; Rozanski et al., 1993), at least on a seasonal time-scale
(Rozanski et al., 1996). Araguas-Araguas et al. (2000) point out that effects associated with
the moisture source (e.g. the transport history of the moisture or the temperature at the
moisture source area) have to be taken into account when 52Hprecipitation, 5‘80precipitaﬁon
variations are interpreted. Thus, leaf wax 82H records in high latitudes were interpreted in
terms of a temperature and moisture source proxy (Rach et al., 2014), while in low latitudes

1
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(e.g. in South-East Africa) the interpretation follows the notion of the precipitation amount
versus 82Hprecipitations 0 Oprecipitation (SchefuB et al., 2011). However, when leaf water en-
richment caused by evapotranspiration occurs, it is reflected in the leaf wax H signatures
(e.g. Kahmen et al., 2013a) which is the reason single leaf wax §°H-based climate proxies
are often interpreted only quantitatively. For a decade, also compound-specific §'30 anal-
ysis of neutral sugar biomarkers are used in climate studies (Zech and Glaser, 2009; Zech
et al., 2013; Zech et al., 2014a). Accordingly o 18Osugar can be interpreted comparable to
the leaf wax §2H. If the sugars can be associated with hemicellulose structures of higher
vascular plants, they likely reflect the source water signal (i.e. precipitation) modified by
evapotranspirative enrichment of leaf water (Tuthorn et al., 2014; Zech et al., 2014Db).

Potential of the coupled 5°H,.-aikane-8 ®*Osugar approach

Leaf water enrichment is strongly driven by the RHg;; in the surrounding of the leaves (as re-
viewed e.g. by Cernusak et al., 2016), which provides large potential to derive quantitative
RH values from biomarker-isotopes such as leaf waxes and sugars. Indeed, a coupled ap-
proach using cellulose §°H and §'30 values was developed to derive RH values (Voelker
et al.,, 2014). This concept was also applied to sub-fossil wood samples to derive RH
changes throughout the Last Glacial Maximum-Early Holocene transition. A conceptual ap-
proach of coupling 62H,.aikane With 8'80gygar results in order to reconstruct §*Hprecipitations
5180precipitation, as well as the RHyj,, was recently validated via an Argentinian topsoil cli-
mate transect study (Tuthorn et al., 2015). This so-called paleohygrometer approach has
the potential to disentangle the source water signal from the modifications caused by leaf
water enrichment, overcoming the limitations of single biomarker-isotope approaches (for
further details see section 3 and Figure 1). Zech et al. (2013) for the first time introduced
this concept to derive RHgir and 8?Hprecipitation, 8> Oprecipitation records for the last 220 ka
from a permafrost paleosol sequence in North-East Siberia. Using n-alkane and sugar
biomarkers to gain respective §>H and §'80 results has advantages compared to using
cellulose for compound specific °H and §'30 measurements (e.g. Mayr, 2002). Namely,
the new approach overcomes challenges associated with (i) the interpretation of cellulose
82H results as derived from measurable nitro cellulose derivatives (e.g. Sternberg, 1988)
and (ii) the complexity of the extraction, purification and §'30 measurements (Mayr, 2002;
Saurer and Siegwolf, 2004; Wissel et al., 2008). One essential requirement for a suc-
cessful application of the coupled 52H,1_a|kane-51gosugar paleohygrometer approach is the
biomarker source determination. When rn-alkane and sugar biomarkers extracted from lake
sediments originate mainly from aquatic sources no quantitative RH reconstructions can be
derived (Hepp et al., 2015). Still, disentangling between the lake source water isotope sig-
nal (6?Hprecipitation, 8 '>Oprecipitation) @nd alternations caused by lake water enrichment, both
incorporated into the biomarkers, was possible. Overall, the lake water enrichment has to
be interpreted in terms of evaporation versus precipitation amount changes (Hepp et al.,
2015).

Given the above outlined limitations of single isotope approaches and the potential of the
coupled 8%H,,-aikane-0 ¥ Osugar @pproach, the following research objectives were addressed
within this PhD thesis:

» Validating the coupled 82H,-aikane-6'®Osugar paleohygrometer approach using i) leaf
sample material from a climate chamber experiment conducted with three different
plant species (Mayr, 2002) and ii) topsoil samples along an European climate transect
from Southern Sweden to Southern Germany (Schéafer et al., 2016).
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» Application of the coupled 52Hn-a|kane‘61803ugar approach to a terrestrial climate
archive, namely the loess-like paleosol sequence Maundi from the Southern slopes
of Mt. Kilimanjaro. This archive offered the potential to establish a first ~100 ka RH
record for East Africa.

» Source identification of terrestrial versus aquatic sugar biomarkers in a lacustrine
study. This forms the basis for the interpretation of 5180$ugar records established
from lake sediments.

» Application of the coupled 2H,-aikane-8 ®Osugar @approach to two lake sedimentary
archives from the West Eifel maar lake region (Lake Gemiindener Maar) and the
Southern Black Forest region (Lake Bergsee) in order to derive quantitative hydrocli-
mate information from the Late Glacial-Early Holocene transition.

2 Compound-specific isotope analyses of biomarkers

The ’online’ coupling of gas chromatographs via combustion or pyrolysis reactors to iso-
tope ratio mass spectrometers (GC-C,Py-IRMS) developed around 30 years ago (Glaser,
2005; Amelung et al., 2009) augmented compound-specific isotope analyses of biomark-
ers. While §'3Cgygar (6.9 Gross and Glaser, 2004) or §'*C,.akane and 8?H,.akane (€.9. Ses-
sions et al., 1999; Zech and Glaser, 2008) biomarker analyses are nowadays well estab-
lished in numerous scientific communities ranging from soil and plant science over climate
research to forensics (Sachse et al., 2012; Diefendorf and Freimuth, 2016; Tipple et al.,
2016; Jansen and Wiesenberg, 2017; Pedentchouk and Zhou, 2018), compound-specific
580 analyses of biomarkers have been realized and published by only three scientific
working groups worldwide, hitherto.

2.1 Lipid biomarker and compound-specific §°H,-aikane analyses

In order to obtain total lipid extracts from the leaf (manuscript 1), soil (manuscript 2), loess-
like paleosol (manuscript 3) and lake sediment samples (manuscripts 5 and 6) three differ-
ent extraction procedures were performed, i.e. accelerated solvent extraction (manuscript
3; e.g. Zech and Glaser, 2008), microwave extraction (manuscripts 1, 2 and 5; e.g. Veggi
et al., 2013) and soxhlet extraction (manuscript 6; e.g. Bourbonniere et al., 1997). Solid
phase chromatography via silica gel columns (aminopropyl-silica-gel (Supelco, 45 um)
filled pipettes) are used to separate the total lipid extract into a nonpolar fraction (incl.
n-alkanes), a more polar fraction (incl. alcohols) and an acid fraction (incl. n-alkanoic
acids). Therefore, the columns were flushed with organic solvents of increasing polarity,
i.e. n-hexane, dichloromethan:methanol in a ratio of 1:1 and acetic acid:diethyl ether in
a ratio of 1:19 (Hou et al., 2008; Schéfer et al., 2016) to extract the trapped fractions. If
necessary (manuscripts 1, 2 and 5), the nonpolar fraction was cleaned over silver-nitrate
coated silica gel columns and zeolith columns (Geokleen) in order to obtain a clean n-
alkane fraction. Quantification of the n-alkanes was performed on GC to mass spectrom-
eter couplings (manuscripts 1 and 5) and GCs equipped with a flame ionization detector
(manuscripts 2, 3 and 6). Compound-specific n-alkane §>H analyses were performed using
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a gas chromatography-isotope ratio mass spectrometry technique consisting of GC online
connected via 2H-pyrolysis reactor to an IRMS. The reactor temperature is thereby set to
1000°C (GC5 pyrolysis, combustion interface equipped with a CR (ChromeHD) reactor;
manuscripts 1 and 5), 1420°C (in a GC-IRMS coupling of a TRACE GC Ultra and a Delta
V Plus IRMS (Thermo Fisher Scientific, Bremen, Germany); manuscript 2), 1445°C (in a
GC-IRMS system equipped with a HP 6890 GC and a DeltaPLUSXL IRMS; manuscript 3)
and 1425°C (for an empty ceramic tube 2H-pyrolysis reactor in the GC IsoLink interface
(Thermo Fisher Scientific, Bremen, Germany); manuscript 6). Co-analysing n-alkane stan-
dard mixtures with known isotope composition (supplied by A. Schimmelmann, University
of Indiana) was used for calibration of the lipid §?H results and checking the precision of
the GC-IRMS system. Latter was also ensured by measuring the Hg’ factor routinely, which
stayed constant during the measurement periods.

2.2 Sugar biomarker and compound-specific o 1803L.g,;,lr analyses

Monosaccharide sugar biomarkers were extracted hydrolytically using 4M trifluoric acid for
4 h at 105°C from all samples, according to standard procedures (Guggenberger et al.,
1994; Amelung et al., 1996). Afterwards, the extracts were cleaned and purified over glass
fibre filters followed by XAD-7 (removal of humic-like compounds) and DOWEX 50WX8
(removal of cations) columns. After freezing and freeze-drying the samples, methylboronic
acid derivatization was conducted (Knapp, 1979) in order to make the monosaccharides
arabinose, fucose, xylose and rhamnose GC-amenable (Gross and Glaser, 2004), allow-
ing for the compound-specific §'80 analyses (Zech and Glaser, 2009). Compound-specific
SIBOsugar analyses were performed on a GC-IRMS system that was coupled online via an
180-pyrolysis reactor, which was set to 1280°C (Zech and Glaser, 2009). The co-analysis
of external sugar standards containing arabinose, fucose, xylose and rhamnose in differ-
ent concentrations and of known isotope compositions ensured the ’Principle of Identical
Treatment’ standard for stable isotope analysis (according to Werner and Brand, 2001),
and allowed furthermore the correction for possibly occurring amount effects (according to
Zech and Glaser, 2009).

The compound-specific isotope results are expressed in the common delta notation (6
Standard Mean Ocean Water standard (VSMOW; Coplen, 2011).

3 Principle of the coupled 6*H,,.aikane-6 '*Osugar Paleohygro-
meter approach

3.1 Biomarker-based leaf water reconstructions

The fundamental assumption of the coupled 8?H,.akane-8'%Osugar Paleohygrometer ap-
proach is that biomarker isotope signatures reflect primarily the leaf water isotope compo-
sition (Figure 1). Hence, when applying biosynthetic fractionation factors leaf water can
be reconstructed. Fractionation factors can be derived from the literature. Most likely, ap-
propriate factors are -160h for H of n-alkanes (&2,,; Sessions et al., 1999; Sachse et al.,
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2012) and +27h for 80 in sugars (¢ Sternberg et al., 1986; Yakir and DeNiro, 1990;
Schmidt et al., 2001; Cernusak et al., 2003):

3H|2eaf-water = (52Hn-alkane £§i0)=(1 + 8&021000) (1)

Slgoleaf-water = (Slgosugar eéi%):(l + gé%:lOO()) (2)

The n-alkane and sugar biomarkers can be related to the epicuticular leaf wax layers (Eglin-
ton and Hamilton, 1967) and to the (leaf) hemicellulose structures of higher vascular plants
(e.g. Jia et al., 2008; Zech et al., 2012; Hepp et al., 2016, and references therein), respec-
tively. A large overview of plant cell wall structure and chemical composition is e.g. given
in Caffall and Mohnen (2009). The biomarkers thus incorporate the isotope signal of the
(leaf) water in which they are biosynthesized. Accordingly the leaf wax n-alkanes and leaf
(hemi-)celluloses primarily reflect bulk leaf water during the photosynthetic active period
(e.g. Barbour and Farquhar, 2000; Roden et al., 2000; Schmidt et al., 2003; Cernusak et
al., 2005; Sachse et al., 2012; Kahmen et al., 2013a).

3.1.1 Excursus: Uncertainties of the §’H,.aikane t0 8*Hieat.water relationship

The main uncertainty for n-alkane-based leaf water reconstructions is most likely associ-
ated with the rather variable 8?H,,_giane 10 *Hieat-water relationship, which results in a large
range of sgio (also called &,_aikane/ieaf-water), @S presented in the literature (e.g Feakins and
Sessions, 2010; Tipple et al., 2015; Feakins et al., 2016; Freimuth et al., 2017). Based on
the therein published &€, aikane/ieat-waterdata of the n-alkanes C,9 and Cjy, a large variation
of approximately 174 (ranging from -66 to -240h) with a median close to -155h can be
derived. Furthermore, the timing of leaf wax synthesis could contribute to the wide range
of observed €, aikane/ieat-water Values. If leaf wax synthesis occurs mainly during leaf flush
(Tipple et al., 2013; Gamarra and Kahmen, 2017), the n-alkanes incorporate the source
(leaf) water signal during that period (Sachse et al., 2010) and can therefore not be well
correlated to the leaf water signals during the whole growing season. For long-chain leaf
lipids (from C,7 to C31), a complete recycling could occur after 71 to 128 days as derived
from a labeling experiment of the grass species Phleum pratense conducted by Gao et
al. (2012). In addition, the influence of storage carbohydrates on the isotope signature of
the n-alkanes biosynthesized during leaf flush might be increased (Newberry et al., 2015).
However, there is also evidence that n-alkanes reflect more or less continuously the climate
conditions during the whole vegetation period (e.g. Newberry et al., 2015; Pedentchouk and
Zhou, 2018, and references therein). The n-alkanes of grass species tend to reflect only
partially the leaf water signal (Kahmen et al., 2013a; Gamarra et al., 2016). They are con-
sidered to be mainly influenced by the source water of the plants (Mclnerney et al., 2011)
due to their leaf growth at the intercalary meristem located at the base of the leaves. Fi-
nally, species-specific differences in sgio have to be taken into account (see reviews from
Schmidt et al. (2003), Sachse et al. (2012), and Pedentchouk and Zhou (2018), and ref-
erence therein), exemplary highlighted by stomatal density effects (Lee et al., 2016) and
the carbon as well as the energy metabolism of plants (Cormier et al., 2018; Tipple and
Ehleringer, 2018) on &2,
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Figure 1: 8°H versus 880 diagram illustrating (i) §°H,-akane Versus &'®Ogygar (Marked with a cross),
(ii) the reconstructed leaf water isotope composition by applying biosynthetic fractionation factors
(Sessions et al., 1999; Sachse et al., 2012; Schmidt et al., 2001; Cernusak et al., 2003); marked
with an open circle), (iii) the possibility to reconstruct source water isotope composition, which
could serve as a proxy for precipitation isotope composition, using the intersect between the local
evaporation line (LEL) and the global or local meteoric water line (GMWL or LMWL; marked with a
filled circle), and finally (iv) the effect of low and high leaf water evapotranspirative enrichment along
the LEL on the deuterium-excess (d) of leaf water (which is the parallel distance to the GMWL or
LMWL, marked with d letters), possibly serving as quantitative RH proxy (Zech et al., 2013; Tuthorn
et al., 2015).



Extended Summary

3.1.2 Excursus: Uncertainties of the 5'8Ogygar 10 §'80jeat.water relationship

Uncertainties for reconstructing 8 '80cat.water based on (leaf) hemicellulose sugar 630 are
mostly based on cellulose studies. Overall, the influence of (unenriched) source water,
which is commonly less enriched than the leaf water, cannot be ruled out. This holds true
for dicotyledon plants (e.g. reviews from Barbour, 2007; Sternberg et al., 2006), mono-
cotyledon (grass) species (Helliker and Ehleringer, 2002; Liu et al., 2016; Liu et al., 2017;
Lehmann et al., 2017), and surely for stem cellulose (e.g Roden et al., 2000), but also for
leaf cellulose (Wang et al., 1998; Barbour and Farquhar, 2000; Cernusak et al., 2005; Song
et al., 2014; Cheesman and Cernusak, 2017; Munksgaard et al., 2017). However, large
ranges of the so called damping factor are reported for empirical data (Wang et al., 1998)
but also with regard to the theory (Song et al., 2014). The theoretical approach for §30
in (hemi-)cellulose is based on the premise that sucrose exported from photosynthesizing
leaves is +27h more positive compared to leaf water (Cernusak et al., 2003), which is
interpreted as sucrose being in full isotopic equilibrium with the synthesis water. Latter is
drawn from the comparison to the equilibrium fractionation effect of the reversible hydration
reaction of acetone, which contains only one exchangeable oxygen, with water, resulting
in an enrichment of +28, +28 and +26h at 15, 25 and 35°C, respectively (Sternberg and
DeNiro, 1983).

Also the cellulose biosynthesis is associated with an enrichment of around +27h com-
pared to the synthesis water as shown in growth experiments (Sternberg et al., 1986; Yakir
and DeNiro, 1990), which is again generally explained via the isotope exchange between
the carbonyl oxygen and water (Schmidt et al., 2001). This means that the isotope signal
of the leaf water incorporated by the transport sugar sucrose can potentially be dampened
by oxygen exchange with local synthesis water during autotrophic, in terms of synthesized
from photosynthesis products (sensu Terwilliger et al., 2002), (hemi-)cellulose biosynthesis
in any sink tissue. This can be described by the equation of Barbour and Farquhar (2000):
6180(hemi—)cellulose = 8"%Osource-water + (8" Ojeat.water- 6 *Osource-water) (1 - Pex Px ) + géi%-
Herein, py is the proportion of unenriched source water contribution to the local synthe-
sis water and pey is the proportion of exchangeable oxygen during cellulose synthesis, in
multiplication called damping factor.

The exchange is caused by hydration reactions that affect one oxygen when sucrose is
cleaved into glucose phosphate, via the reversible conversion to fructose 6-phosphate and
fructose 1,6-biphosphate (Waterhouse et al., 2013). A portion of fructose 1,6-biphosphate
undergoes a futile cycling through triose phosphates, which allows further three oxygen
positions to exchange (Barbour and Farquhar, 2000; Barbour, 2007; Sternberg, 2009; Wa-
terhouse et al., 2013). However the transfer of the cellulose directly to hemicellulose §'30
has to be questioned. Pentoses, like the hemicellulose-derived arabinose and xylose, are
biosynthesized via decarboxylation of the carbon at position six (C6) from glucose (Alter-
matt and Neish, 1956; Harper and Bar-Peled, 2002; Burget et al., 2003). Waterhouse et al.
(2013) suggested that the oxygens at this glucose C6 position are most strongly affected by
the exchange with local water medium (as indicated by 80% exchange during heterotrophic
cellulose synthesis).

Thus, most likely at least §'80 of hemicellulose-derived pentoses are less effected by
potential unenriched source water exchange processes. Still, for stem hemicelluloses from
dicotyledonous plants, which grew under controlled climate conditions, a damping factor of
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50 to 81% was observed (as highlighted by Sternberg, 2014, based on the data published
by Zech et al.,, 2014b). From the presented theory it is also evident, that biosynthetic
fractionation (g2, and also called eggarieat-water) ffects the 618Ogygar signature. Indeed,
the temperature dependency of €8 is still under debate (Sternberg and Ellsworth, 2011;
Sternberg, 2014 versus Zech et al., 2014c). So far there is evidence that the §'30 signature
of storage substances like starch, which indeed contribute to leaf cellulose synthesis (e.g.
Terwilliger et al., 2001, sensu Terwilliger et al., 2002), can also be described via an +27h
enriched compared to the synthesis water (as e.g. summarized and suggest by Sternberg
(2009). However, the question how strong the §'80 imprint of such storage substances is
related to 8'3Ojeatwater IS €ven more important, which cannot be answered here (see e.g.
Sternberg et al., 2006; Lehmann et al., 2017, for more details). Sucrose synthesis gradients
within a leaf, as well as leaf water inhomogeneity, could lead to weakening the §'30)cai-water
to 5'®Q0gygar relationship, highlighted by a recent study by Lehmann et al. (2017) showing
that the bulk leaf water is not always a good substitute of cellulose synthesis water in leaves.
Finally, such leaf water inhomogeneities tend to increase under decreasing RH conditions,
and vice versa (Santrucek et al., 2007), affecting not only the §'80\car.-water 10 61803ugar
correlation but also the 8?Hieat-water 10 8>H-alkane relation.

3.2 Leaf water enrichment theory

The second basic assumption of the paleohygrometer approach concerns leaf water en-
richment. Leaf water is commonly enriched compared to the source water utilized by the
plants during day time (e.g. the review of Cernusak et al., 2016). This is caused by the
evaporation process while the plants transpire water through the stomata (Figure 1). As the
leaf water reservoir close to the stomata (at the site where the evaporation takes place) is
rather small, it can be assumed that the steady-state conditions occur rather rapidly (Allison
et al., 1985; Walker and Brunel, 1990; Bariac et al., 1994; Gat et al., 2007). With the iso-
tope composition of the transpired water being equal to the source water of the plants, the
leaf water enrichment can be described via a Craig-Gordon model, given here in 0 terms
(Equation 3; Flanagan et al., 1991; Roden and Ehleringer, 1999; Barbour et al., 2004):

O0¢ Os+e& +e&+ (02 & &) ea=e (3)

Here, 8¢, 0s and d, are the isotope compositions of evaporative site leaf water, source
water and atmospheric water vapor, respectively. The equilibrium enrichment (expressed
as (1-1/a,y) 10 3, where aqy is the equilibrium fractionation factor between liquid water
and water vapour) is included as € in h. The kinetic fractionation parameters, describing
the water vapor diffusion through the stomata and the boundary air layer is expressed
as & in h. Finally, ey/e;j is the ratio of atmospheric vapor pressure to intracellular vapor
pressure, hence a leaf RH realisation. As the g values are unknown for paleo applications,
due to their dependency on stomatal and boundary layer resistances to the water (vapor)
flux (Farquhar et al., 1989), it seems to be appropriate to use more general defined kinetic
enrichment parameters (Cy) instead (Craig and Gordon, 1965; Gat and Bowser, 1991).
Assuming that leaf temperature is equal to air temperature, the e,/e; ratio can be replaced
by the air RH. If finally an isotope equilibrium between the source water of the plants and the
local atmospheric water vapour is hypothesised, then the term 8, — ds can be approximated
with -¢ , thus Equation 3 will be simplified to:

0¢ Os+(e +C) (1 RH) 4)
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3.3 Reconstruction of plant source water 5°H, 530 and RH,;

With the above-presented leaf water enrichment model at hand, both the isotopic composi-
tion of plant source water and RH can be reconstructed. Plant source water can be directly
linked to soil water and shallow groundwater, which in turn reflect mean annual precipi-
tation (e.g. Herrmann et al., 1987). The isotope composition of global precipitation plots
typically along the global meteoric water line (GMWL, with the equation 62Hprecipitation =8
o ISOprecipitaﬁon + 10; Dansgaard, 1964) and the isotope composition of local precipitation
plots along a local meteoric water line (LMWL, with various equations depending on the
locality). These observations can be used for inferring information about the source water
of the plants (Figure 1). Plant source water isotope composition can thereby be calculated
as the intersect between the local evaporation line, on which the leaf water plots, and the
GMWL (Zech et al., 2013) or LMWL. With regard to Equation 4, the slope of the LEL (Sig()
can be derived from Equation 5

Stet = (8 8)7(5° &%) (& +CR=(es+ %) (5)

The equilibrium fractionation parameters (&, and €4) can be calculated according to tem-
perature dependent empirical equations from Horita and Wesolowski (1994). The kinetic
fractionation factors (CZ and C®) can be derived from Merlivat (1978), who reported max-
imum values of the molecular water diffusion through a stagnant boundary layer, which
seems to be appropriate for leaves. It should be noted that g values for broad-leaf trees
and shrubs are well in range with the used Cy values (as derived from the supplementary
data of Cernusak et al. (2016). Calculated LEL slopes (Equation 5), only depending on
the temperature via the equilibrium fractionation parameters, are well in range with slopes
observed in the field and in the laboratory experiments (Zech et al., 2013; Tuthorn et al.,
2015 versus Allison et al., 1985; Walker and Brunel, 1990; Bariac et al., 1994; Gat et al.,
2007; Tipple et al., 2013). Using the deuterium-excess (d) definition of either the GMWL (d
= 6’°’H -8 §'%0; Dansgaard, 1964) or the LMWL (d = §°H — slope of LMWL §'80), the
leaf water enrichment model can be described for hydrogen as well as oxygen in a single
equation, which can be rearranged in order to calculate RH values (Zech et al., 2013):

RH 1 (de ds)=(&, SemwLimwl €s+C:  Samwiimwe Cid): (6)

Here, de and ds are the deuterium-excess of evaporative site leaf water and source water,
respectively, and slopes of the GMWL or LMWL are given as Sguywr LmwL. When dg values
are achievable from the GMWL or LMWL, then a powerful tool is given for deriving past
RH changes via de (Zech et al., 2013; Tuthorn et al., 2015), under the assumption that
de can be derived from the biomarker-based 8?Hicatwaters O ' Oleat-water FeCONStructions
(Equation 1 and Equation 2). Equation 6 requires strictly seen de values as input, while
the biomarker-based leaf water results rather in a deuterium-excess of (bulk) leaf water
(d)). The d, values are most likely less enriched than the deuterium-excess at the evapo-
rative site (dg). It should be noted that differences between de and d; are far below typi-
cal analytic errors associated with compound-specific §2H,,-aikane and 51803ug,ar analysis,
as derived form de and d, assessment using the complete data sets from Australia (Kah-
men et al., 2013b) and Hawaii (Kahmen et al., 2011a), as presented in the supplementary
data of Cernusak et al. (2016). The d values were here calculated via a local deuterium-
excess formulation using the presented §?H and §'30 of xylem water. Thus a correction
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of biomarker-derived d; values in order to achieve dg as input for Equation 6 seems to
be unnecessary. The here presented approach allows reconstructing RH (particularly of
day-time and vegetation time, see Tuthorn et al. (2015) and 8*Hprecipitations O Oprecipitation
(particularly of weighted mean annual precipitation).

4 Results & Discussion

4.1 Climate chamber validation study 1 (manuscript 1)

The overall aim of this study was to validate the coupled 62H,.aikane-8'8Osugar paleohy-
grometer approach by using leaf material from plants grown under controlled climate con-
ditions. A climate chamber experiment, conducted by co-author Christoph Mayr at the
Helmholtz Zentrum Minchen during winter 2000/2001 (Mayr, 2002), was used to inves-
tigate leaf samples for their 52H,.akane and 8'¥Ogygar values. The three different plant
species used in the experiment (Eucalyptus globulus, Vicia faba var. minor and Brassica
oleracea var. medullosa) were grown under seven air temperature (Ti) and RHg; condi-
tions (14, 18, 24 and 30°C; 21, 24, 32, 48, 49, 50 and 68%) for 56 days. After this period,
the plants were harvested and analyzed for 8’Hicat-waters 0 ' Oleat-water- FOr more details
about the experimental set-up and plant related results see Mayr (2002). The analyzed
alkanes n-Cy9 and n-Cs3; can be associated with the epicuticular leaf wax layers of the
plants (Eglinton and Hamilton, 1967), while the extracted monosaccharides arabinose and
xylose originate form the hemicellulose structure of the plant leaf cells (Caffall and Mohnen,
2009). The n-Cy9 and n-C3; 82H results were combined as weighted mean to 6%H,aikane
values and the arabinose and xylose §'80 values were used to calculate weighted mean
8 '80gygar results (Figure 2).

Both biomarker isotope values are highly significantly correlated with the respective leaf
water isotope values (62H,-alkane Versus 8?Hieat-water and 8'8Ogygar versus 8'80ieatwater:
r> = 0.45 and 0.85, p < 0.001, n = 24). The mean fractionation factors derived from the
difference between the biomarkers and the leaf water were -156h (within a range from
-192 t0 -133%) for &,-akane/leat-water aNd +27.3N for &ygar/ieat-water (Within a range from 23.0
to 32.3%), which are well in agreement with the literature (Sessions et al., 1999; Kahmen
et al., 2011b; Sachse et al., 2012; Sternberg et al., 1986; Yakir and DeNiro, 1990; Schmidt
et al., 2001; Cernusak et al., 2003).

In order to evaluate if the principle assumption of the coupled 62Hn_a|kane—51803ugar paleo-
hygrometer approach is valid (as outlined in detail in section 3), the measured 6?Hcaf-water
and &'30)eat.water results were used as input variables for calculating RHg, via Equation 6
(Figure 3A). The d, values were derived from the equation de = SHZ ¢ yater =8 8 *Oleat-water
(according to the equation of Dansgaard (1964) and the GMWL was used as baseline, re-
vealing a d of 10 (used for ds) and a slope of 8 (Craig, 1961). Modeled RHg;; values fit
very well with the measured RH,;; values along the 1:1 line (Figure 3A; R? = 0.84, RSME
= 6.04%). When biomarker-based §*Hieat-waters 0 °Oleat-water Values are used (calculated
via Equation 1 and Equation 2) for RHg;; modeling, the RH,;; predictions are getting worse,
but are still significant (Figure 3B, modified from Hepp et al., 2019¢). The weaker R? when
biomarker-based §%Hieat-water, 0 *Oleat-water Values are used in comparison to measured
values points to one main uncertainty of the coupled §?H,.akane-8 ' Osugar paleohygrometer

10



Extended Summary

Figure 2: Plant water and climate chamber conditions of the controlled experiment (modified from
Hepp et al., 2019c). A) Leaf, xylem and soil water isotope composition (all from Mayr, 2002), along
with respective §*H,-aikane (n-C29 and n-Cs;) and §'80gygar (arabinose and xylose) values. B) Air
temperature and relative humidity conditions of the climate chambers (Mayr, 2002).
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approach, which is related to the limitations associated with the biomarker-based leaf water
reconstruction (see paragraph above). This is understandable when considering the large
ranges of the observed &, aikane/leat-water @Nd Esygariieat-water Values as well as the fairly well
8°H,-alkane 10 8*Hieat-water relationship. Still, the high potential of the coupled 82H,-aikane-
51805ugar paleohygrometer approach is highlighted by robust RH reconstructions, consid-
ering an R? of 0.54 for the biomarker-based versus measured RHgjr relationship and an
RSME of 10.14% (Figure 3B).

Figure 3: Scatterplots of leaf water- (A) and biomarker-based (B) relative air humidity values (RHgj)
versus measured RHy; values (modified from Hepp et al., 2019c). Black line = 1:1 line; R? =
coefficient of correlation along the 1:1 line; RMSE = root mean square error in % RHg;.

4.2 European climate transect validation study 2 (manuscript 2)

The European topsoil climate transect, established by Imke Kathrin Schafer and co-authors,
allows evaluating the coupled 52H,,.a|kane-6ISOSUgar approach under field conditions. For
establishing the transect reaching from Southern Sweden to South Germany, topsoil sam-
ples (0-5 cm of the Ah horizons) at 16 locations were taken in November 2012. Further-
more, three different vegetation types, i.e. coniferous forest, deciduous forest and grass-
land were differentiated, which leads in summary to 29 sampling points. Climate variables
were derived from the close-by climate station data (climate data were retrieved from the
respective German, Danish and Swedish weather observation institutions (DWD, DMI and
SMHI); Frich et al., 1997; Laursen et al., 1999; Cappelen, 2002; DWD Climate Data Cen-
ter, 2018b; DWD Climate Data Center, 2018a; Swedish Meteorological and Hydrological
Institute, 2018). From this database, climate variability along the transect regarding long-
term mean annual temperatures (Tya) and RH (RHya), long-term means for the vegetation
period (April to October; Tyv, RHmy) and finally long-term mean for the day-time (from 7
a.m. to 7 p.m.) and vegetation period (Tmpy, RHwpv), were obtained. In addition, long-
term mean annual precipitation amount (Pya) was calculated. For two Danish sites long-
term means of Typy were not available (the Tyyy were used instead). Along the transect,
Tma range from 5.3 to 10.6°C and mean annual precipitation (Pya) ranges from 554 to
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1769 mm, which is quite comparable to a published Argentinian transect which was used
for validating the coupled 8%H,-aikane-6 '®Osugar paleohygrometer approach (Tuthorn et al.,
2015). However, the (weighted) mean annual isotopic composition of precipitation shows
smaller variations along the European transect compared to the Argentinian transect. For
the Swedish and Danish sites of the European transect, 62Hprecipitaﬁon data was gathered
from the The Online Isotopes in Precipitation Calculator (called 8°Hopg, 8'8Ogpc; Bowen
and Revenaugh, 2003; IAEA/WMO, 2015; Bowen, 2018). For the German sites, a regional
precipitation §?H and §'80 regionalisation was realized by using long-term data available
from 34 German GNIP stations, 4 Austrian ANIP stations (Reutte, Scharnitz, Salzburg,
Kufstein) and from Groningen GNIP station, (Stumpp et al., 2014; Geldern et al., 2014;
IAEA/WMO, 2018; Umweltbundesamt GmbH, 2018), referred to as §*Hgpr, 6'8Ogpr, for
more details see manuscript 2. §?Hgiproipc and 6'80gipr oipc Varies between -52 and
-79h (= 27h range) and between -7.4 and -10.9h (= 3.5h range), respectively. Along
the Argentinian transect, the §*Hgipc and 8'80gpc ranges from -29 to -87h (= 58h
range) and from -5.0 to -11.7h (= 6.7h range), which is approximately double as large
(Tuthorn et al., 2014; Tuthorn et al., 2015). Similar findings are reported for the mean
annual RH gradient, which is 25% regarding RHya along the Argentinian sites (Tuthorn
et al., 2015), whereas along the European transect study only a 12% variation can be ob-
served. Therefore, the European topsoil transect can also be seen as a sensitivity test
for the coupled 82H,-alkane-6 '8 Osugar paleohygrometer approach. In summary, 25 samples
could be used for coupling of 62H,,-aikane With §'8Ogyqgar results, which yielded in biomarker-
based 8%Hsource-waters 0 'SOsource-water (~precipitation) and RHypy values. For 8?H,.aikane
the mean of §?H of n-Cp7, n-Ca9 and n-C3; was used, while for §18O0ggar, arabinose and
xylose §'30 results were combined as weighted means.

The apparent isotope fractionation, calculated as &,.aikane/precipitaion = (6°H,-alkane —
8?Haipr.oipc)/(1 + 8*Haipr oipc/1000) and €sygarsprecipitaion = (8 °Osugar — 6'*Oaipr.oipc)/(1
+ SISOG|PR,O|P0/1 000), is lower for sugars and more negative for n-alkanes from grassland
compared to the forest sites. This means that &, aikane/precipitaion @Nd Esugar/precipitaion from
the grassland sites is closer to the expected €2, and gl8 values of -160 (Sessions et al.,
1999; Sachse et al., 2012) and +27h (Sternberg et al., 1986; Yakir and DeNiro, 1990;
Schmidt et al., 2001; Cernusak et al., 2003). This finding is well in agreement with recent
studies showing that n-alkanes and cellulose extracted from grass leaves are less sensitive
leaf water recorders (Mclnerney et al., 2011; Kahmen et al., 2013a; Gamarra et al., 2016;
Helliker and Ehleringer, 2002). Hence, grass biomarkers reflect the more negative source
water signal (~precipitation) rather than the leaf water, which is influenced by evapotran-
spirative enrichment. Most likely the basal growth form of grass species via an intercalary
meristem can explain this effect. Indeed, water sampled from the leaf growth and differen-
tiation zone is close to the source water of grasses (Liu et al., 2017).

The biomarker-based §?Hsource-water; 0'*Osource-water Values plot reasonable well close to
the 1:1 lines with §>Hgipr oipc and 3'30gipr.oipc but show a much larger range (93 and
12 for 82Hsource-water aNd 8 '8 Osource-water, respectively; Figure 4A and B). The same holds
true for the comparison of biomarker-based with climate station RHyyp. While RHyyp de-
rived from the climate stations show a variation of 17%, the biomarker-based RHyyp show
a total range of 40% (Figure 4C). The larger range in the reconstructions could be caused
by uncertainties associated with the §?Hjeat.water Feconstruction based on n-alkane §*H and
a constant sgio factor (see also section 3.1.1). Also the usage of the same LEL slope for
the coniferous sites as for deciduous tree and grass sites could lead to the observed large
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ranges in the reconstructions. Moreover, systematic offsets between the reconstructed
8?Hsource-waters 0 8 Osource-water and RHypyv values compared to the GIPR, OIPC precipita-
tion values and the climate station-derived RHypy are obvious (median D 5?H  -21h,
DS'80  -2.9h and DRHypy  -17.1%). With regard to reconstructed 8*Hsource-water;
818050urce-water this could be caused by the usage of a too steep LEL slope for the conifer-
ous sites. Furthermore, the consideration of the loss of evaporative leaf water enrichment
would diminish the negative offset of the grass sites. The study shows therefore the limita-
tions of reconstructing medium variations in precipitation §2H, §'80 and RHypv by using
the coupled 82H,-aikane-6 '8 Osugar approach.

Figure 4: Scatterplots comprising reconstructed source water §>H versus 62Hg|pR!Q|pC (A), recon-
structed source water §'80 versus 61806|pR,O|pC (B) and reconstructed RHypy based on the cou-
pled 62Hn_a|k;,me-6‘8Osugar approach versus climate station RHypy values (C). Abbreviations: con =
coniferous forest sites; dec = deciduous forest sites; grass = grassland sites, modified from Hepp
et al. (2019b).

4.3 Application of the coupled 6°H,.akane-0'*Osugar approach to the
terrestrial sedimentary archive of Maundi (manuscript 3)

A first application of the coupled 82H,.akane-8 '3 Osugar @pproach within this PhD project
was realized on a loess-like paleosol sequence from the Southern slopes of Mt. Kiliman-
jaro called Maundi ( 2780 m a.s.l.; 3°10'27.5”S, 37°31’05.8"E). The age-depth model sug-
gests that the Maundi record covers approximately the last 100 ka. The sequence was
analyzed for §'8Hsygars and 6?Hmethoxyl, 8>Hraty-acias (n-alkanoic acids) and 6?H,-aikanes in
order to establish a multi-proxy stable isotope record for the Late Quaternary in equatorial
East Africa (Figure 5). Pollen results for the same sequence were previously presented
by Schiler et al. (2012). The coupled 52H,,_a|kanes—6180$ugars paleohygrometer approach
was used to reconstruct mean RH values during day-time (Ryp) and source water isotope
composition (§?Hsource-waters 8'°Osource-water). The 52Hfatty—acids and 6%H,-akanes records of
Maundi were compared to the 82Hjear.wax records of Lake Challa, Lake Tanganyika and
Lake Malawi (Tierney et al., 2008; Tierney et al., 2011; Konecky et al., 2011). They all
reveal the same trends, i.e. more negative values during the African Humid Period. At the
same time, differences regarding the distinct patterns, amplitude and timing of events are
also observed (Figure 5).
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A straightforward interpretation of these climate proxies is complicated by the numerous
possibly influencing factors on sedimentary fatty acids and n-alkanes in East Africa (i.e.
moisture source and transport history, precipitation amount and evapotranspirative enrich-
ment). Therefore, the coupled 8?H,-aikanes-8 *Osugars paleohygrometer approach was used
to derive quantitative paleoclimate information, potentially overcoming these limitation. Re-
constructed RHp values for Maundi range from 29 to 81% (Figure 6). The most pronounced
minimum during ~70 to 60 ka is with dating uncertainties corresponding to a pronounced
famous drought period leading to low lake levels of Lake Malawi ('megadroughts’ according
to Scholz et al. (2007) and Lake Challa (Moernaut et al., 2010). The two minima during the
Last Glacial Maximum also coincide with low lake levels of Lake Tanganyika (Gasse et al.,
1989; McGlue et al., 2007), Lake Viktoria (Talbot and Livingstone, 1989) and Lake Challa
(Verschuren et al., 2009; Moernaut et al., 2010). The shift towards more humid conditions
during the Late Glacial seen in the Maundi RHp record reflects the beginning of the African
Humid Period, as suggested by raising equatorial East African lake levels (Gasse, 2000;
Junginger et al., 2014), and enhanced rainfall derived from model results (Otto-Bliesner
et al., 2014).

Figure 5: Maundi multi-proxy (biomarker) isotope records (8'®Osygars, 8°Hy-alkaness 02 Hatty-acidss
52Hmethoxy|) along with Lake Challa (Tierney et al., 2011), Lake Tanganyika (Tierney et al., 2008)
and Lake Malawi (Konecky et al., 2011) leaf wax §%H records (as presented in Hepp et al., 2017).
LGM = Last Glacial Maximum, YD = Younger Dryas, AHP = African Humid Period.

Overall the Maundi RHp record is in agreement with the climate reconstruction based on
the Maundi pollen results (Schiiler et al., 2012). In addition to the regional moisture avail-
ability, a local effect is suggested to influence the Maundi RHp values. This local effect
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concerns the intensification of the trade wind inversion, which affects the diurnal atmo-
spheric circulation on the Southern slopes of Mt. Kilimanjaro (Pepin et al., 2010). This can
help to explain why the Maundi RHp record does not show noticeably humid conditions
during the Early Holocene, while high lake levels during the Early Holocene document the
African Humid Period until ~5 ka as a period with moisture availability in East African region
after the interruption caused by the Younger Dryas (Junginger et al., 2014).

Figure 6: Maundi deuterium-excess of leaf water and reconstructed RH during day-time (RHp)
records, along with selected pollen results from the Maundi loess-like paleosol sequence (Schiiler
et al., 2012), as modified from Hepp et al. (2017). LGM = Last Glacial Maximum, YD = Younger
Dryas, AHP = African Humid Period.

Finally, the highly significant correlation between reconstructed deuterium-excess of leaf
water and §?Hsource-water, 0 '*Osource-water (Figure 7) reveals that a long-term amount effect
cannot explain the pattern of the Maundi §%Hsource-waters 0 ' Osource-water f€cords. In mod-
ern precipitation, §2H and §'80 for East African regions on a seasonal timescale can be
described (Rozanski et al., 1996). However, no clear relationship between 62Hprecipitaﬂon,
o lsoprecipitation and precipitation amount is observed on longer (at least inter-annual) time
scales (Rozanski et al., 1996; Sundqvist et al., 2013). Most likely effects on local and re-
gional moisture recycling, and therefore the expansion, shrinking (or complete collapse) of
montane rainforest on the Southeastern slopes of Mt. Kilimanjaro and changes in regional
vegetation cover have to be taken into account for understanding Maundi 8% Hsource-waters
8'80s0urce-water Variations.
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Figure 7: Scatterplot of reconstructed Maundi & '3Ogoyrce-water VErsus deuterium-excess of leaf water,
revealing a positive correlation with an r? of 0.6 (using the data as presented in Tab. 1 of Hepp et al.,
2017).

4.4 Source identification of terrestrial versus aquatic sugars in lacus-
trine systems (manuscript 4)

For a successful application of the coupled 62Hn.a|kane-5lgosugar paleohygrometer approach
to lacustrine archives, the identification of the sedimentary organic matter source, and more
specifically the identification of the source of specific biomarkers is essential. With regard
to n-alkane biomarkers, source identification is mainly based on chain-lengths. Long-chain
lipids (n-alkanes, n-alkanols and n-alkanoic acids) are usually interpreted as derived from
terrestrial plants because they occur abundantly in epicuticular leaf waxes of higher vas-
cular plants (Eglinton and Hamilton, 1967). By contrast, mid- and short chain lipids are
usually associated with submerged aquatic macrophytes (Ficken et al., 2000) or algae.
Yet, this source assignment is increasingly challenged (e.g. Hepp et al., 2015; Aichner et
al., 2018) and needs careful consideration in every case study. For the sugar biomarkers
arabinose, fucose and xylose, a lacustrine sedimentary source identification is presented
in this manuscript for the first time.

Sugar biomarkers were extracted from different terrestrial and aquatic plants as well as
from various algae species. While vascular plants are characterized by high amounts of
arabinose and xylose, algae yielded higher concentrations of fucose (both based on rel-
ative sugar biomarker abundances; Figure 8A). In combination with data compiled from
the literature this suggests that the ratio of fuc/(ara + xyl) can serve as an additional proxy
for differentiating between aquatic versus terrestrial lacustrine sedimentary organic matter
input. When additionally taking into account relative sugar biomarker abundances from
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soils and sediments (Figure 8B), the ratio of (fuc + xyl)/ara seems to be a helpful proxy for
distinguishing aquatic versus terrestrial input in lacustrine archives, too.

Overall, this compilation suggests that sugar biomarkers can serve as valuable comple-
mentary proxy for sedimentary source identification and that fucose and xylose can often
be related to aquatic sources, whereas arabinose can often be attributed to terrestrial ori-
gin. The latter likely holds true for the Lake Gemindener Maar sediments (Figure 8B).

Figure 8: Ternary diagrams illustrating the relative abundances of arabinose, fucose and xylose for
the analyzed samples presented in manuscript 4 (Hepp et al., 2016) (A), as well as for soil and
sediment data compiled from the literature, i.e. alpine soils (Prietzel et al., 2013), topsoil samples
(Bock et al., 2007), loess/paleosol samples (Zech et al., 2013) and lacustrine sediments (Zech et
al., 2014a) (B). Figure modified from Hepp et al. (2016).

4.5 Application of the coupled 6°H,.akane-0 '*Osugar paleohygrometer
approach to the Gemiindener Maar sedimentary record
(manuscript 5)

The above-presented source identification study of terrestrial versus aquatic sugars in la-
custrine systems (manuscript 4) provides the basis for applying the coupled §%H,.aikane-
8'80gugar paleohygrometer approach to the Late Glacial-Early Holocene Lake Gemiin-
dener Maar sediment archive. The Lake is located in the Western Eifel region
(50°10°39.853"N, 6°50°12.912"E; 407 m a.s.l.), Germany, within the ancient volcanic field
(Sirocko et al., 2013). The weighted mean §%H of the alkanes n-C,7 and n-Co9 as well as
8'80,rabinose are used to derive RH day-time and vegetation period (RHgy), because they
are considered to record the past §*Hieat.water aNd 8 '8 Oeat-water-

Interestingly, the results suggest that the Younger Dryas was not uniformly dry but two-
phased with regard to RH. The first phase is characterised by RHg, values similar to the
Allerad level; only the end of the Younger Dryas is characterised by drier climatic condi-
tions (Figure 9). This contradicts earlier results suggesting (i) continuously dry conditions
throughout the Younger Dryas (Rach et al., 2014) and (ii) a two-phasing with a dry and
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cold first period that is followed by increasing wetness and higher temperatures during
the second Younger Dryas phase (Brauer et al., 1999). Moreover, the Lake Gemiindener
Maar RH record reveals quite high variability during the Early Holocene, compared to the
Younger Dryas and the Allerad sections. So far, it is uncertain how strong the solar activity
influenced this unexpected finding in Late Glacial-Early Holocene RH history over Central
Europe.

Figure 9: A) Lake Gemudener Maar relative humidity record during day-time and vegetation period
(RHgy) along with B) the IntCal 13 “C production rate (Muscheler et al., 2014), which can be
interpreted as solar activity proxy (Stuiver and Braziunas, 1988). Bold line in RHq, plot = 3 point
running mean; Error bars and shaded area represents uncertainties associated with 8?H,-aikane and
5'80sugar measurements. AL = Allergd, LST = Laacher See Tephra, YD = Younger Dryas, PB =
Preboreal, BO = Boreal. Figure modified from Hepp et al. (2019a).

4.6 Application of the coupled 6°H,.-akane-0'*Osugar approach to the
Lake Bergsee sedimentary record (manuscript 6)

The second application of the coupled 82H,-aikane-6 *Osugar @approach to a lake sedimen-
tary archive was conducted on samples from Lake Bergsee, Southern Black Forest, Ger-
many (7°56’117E, 47°34°'20"N; 382 m a.s.l.; Becker et al., 2006). The investigated core
section covers, like the Lake Gemindener Maar study, the Late Glacial to Early Holocene
transition, i.e. a time span between 16,000 to 10,750 a cal BP. As highlighted by Hepp et al.
(2015) (section 4.4 and manuscript 4) and Hepp et al. (2019a) (section 4.5 and manuscript
5), the biomarker source identification is essential for interpreting the compound-specific
isotope results. For the biomarker source identification, n-alkane and sugar biomarker pat-
tern were analyzed in detail and, for potentially coupling 62H,,-akane With 5'8Ogygar results,
alkanes with the chain length n-C,3, n-Cys, n-Cy7, n-Cy9 and n-C3; as well as the sugars
arabinose, fucose and xylose were analyzed for their §*H and §'80 isotope signatures,
respectively.
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Figure 10: A) 8%H,akane records (n-Cas, n-Cas, n-Ca7, n-Ca9 and n-Cs;) and B) §'8Ogygar records
(arabinose, fucose, xylose) of Lake Bergsee. Background colors show time periods (according to
Litt et al., 2001): PB = Preboreal, YD = Younger Dryas, AL = Allergd, OD = Older Dryas, BL =
Bolling, OLD = Oldest Dryas, MD = Meiendorf, PG = Pleniglacial. LST = Laacher See Tephra.

An unambiguous bulk source determination turned out to be not possible for Lake Bergsee
based on the bulk results. Regarding the n-alkane biomarkers, however, it can be assumed
that the long-chain homologues (n-C,7, n-Cy9 and n-Cs3;) originate from terrestrial sources
(Eglinton and Hamilton, 1967), i.e. from leaf waxes of higher terrestrial plants grown in the
Lake Bergsee catchment. The short-chain compound (n-C,3) reflect most likely a mixture
between the input from submerged aquatic organisms (e.g. Ficken et al., 2000) and from
terrestrial plants, as shown also by Aichner et al. (2018) for a lacustrine record from Poland.
Sedimentary sugars are interpreted to be primarily aquatic-derived, based on the sugar
ratios developed from manuscript 4 (Figure 8). Accordingly, 61803L,gar (arabinose, xylose
and fucose) are presumably good 8'80ake-water recorders, while §%H,.akane values from
long-chain n-alkane (n-C»7, n-C»9 and n-Cs;) should reflect paleo 8?Hieat-water-

The origin of the n-alkane and sugar biomarkers becomes also obvious when describing
the biomarker-based isotope records (Figure 10). When the n-C,9 and n-C3; alkanes orig-
inate from grasses (e.g. Poaceae) and n-C,7 from trees (e.g. Betula), in average +17h
more positive n-C,7 §%H values can be explained with the fact that n-alkanes from grasses
are typically less sensitive leaf water enrichment recorders (Mclnerney et al., 2011; Kah-
men et al., 2013a). The n-C,s 8°H record seems to be a mixture between tree (Betula)
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and grass (Poaceae) input, because the values are close to n-C,7 during the Pleniglacial,
Meiendorf and the Preboreal, while during Oldest Dryas, Beglling, Older Dryas, Allergd and
Younger Dryas the n-C,s5 §*H record resemble the n-Co9, n-C3; ones. For long-chain n-
alkanes, often an &2, factor of -160h is assumed, based on findings from Sachse et al.
(2006) and Sessions et al. (1999). For n-C,3 8%H data from Potamogeton and surface
sediments, however, a smaller fractionation factor during biosynthesis of -82 to -88h is
suggested (Aichner et al., 2010). Offsets between Lake Bergsee n-C,3 82H and n-Cs7,
n-Cog, n-C31 6*H records could therefore result from variable aquatic contribution of n-C»s.
The main influencing factors on n-alkane 82H are highlighted in Figure 10A.

The Lake Bergsee 6lgosugar records can be interpreted in terms of reflecting changes in (i)
580 of source water (~local precipitation) and (ii) 30 lake water enrichment (as illustrated
in Figure 10B). This can explain why the §'80g,4ar record of Lake Bergsee reveals opposite
trends and a much higher amplitude compared to precipitation records based on carbonate
580 (Mayer and Schwark, 1999; Wurth et al., 2004). Focusing on the Younger Dryas-
Preboreal transition, a shift of ~5 is obvious in 6 18OSugar record, based on average values
for both periods. This is well in agreement with a reconstructed 880 ake-water Shift of around
6h from Lake Gosciaz (Rozanski et al., 2010).

Due to the mixed origin of n-C,3 in Lake Bergsee sediments (= mixture between aquatic
and terrestrial sources) a coupling between 8%H,.akane (n-C23) and §'¥Ogyqar according
to Hepp et al. (2015) was not possible. The large potential of the coupled §%H,.aikane-
51803ugar approach for disentangling lake or leaf water enrichments from source water
changes could therefore not be utilized in this study. Moreover, our results are in line with
other publications emphasising that caution has to be taken when applying the classical
n-alkane chain-length interpretation to lacustrine archives (Hepp et al., 2015; Duan et al.,
2016; Liu and Liu, 2016; Rao et al., 2016).

5 Conclusions

The following conclusions can be drawn from the results and discussions presented in this
thesis dealing with the coupled 8%H,.akane-8 '®Osugar approach:

« The analysis of the leaf material from the climate chamber experiment shows that
8%H,-alkane-0 '8 Osugar are well correlated with 8?Hieat.waters 0'Oleatwater (> = 0.45
and 0.85, respectively, p < 0.001, n = 24). Moreover, RH, can be robustly re-
constructed based on measured 8%Hicarwaters O 'S Oleat-water Values as well as on
8°H,-alkane, Slgosugar—derived leaf water isotope composition by using a simplified
Craig-Gordon model. This highlights the large potential of the coupled 6%H,aikane-
61803ugar paleohygrometer approach. From the topsoil transect study, it can be
concluded that such an §?H,.akane-8 '®Osugar approach allows the reconstruction of
8 Hsource-water, 8'®Osource-water and RHypy values. However, also systematical off-
sets between biomarker-based (reconstructed) 8% Hsource-waters 0 8Osource-water @and
RHyvpyv values compared to precipitation 3?Hgipr oipcs 8'2Ogiproipc and climate
station RHypy values, respectively, are observed. Thus, both studies imply that the
uncertainty of reconstructing 8?Hicat-water Dased on 8%H,_aikane values (which is also
present in data compiled from literature, see section 3.1.1) represents one clear lim-
itation of the coupled 8%H,.akane-8 '®Osugar approach regarding the reconstruction of
rather small variability in §ZHsource-water, 0 ' Osource-water and RH records.
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» The application of the coupled 62Hn.a||«,me-6lgosugar approach to the terrestrial cli-

mate archive Maundi was still successful in terms of establishing 8?Hsource-waters
8'80¢ource-water and RHp records for the last ~100 ka for the East African region.
The results indicate that leaf water enrichment can mask changes in precipitation
isotope composition, both incorporated in 8?H,-aikane @and §'®Ogygar. The coupled
8%H-akane-8 '8 Osugar @pproach is shown to have the potential to disentangle be-
tween those signals. A strong relationship between biomarker-based §*Hsource-water
8'80¢0urce-water and RHp furthermore points against the presence of an amount effect
on 8%Hprecipitation @nd & '3 Oprecipitation iSOtope composition on long-time scales.

The source identification study of terrestrial versus aquatic sugar biomarkers in lake
sediments shows in general that the relative abundances of arabinose, fucose and
xylose can be used to distinguish between algae and terrestrial plant sources. Arabi-
nose from Late Glacial-Early Holocene Lake Gemindener Maar sediments is primar-
ily of terrestrial origin, whereas fucose and xylose stem predominately from aquatic
sources.

The 6'8Og4rabinose and terrestrial 82H,,-aikane (n-Ca7, n-Cyg) results derived from Lake
Gemiindener Maar sediments were used in a coupled 8?H,.akane-8 '®Osugar paleohy-
grometer approach. The established RHgy, record challenges that the Younger Dryas
was characterized by overall dry climatic conditions. There was rather a relatively
wet phase at the beginning of the Younger Dryas, which is followed by a drier late
Younger Dryas. Furthermore, large RHgy, changes during the Early Holocene are
observed, which are even more pronounced than the variations during the Allerad-
Younger Dryas transition. Unlike the Lake Gemundener Maar study, the coupled
8%H,-alkane-6 ¥ Osugar @pproach could not be applied to Lake Bergsee Late Glacial-
Early Holocene sediments. While the long-chain n-alkanes can be attributed to ter-
restrial sources and the sugars to primarily aquatic sources, n-C,3 is most likely a
mixture of both origins. A clear differentiation between terrestrial or aquatic origins of
the n-alkane and sugar biomarkers seems to be fundamental for a successful appli-
cation of the coupled 32H,,-aikane-8 '®Osugar approach to lacustrine archives.



Extended Summary

References

Aichner, B., U. Herzschuh, H. Wilkes, A. Vieth, and J. Béhner (2010). “6D values of n-
alkanes in Tibetan lake sediments and aquatic macrophytes - A surface sediment study
and application to a 16 ka record from Lake Koucha”. Organic Geochemistry 41.8,
pp. 779-790. DOI: http://dx.doi.org/10.1016/j .orggeochem.2010.05.
010.

Aichner, B., F. Ott, M. Stowinski, A. M. Noryskiewicz, A. Brauer, and D. Sachse (2018).
“Leaf wax n-alkane distributions record ecological changes during the Younger Dryas at
Trzechowskie paleolake (Northern Poland) without temporal delay”. Climate of the Past
Discussions March, pp. 1-29. boI: 10.5194/cp-2018-6.

Alexandre, A., A. Landais, C. Vallet-Coulomb, C. Piel, S. Devidal, S. Pauchet, C. Sonzogni,
M. Couapel, M. Pasturel, P. Cornuault, J. Xin, J. C. Mazur, F. Prié, I. Bentaleb, E. Webb,
F. Chalié, and J. Roy (2018). “The triple oxygen isotope composition of phytoliths as a
proxy of continental atmospheric humidity: Insights from climate chamber and climate
transect calibrations”. Biogeosciences 15.10, pp. 3223-3241. D0OI: 10.5194/bg-15-
3223-2018.

Allison, G., J. R. Gat, and F. W. J. Leaney (1985). “The relationship between deuterium and
oxygen-18 delta values in leaf water”. Chemical Geology 58, pp. 145—-156.

Altermatt, H. and A. Neish (1956). “The biosynthesis of cell wall carbohydrates: Ill. Fur-
ther studies on formation of cellulose and xylan from labeled monosaccharides in wheat
plants”. Canadian Journal of Biochemistry and Physiology 34.3, pp. 405—-413. DOI:
10.1139/056-042.

Amelung, W., S. Brodowski, A. Sandhage-Hofmann, and R. Bol (2009). “Chapter 6 Com-
bining Biomarker with Stable Isotope Analyses for Assessing the Transformation and
Turnover of Soil Organic Matter”. Advances in Agronomy. Vol. 100. C. Academic Press,
pp. 155-250. DoI: 10.1016/S0065-2113(08)00606-8.

Amelung, W., M. Cheshire, and G. Guggenberger (1996). “Determination of neutral and
acidic sugars in soil by capillary gas-liquid chromatography after trifluoroacetic acid hy-
drolysis”. Soil Biology and Biochemistry 28.12, pp. 1631-1639.

Araguds-Araguas, L, K Froehlich, and K Rozanski (2000). “Deuterium and oxygen-18 iso-
tope composition of precipitation and atmospheric moisture”. Hydrological Processes
14.8, pp. 1341-1355. DOI: 10.1002/1099-1085(20000615)14:8<1341: :AlID-
HYP983>3.0.C0;2-Z.

Barbour, M. M. and G. D. Farquhar (2000). “Relative humidity-and ABA-induced variation
in carbon and oxygen isotope ratios of cotton leaves”. Plant, Cell & Environment 23.5,
pp. 473-485.

Barbour, M. M. (2007). “Stable oxygen isotope composition of plant tissue: a review”.
Functional Plant Biology 34, pp. 83-94. DoI: http://dx.doi .org/10.1071/
FP06228.

Barbour, M. M., J. S. Roden, G. D. Farquhar, and J. R. Ehleringer (2004). “Expressing
leaf water and cellulose oxygen isotope ratios as enrichment above source water reveals
evidence of a Péclet effect”. Oecologia 138.3, pp. 426—435. DOI: 10.1007/s00442-
003-1449-3.

Bariac, T, J Gonzalez-Dunia, N Katerji, O Béthenod, J. M. Bertolini, and A Mariotti (1994).
“Spatial variation of the isotopic composition of water (180, 2H) in the soil-plant-atmo-

23


https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2010.05.010
https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2010.05.010
https://doi.org/10.5194/cp-2018-6
https://doi.org/10.5194/bg-15-3223-2018
https://doi.org/10.5194/bg-15-3223-2018
https://doi.org/10.1139/o56-042
https://doi.org/10.1016/S0065-2113(08)00606-8
https://doi.org/10.1002/1099-1085(20000615)14:8<1341::AID-HYP983>3.0.CO;2-Z
https://doi.org/10.1002/1099-1085(20000615)14:8<1341::AID-HYP983>3.0.CO;2-Z
https://doi.org/http://dx.doi.org/10.1071/FP06228
https://doi.org/http://dx.doi.org/10.1071/FP06228
https://doi.org/10.1007/s00442-003-1449-3
https://doi.org/10.1007/s00442-003-1449-3

Extended Summary

sphere system, 2. Assessment under field conditions”. Chemical Geology 115, pp. 317—
333.

Becker, A., B. Ammann, F. S. Anselmetti, A. M. Hirt, M. Magny, L. Millet, A.-M. Rachoud,
G. Sampietro, and C. Withrich (2006). “Paleoenvironmental studies on Lake Bergsee,
Black Forest, Germany”. Neues Jahrbuch fiir Geologie und Paldontologie - Abhandlun-
gen 240.3, pp. 405—445.

Behrensmeyer, A. K. (2006). “Climate Change and Human Evolution”. Science 311.Jan-
uary, pp. 476—478.

Bock, M., B. Glaser, and N. Millar (2007). “Sequestration and turnover of plant- and micro-
bially derived sugars in a temperate grassland soil during 7 years exposed to elevated at-
mospheric pCO,”. Global Change Biology 13.2, pp. 478—490. D0I: 10.1111/§ .1365-
2486.2006.01303.x.

Bourbonniere, R. A., S. L. Telford, L. A. Ziolkowski, J Lee, M. S. Evans, and P. A. Meyers
(1997). “Biogeochemical marker profiles in cores of dated sediments from large North
American lakes”. Molecular Markers in Environmental Geochemistry. Ed. by R. P. Egan-
house. Washington, DC: American Chemical Society, pp. 133—150.

Bowen, G. J. (2018). The Online Isotopes in Precipitation Calculator, version 3.1. Tech. rep.

Bowen, G. J. and J. Revenaugh (2003). “Interpolating the isotopic composition of modern
meteoric precipitation”. Water Resources Research 39.10, pp. 1-13. DOI: 10.1029/
2003WR002086.

Brauer, A., C. Endres, C. Gulnter, T. Litt, M. Stebich, and J. F. W. Negendank (1999).
“High resolution sediment and vegetation responses to Younger Dryas climate change in
varved lake sediments from Meerfelder Maar, Germany”. Quaternary Science Reviews
18.3, pp. 321-329. DOI: 10.1016/S0277-3791(98)00084-5.

Burget, E. G., R. Verma, M. Mglhgj, and W.-D. Reiter (2003). “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.Febru-
ary, pp. 523-531. D0OI: 10.1105/tpc.008425. response.

Caffall, K. H. and D. Mohnen (2009). “The structure, function, and biosynthesis of plant
cell wall pectic polysaccharides”. Carbohydrate Research 344.14, pp. 1879-1900. DOI:
10.1016/j .carres.2009.05.021.

Cappelen, J. (2002). Danish Climatological Normals 1971-2000 - for selected stations.
Tech. rep. Technical Report 02-12: Danish Meteorological Institute, p. 40.

Cernusak, L. A., G. D. Farquhar, and J. S. Pate (2005). “Environmental and physiological
controls over oxygen and carbon isotope composition of Tasmanian blue gum, Eucalyp-
tus globulus”. Tree Physiology 25.2, pp. 129-146. DOI: 10.1093/treephys/25.2.
129.

Cernusak, L. A., S. C. Wong, and G. Farquhar (2003). “Oxygen isotope composition of
phloem sap in relation to leaf water in Ricinus communis”. Functional Plant Biology
30.10, pp. 1059-1070.

Cernusak, L. A., M. M. Barbour, S. K. Arndt, A. W. Cheesman, N. B. English, T. S. Feild,
B. R. Helliker, M. M. Holloway-Phillips, J. A. Holtum, A. Kahmen, F. A. Mcinerney, N. C.
Munksgaard, K. A. Simonin, X. Song, H. Stuart-Williams, J. B. West, and G. D. Farquhar
(2016). “Stable isotopes in leaf water of terrestrial plants”. Plant Cell and Environment
39.5, pp. 1087-1102. po1: 10.1111/pce.12703.

24


https://doi.org/10.1111/j.1365-2486.2006.01303.x
https://doi.org/10.1111/j.1365-2486.2006.01303.x
https://doi.org/10.1029/2003WR002086
https://doi.org/10.1029/2003WR002086
https://doi.org/10.1016/S0277-3791(98)00084-5
https://doi.org/10.1105/tpc.008425.response
https://doi.org/10.1016/j.carres.2009.05.021
https://doi.org/10.1093/treephys/25.2.129
https://doi.org/10.1093/treephys/25.2.129
https://doi.org/10.1111/pce.12703

Extended Summary

Cheesman, A. W. and L. A. Cernusak (2017). “Infidelity in the outback: Climate signal
recorded in D'30 of leaf but not branch cellulose of eucalypts across an Australian aridity
gradient”. Tree Physiology 37.5, pp. 554-564. DOI: 10.1093/treephys/tpwl21.

Coplen, T. B. (2011). “Guidelines and recommended terms for expression of stable-isotope-
ratio and gas-ratio measurement results”. Rapid Communications in Mass Spectrometry
25.17, pp. 2538-2560. DOI: 10.1002/rcm.5129.

Cormier, M.-A., R. Werner, P. Sauer, D. Grocke, L. M.C., T. Wieloch, J. Schleucher, and A.
Kahmen (2018). “2H fractiontions during the biosynthesis of carbohydrates and lipids im-
print a metabolic signal on the 62H values of plant organic compounds”. New Phytologist
February. DoI: 10.1111/nph.15016.

Craig, H (1961). “Isotopic Variations in Meteoric Waters”. Science 133, pp. 1702—1703.

Craig, H and L. |. Gordon (1965). Deuterium and oxygen-18 variations in the ocean and
the marine atmosphere. Ed. by E Tongiorgi. Pisa: Lischi and Figli, pp. 9-130.

Dansgaard, W (1964). “Stable isotopes in precipitation”. Tellus 16.4, pp. 436—468. DOI:
10.1111/§.2153-3490.1964 .tb00181.x.

Diefendorf, A. F. and E. J. Freimuth (2016). “Extracting the most from terrestrial plant-
derived n-alkyl lipids and their carbon isotopes from the sedimentary record: A review”.
Organic Geochemistry 103.January, pp. 1-21. Dol: 10 . 1016/ j - orggeochem .
2016.10.016.

Duan, Y., Y. Zhao, Y. Wu, J. He, L. Xu, X. Zhang, L. Ma, and R. Qian (2016). “6D values
of n-alkanes in sediments from Gahai Lake, Gannan, China: implications for sources
of organic matter”. Journal of Paleolimnology 56.2-3, pp. 95-107. Dpoi: 10 . 1007/
s10933-016-9895-1.

DWD Climate Data Center (2018a). Historical annual precipitation observations for Ger-
many. Tech. rep.

DWD Climate Data Center (2018b). Historical hourly station observations of 2m air tem-
perature and humidity for Germany. Tech. rep.

Eglinton, G. and R. J. Hamilton (1967). “Leaf Epicuticular Waxes”. Science 156.3780,
pp. 1322—-1335. DOI: 10.1126/science .156.3780.1322.

Eley, Y. L. and M. T. Hren (2018). “Reconstructing vapor pressure deficit from leaf wax
lipid molecular distributions”. Scientific Reports 8.1, pp. 1-8. DOI: 10.1038/s41598-
018-21959-w.

Farquhar, G. D., K. T. Hubick, A. G. Condon, and R. A. Richards (1989). “Carbon Isotope
Fractionation and Plant Water-Use Efficiency”. Stable Isotopes in Ecological Research.
Ecological Studies (Analysis and Synthesis). Ed. by P. W. Rundel, J. R. Ehleringer, and
K. A. Nagy. Vol. 68. New York: Springer-Verlag. Chap. 2, pp. 21-40. pol: 10.1007/
978-1-4612-3498-2_2.

Feakins, S. J. and A. L. Sessions (2010). “Controls on the D/H ratios of plant leaf waxes
in an arid ecosystem”. Geochimica et Cosmochimica Acta 74.7, pp. 2128-2141. DOI:
http://dx.doi.org/10.1016/j .gca.2010.01.016.

Feakins, S. J., L. P. Bentley, N. Salinas, A. Shenkin, B. Blonder, G. R. Goldsmith, C. Ponton,
L. J. Arvin, M. S. Wu, T. Peters, A. J. West, R. E. Martin, B. J. Enquist, G. P. Asner, and
Y. Malhi (2016). “Plant leaf wax biomarkers capture gradients in hydrogen isotopes of
precipitation from the Andes and Amazon”. Geochimica et Cosmochimica Acta 182,
pp. 155-172. pol: 10.1016/j -gca-2016.03.018.

25


https://doi.org/10.1093/treephys/tpw121
https://doi.org/10.1002/rcm.5129
https://doi.org/10.1111/nph.15016
https://doi.org/10.1111/j.2153-3490.1964.tb00181.x
https://doi.org/10.1016/j.orggeochem.2016.10.016
https://doi.org/10.1016/j.orggeochem.2016.10.016
https://doi.org/10.1007/s10933-016-9895-1
https://doi.org/10.1007/s10933-016-9895-1
https://doi.org/10.1126/science.156.3780.1322
https://doi.org/10.1038/s41598-018-21959-w
https://doi.org/10.1038/s41598-018-21959-w
https://doi.org/10.1007/978-1-4612-3498-2_2
https://doi.org/10.1007/978-1-4612-3498-2_2
https://doi.org/http://dx.doi.org/10.1016/j.gca.2010.01.016
https://doi.org/10.1016/j.gca.2016.03.018

Extended Summary

Feng, X., A. L. Reddington, A. M. Faiia, E. S. Posmentier, Y. Shu, and X. Xu (2007). “The
changes in North American atmospheric circulation patterns indicated by wood cellu-
lose”. Geology 35.2, pp. 163—166. DOI: 10.1130/G22884A.1.

Ficken, K., B. Li, D. Swain, and G. Eglinton (2000). “An n-alkane proxy for the sedimentary
input of submerged/floating freshwater aquatic macrophytes”. Organic Geochemistry
31.78, pp. 745-749. poI: http://dx.doi .org/10.1016/S0146-6380(00)
00081-4.

Flanagan, L. B., J. P. Comstock, and J. R. Ehleringer (1991). “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, pp. 588-596.

Freimuth, E. J., A. F. Diefendorf, and T. V. Lowell (2017). “Hydrogen isotopes of n-alkanes
and n-alkanoic acids as tracers of precipitation in a temperate forest and implications for
paleorecords”. Geochimica et Cosmochimica Acta 206, pp. 166—-183. DOI: 10.1016/
J-gca.2017.02.027.

Frich, P, S. Rosengrn, H. Madsen, and J. J. Jensen (1997). Observed Precipitation in
Denmark, 1961-90. Tech. rep. Technical Report 97-8: Danish Meteorological Institute,
p. 40.

Gamarra, B, D Sachse, and A Kahmen (2016). “Effects of leaf water evaporative ZH-
enrichment and biosynthetic fractionation on leaf wax n-alkane §%H values in C3 and
C4 grasses”. Plant, Cell and Environment Environment 39, pp. 2390-2403. DOI: 10.
1111/pce.12789.

Gamarra, B. and A. Kahmen (2017). “Low secondary leaf wax n-alkane synthesis on fully
mature leaves of C3 grasses grown at controlled environmental conditions and variable
humidity”. Rapid Communications in Mass Spectrometry 31, pp. 218-226. DoI: 10.
1002/rcm.7770.

Gao, L., A. Burnier, and Y. Huang (2012). “Quantifying instantaneous regeneration rates
of plant leaf waxes using stable hydrogen isotope labeling”. Rapid Communications in
Mass Spectrometry 26.2, pp. 115-122. bol: 10.1002/rcm.5313.

Gasse, F. (2000). “Hydrological changes in the African tropics since the Last Glacial Maxi-
mum”. Quaternary Science Reviews 19, pp. 189-211.

Gasse, F., V. Lédée, M. Massault, and J.-C. Fontes (1989). “Water-level fluctuations of Lake
Tanganyika in phase with oceanic changes during the last glaciation and deglaciation”.
Nature 342.6245, pp. 57-59.

Gat, J. R. and C. J. Bowser (1991). “The heavy isotope enrichment of water in coupled
evaporative systems”. Stable Isotope Geochemistry: A Tribute to Samuel Epstein. Ed.
by H. P. Tayler, J. R. O'Neil, and I. R. Kaplan. Vol. 3. Lancester: The Geochemical
Society, pp. 159-168.

Gat, J. R., D Yakir, G Goodfriend, P Fritz, P Trimborn, J Lipp, | Gev, E Adar, and Y Waisel
(2007). “Stable isotope composition of water in desert plants”. Plant and Soil 298.1-2,
pp. 31—45. D0I: 10.1007/s11104-007-9321-6.

Gazquez, F., M. Morellén, T. Bauska, D. Herwartz, J. Surma, A. Moreno, M. Staubwasser,
B. Valero-Garcés, A. Delgado-Huertas, and D. A. Hodell (2018). “Triple oxygen and
hydrogen isotopes of gypsum hydration water for quantitative paleo-humidity reconstruc-
tion”. Earth and Planetary Science Letters 481, pp. 177—188. D01: 10.1016/] -epsl.
2017.10.020.

Geldern, R. van, A. Baier, H. L. Subert, S. Kowol, L. Balk, and J. A. C. Barth (2014). “(Table
S1) Stable isotope composition of precipitation sampled at Erlangen, Germany between

26


https://doi.org/10.1130/G22884A.1
https://doi.org/http://dx.doi.org/10.1016/S0146-6380(00)00081-4
https://doi.org/http://dx.doi.org/10.1016/S0146-6380(00)00081-4
https://doi.org/10.1016/j.gca.2017.02.027
https://doi.org/10.1016/j.gca.2017.02.027
https://doi.org/10.1111/pce.12789
https://doi.org/10.1111/pce.12789
https://doi.org/10.1002/rcm.7770
https://doi.org/10.1002/rcm.7770
https://doi.org/10.1002/rcm.5313
https://doi.org/10.1007/s11104-007-9321-6
https://doi.org/10.1016/j.epsl.2017.10.020
https://doi.org/10.1016/j.epsl.2017.10.020

Extended Summary

2010 and 2013 for station GeoZentrum located at Erlangen city center”. In supplement
to: van Geldern, R et al. (2014): Pleistocene paleo-groundwater as a pristine fresh water
resource in southern Germany — evidence from stable and radiogenic isotopes. Science
of the Total Environment, 496, 107-115, https://doi.org/10.1016/j. PANGAEA. pol: 10.
1594/PANGAEA .833837.

Glaser, B. (2005). “Compound-specific stable-isotope (5'3C) analysis in soil science”. Jour-
nal of Plant Nutrition and Soil Science 168.5, pp. 633-648. DoI: 10.1002/ jpin.
200521794.

Gross, S. and B. Glaser (2004). “Minimization of carbon addition during derivatization
of monosaccharides for compound-specific §!3C analysis in environmental research”.
Rapid Communications in Mass Spectrometry 18, pp. 2753-2764. DoI: 10 . 1002/
rcm.1684.

Guggenberger, G, B. T. Christensen, and W Zech (1994). “Land-use effects on the com-
position of organic matter in particle-size separates of soil: I. Lignin and carbohydrate
signature”. European Journal of Soil Science 45.December, pp. 449-458.

Harper, A. D. and M. Bar-Peled (2002). “Biosynthesis of UDP-Xylose. Cloning and Char-
acterization of a Novel Arabidopsis Gene Family, UXS, Encoding Soluble and Putative
Membrane-Bound UDP-Glucuronic Acid Decarboxylase Isoforms”. Gene 130.Decem-
ber, pp. 2188-2198. DOI: 10.1104/pp -009654.2188.

Helliker, B. R. and J. R. Ehleringer (2002). “Grass blades as tree rings: environmentally in-
duced changes in the oxygen isotope ratio of cellulose along the length of grass blades”.
New Phytologist 155, pp. 417—424.

Hepp, J., M. Tuthorn, R. Zech, |. Mugler, F. Schlitz, W. Zech, and M. Zech (2015). “Re-
constructing lake evaporation history and the isotopic composition of precipitation by a
coupled §'80-82H biomarker approach”. Journal of Hydrology 529, pp. 622—631.

Hepp, J., M. Rabus, T. Anhauser, T. Bromm, C. Laforsch, F. Sirocko, B. Glaser, and M. Zech
(2016). “A sugar biomarker proxy for assessing terrestrial versus aquatic sedimentary
input”. Organic Geochemistry 98, pp. 98-104. DoI: 10 . 1016/ j . orggeochem.
2016.05.012.

Hepp, J., R. Zech, K. Rozanski, M. Tuthorn, B. Glaser, M. Greule, F. Keppler, Y. Huang,
W. Zech, and M. Zech (2017). “Late Quaternary relative humidity changes from Mt.
Kilimanjaro, based on a coupled ?H-'30 biomarker paleohygrometer approach”. Qua-
ternary International 438, pp. 116—-130. DOI: 10.1016/j .quaint.2017.03.059.

Hepp, J., L. Withrich, T. Bromm, M. Bliedtner, |. K. Schéfer, B. Glaser, K. Rozanski, F.
Sirocko, R. Zech, and M. Zech (2019a). “How dry was the Younger Dryas? Evidence
from a coupled §2H-8'30 biomarker paleohygrometer, applied to the Lake Gemiindener
Maar sediments, Western Eifel, Germany”. Climate of the Past 15, 713—-733. DoOI: 10.
5194/cp-15-713-20109.

Hepp, J., I. K. Schéfer, V. Lanny, J. Franke, M. Bliedtner, K. Rozanski, B. Glaser, M. Zech,
T. I. Eglinton, and R. Zech (2019b). “Evaluation of bacterial glycerol dialkyl glycerol
tetraether and 2H-'80 biomarker proxies along a Central European topsoil transect”.
Biogeosciences Discussions under review, pp. 1-27. bol: 10.5194/bg-2019-197.

Hepp, J., B. Glaser, D. Juchelka, C. Mayr, K. Rozanski, |. K. Schafer, W. Stichler, M.
Tuthorn, R. Zech, and M. Zech (2019c). “Validation of a coupled §?H,.akane-0'*Osugar
paleohygrometer approach based on a climate chamber experiment”. Biogeosciences
Discussions under review, pp. 1-30. DOI: 10.5194/bg-2019-427.

27


https://doi.org/10.1594/PANGAEA.833837
https://doi.org/10.1594/PANGAEA.833837
https://doi.org/10.1002/jpln.200521794
https://doi.org/10.1002/jpln.200521794
https://doi.org/10.1002/rcm.1684
https://doi.org/10.1002/rcm.1684
https://doi.org/10.1104/pp.009654.2188
https://doi.org/10.1016/j.orggeochem.2016.05.012
https://doi.org/10.1016/j.orggeochem.2016.05.012
https://doi.org/10.1016/j.quaint.2017.03.059
https://doi.org/10.5194/cp-15-713-2019
https://doi.org/10.5194/cp-15-713-2019
https://doi.org/10.5194/bg-2019-197
https://doi.org/10.5194/bg-2019-427

Extended Summary

Herrmann, A., P. Maloszewski, and W. Stichler (1987). “Changes of 30 contents of pre-
cipitation water during seepage in the unsaturated zone”. Proceedings of International
Symposium on Groundwater Monitoring and Management, 23 - 28 March. Dresden:
Institut of Water Management Berlin (GDR) with support of UNESCO, p. 22.

Horita, J. and D. J. Wesolowski (1994). “Liquid-vapor fractionation of oxygen and hydrogen
isotopes of water from the freezing to the critical temperature”. Geochimica et Cos-
mochimica Acta 58.16, pp. 3425-3437. DolI: http://dx .doi .org/10.1016/
0016-7037(94)90096-5.

Hou, J., W. J. D’Andrea, and Y. Huang (2008). “Can sedimentary leaf waxes record
D/H ratios of continental precipitation? Field, model, and experimental assessments”.
Geochimica et Cosmochimica Acta 72, pp. 3503-3517. DOI: 10.1016/j -gca.2008.
04.030.

Huang, Y., B. Shuman, Y. Wang, and T. W. lii (2004). “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, pp. 363-375.

IAEA/WMO (2015). Global Network of Isotopes in Precipitation. The GNIP Database. Tech.
rep.

IAEA/WMO (2018). Global Network of Isotopes in Precipitation. The GNIP Database. Tech.
rep.

Jacob, J., Y. Huang, J. R. Disnar, A. Sifeddine, M. Boussafir, A. L. Spadano Albuquerque,
and B. Turcq (2007). “Paleohydrological changes during the last deglaciation in Northern
Brazil. Quaternary Science Reviews 26.7-8, pp. 1004-1015. Dpol: 10.1016/] .
quascirev.2006.12.004.

Jansen, B. and G. L. Wiesenberg (2017). “Opportunities and limitations related to the
application of plant-derived lipid molecular proxies in soil science”. Soil 3.4, pp. 211—
234. D0I: 10.5194/s0i11-3-211-2017.

Jia, G., J. Dungait, E. Bingham, M. Valiranta, A. Korhola, and R. Evershed (2008). “Neutral
monosaccharides as biomarker proxies for bog-forming plants for application to palaeoveg-
etation reconstruction in ombrotrophic peat deposits”. Organic Geochemistry 39.12,
pp. 1790-1799. poI: 10.1016/j .orggeochem.2008.07.002.

Johnsen, S. J., D. Dahl-Jensen, N. Gundestrup, J. P. Steffensen, H. B. Clausen, H. Miller,
V. Masson-Delmotte, A. E. Sveinbjérnsdottir, and J. White (2001). “Oxygen isotope and
palaeotemperature records from six Greenland ice-core stations: Camp Century, Dye-3,
GRIP, GISP2, Renland and NorthGRIP”. Journal of Quaternary Science 16.4, pp. 299—
307. D0I1: 10.1002/jqs -622.

Junginger, A., S. Roller, L. A. Olaka, and M. H. Trauth (2014). “The effects of solar irra-
diation changes on the migration of the Congo Air Boundary and water levels of paleo-
Lake Suguta, Northern Kenya Rift, during the African Humid Period (15 — 5 ka BP)".
Palaeogeography, Palaeoclimatology, Palaeoecology 396, pp. 1-16. DOI: 10.1016/§ .
palaeo.2013.12.007.

Kahmen, A., T. E. Dawson, A. Vieth, and D. Sachse (2011b). “Leaf wax n-alkane 4D values
are determined early in the ontogeny of Populus trichocarpa leaves when grown under
controlled environmental conditions”. Plant, Cell and Environment 34.10, pp. 1639—-1651.
DOI: 10.1111/j.1365-3040.2011.02360.x.

Kahmen, A., D. Sachse, S. K. Arndt, K. P. Tu, H. Farrington, P. M. Vitousek, and T. E.
Dawson (2011a). “Cellulose §'30 is an index of leaf-to-air vapor pressure difference

28


https://doi.org/http://dx.doi.org/10.1016/0016-7037(94)90096-5
https://doi.org/http://dx.doi.org/10.1016/0016-7037(94)90096-5
https://doi.org/10.1016/j.gca.2008.04.030
https://doi.org/10.1016/j.gca.2008.04.030
https://doi.org/10.1016/j.quascirev.2006.12.004
https://doi.org/10.1016/j.quascirev.2006.12.004
https://doi.org/10.5194/soil-3-211-2017
https://doi.org/10.1016/j.orggeochem.2008.07.002
https://doi.org/10.1002/jqs.622
https://doi.org/10.1016/j.palaeo.2013.12.007
https://doi.org/10.1016/j.palaeo.2013.12.007
https://doi.org/10.1111/j.1365-3040.2011.02360.x

Extended Summary

(VPD) in tropical plants”. Proceedings of the National Academy of Sciences of the United
States of America 108.5, pp. 1981-1986. DoI: 10.1073/pnas-1018906108.

Kahmen, A., E. Scheful3, and D. Sachse (2013a). “Leaf water deuterium enrichment
shapes leaf wax n-alkane 6D values of angiosperm plants |: Experimental evidence and
mechanistic insights”. Geochimica et Cosmochimica Acta 111, pp. 39-49.

Kahmen, A., B. Hoffmann, E. Schefu3, S. K. Arndt, L. A. Cernusak, J. B. West, and D.
Sachse (2013b). “Leaf water deuterium enrichment shapes leaf wax n-alkane 8D values
of angiosperm plants Il: Observational evidence and global implications”. Geochimica et
Cosmochimica Acta 111, pp. 50-63. pol: 10.1016/j -gca.2012.09.004.

Konecky, B. L., J. M. Russell, T. C. Johnson, E. T. Brown, M. A. Berke, J. P. Werne, and Y.
Huang (2011). “Atmospheric circulation patterns during late Pleistocene climate changes
at Lake Malawi, Africa”. Earth and Planetary Science Letters 312.3-4, pp. 318-326. DOI:
10.1016/j .epsl.2011.10.020.

Laursen, E. V., R. S. Thomsen, and J. Cappelen (1999). Observed Air Temperature, Hu-
midity, Pressure, Cloud Cover and Weather in Denmark - with Climatological Standard
Normals, 1961-90. Tech. rep. Technical Report 99-5: Danish Meteorological Institute,
p. 142.

Lee, H., S. J. Feakins, and L. d.S. L. Sternberg (2016). “Carbon and hydrogen isotopic
effects of stomatal density in Arabidopsis thaliana”. Geochimica et Cosmochimica Acta
179, pp. 275-286. DOI: 10.1016/]j .gca.2016.01.029.

Lehmann, M. M., B. Gamarra, A. Kahmen, R. T. Siegwolf, and M. Saurer (2017). “Oxygen
isotope fractionations across individual leaf carbohydrates in grass and tree species”.
Plant Cell and Environment 40.8, pp. 1658-1670. DOI: 10.1111/pce.12974.

Litt, T., A. Brauer, T. Goslar, J. Merkt, K. Balaga, H. Miiller, M. Ralska-Jasiewiczowa, M.
Stebich, and J. F. W. Negendank (2001). “Correlation and synchronisation of Lateglacial
continental sequences in northern central Europe based on annually laminated lacus-
trine sediments”. Quaternary Science Reviews 20, pp. 1233,1249.

Liu, H. T., X. Y. Gong, R. Schaufele, F. Yang, R. T. Hirl, A. Schmidt, and H. Schnyder (2016).
“Nitrogen fertilization and §'80 of CO, have no effect on '30-enrichment of leaf water
and cellulose in Cleistogenes squarrosa (C4) — is VPD the sole control?” Plant Cell and
Environment 39.12, pp. 2701-2712. DOI: 10.1111/pce.12824.

Liu, H. T., R. Schéaufele, X. Y. Gong, and H. Schnyder (2017). “The §'80 and §?H of water
in the leaf growth-and-differentiation zone of grasses is close to source water in both
humid and dry atmospheres”. New Phytologist 214.4, pp. 1423-1431. pol: 10.1111/
nph.14549.

Liu, H. and W. Liu (2016). “n-Alkane distributions and concentrations in algae, submerged
plants and terrestrial plants from the Qinghai-Tibetan Plateau”. Organic Geochemistry
99, pp. 10—-22. pol: 10.1016/j .orggeochem.2016.06.003.

Mayer, B. and L. Schwark (1999). “A 15,000-year stable isotope record from sediments of
Lake Steisslingen, Southwest Germany”. Chemical Geology 161.1, pp. 315-337. DOI:
10.1016/S0009-2541(99)00093-5.

Mayr, C. (2002). “Méglichkeiten der Klimarekonstruktion im Holozan mit §!'3C- und §%H-
Werten von Baum-Jahrringen auf der Basis von Klimakammerversuchen und Rezentstu-
dien”. PhD thesis. PhD thesis, Ludwig-Maximilians-Universitat Minchen. GSF-Bericht
14/02, 152 pp, p. 152.

McGlue, M. M., K. E. Lezzar, A. S. Cohen, J. M. Russell, J.-J. Tierceline, A. A. Felton, E.
Mbede, and H. H. Nkotagu (2007). “Seismic records of late Pleistocene aridity in Lake

29


https://doi.org/10.1073/pnas.1018906108
https://doi.org/10.1016/j.gca.2012.09.004
https://doi.org/10.1016/j.epsl.2011.10.020
https://doi.org/10.1016/j.gca.2016.01.029
https://doi.org/10.1111/pce.12974
https://doi.org/10.1111/pce.12824
https://doi.org/10.1111/nph.14549
https://doi.org/10.1111/nph.14549
https://doi.org/10.1016/j.orggeochem.2016.06.003
https://doi.org/10.1016/S0009-2541(99)00093-5

Extended Summary

Tanganyika, tropical East Africa”. Journal of Paleolimnology 40.2, pp. 635-653. DOI:
10.1007/s10933-007-9187-x.

Mclnerney, F. A., B. R. Helliker, and K. H. Freeman (2011). “Hydrogen isotope ratios of leaf
wax n-alkanes in grasses are insensitive to transpiration”. Geochimica et Cosmochimica
Acta 75.2, pp. 541-554. p01: 10.1016/j -gca.2010.10.022.

Merlivat, L. (1978). “Molecular diffusivities of H}°O, HD'6O, and H130 in gases”. The
Journal of Chemical Physics 69.6, pp. 2864—2871. DOI: http://dx.doi.org/10.
1063/1.436884.

Moernaut, J, D Verschuren, F Charlet, | Kristen, M Fagot, and M. D. Batist (2010). “The
seismic-stratigraphic record of lake-level fluctuations in Lake Challa: Hydrological sta-
bility and change in equatorial East Africa over the last 140 kyr”. Earth and Planetary
Science Letters 290.1-2, pp. 214—223. DOI: 10.1016/j -eps1.2009.12.023.

Mugler, 1., D. Sachse, M. Werner, B. Xu, G. Wu, T. Yao, and G. Gleixner (2008). “Effect of
lake evaporation on 6D values of lacustrine n-alkanes: A comparison of Nam Co (Tibetan
Plateau) and Holzmaar (Germany)”. Organic Geochemistry 39.6, pp. 711-729.

Munksgaard, N. C., A. W. Cheesman, N. B. English, C. Zwart, A. Kahmen, and L. A. Cer-
nusak (2017). “Identifying drivers of leaf water and cellulose stable isotope enrichment
in Eucalyptus in northern Australia”. Oecologia 183.1, pp. 31—-43. DoI: 10 . 1007/
s00442-016-3761-8.

Muscheler, R., F. Adolphi, and M. F. Knudsen (2014). “Assessing the differences between
the IntCal and Greenland ice-core time scales for the last 14,000 years via the common
cosmogenic radionuclide variations”. Quaternary Science Reviews 106, pp. 81-87. DOI:
10.1016/j .quascirev.2014.08.017.

Muschitiello, F., F. S. R. Pausata, J. E. Watson, R. H. Smittenberg, A. A. M. Salih, S. J.
Brooks, N. J. Whitehouse, A. Karlatou-Charalampopoulou, and B. Wohlfarth (2015).
“Fennoscandian freshwater control on Greenland hydroclimate shifts at the onset of the
Younger Dryas”. Nature Communications 6, p. 8939. pol: 10.1038/ncomms9939.
arXiv: 9809069v1 [arXiv:gr-qc].

Newberry, S. L., A. Kahmen, P. Dennis, and A. Grant (2015). “n-Alkane biosynthetic hy-
drogen isotope fractionation is not constant throughout the growing season in the ri-
parian tree Salix viminalis”. Geochimica et Cosmochimica Acta 165, pp. 75-85. DOI:
10.1016/j .gca.2015.05.001.

Otto-Bliesner, B. L., J. M. Russell, P. U. Clark, Z. Liu, J. T. Overpeck, B. Konecky, P. De-
Menocal, S. E. Nicholson, F. He, and Z. Lu (2014). “Coherent changes of southeastern
equatorial and northern African rainfall during the last deglaciation”. Science 346.6214,
pp. 1223-1227.

Pedentchouk, N. and Y. Zhou (2018). “Factors Controlling Carbon and Hydrogen Isotope
Fractionation During Biosynthesis of Lipids by Phototrophic Organisms”. Hydrocarbons,
Oils and Lipids: Diversity, Origin, Chemistry and Fate. Handbook of Hydrocarbon and
Lipid Microbiology. Ed. by H. Wilkes. Cham: Springer, pp. 1-24.

Pepin, N. C., W. J. Duane, and D. R. Hardy (2010). “The montane circulation on Kili-
manjaro, Tanzania and its relevance for the summit ice fields: Comparison of surface
mountain climate with equivalent reanalysis parameters”. Global and Planetary Change
74.2, pp. 61-75. p0I: 10.1016/]) .gloplacha.2010.08.001.

Petit, J. R., J Jouzel, D Raynaud, N. |. Barkov, J.-M. Barnola, | Basile, M Bender, J Chap-
pellaz, M Davis, G Delaygue, M Delmotte, V. M. Kotlyakov, M Legrand, V. Y. Lipenkov,
C Lorius, L Pépin, C Ritz, E Saltzman, and M Stievenard (1999). “Climate and atmo-

30


https://doi.org/10.1007/s10933-007-9187-x
https://doi.org/10.1016/j.gca.2010.10.022
https://doi.org/http://dx.doi.org/10.1063/1.436884
https://doi.org/http://dx.doi.org/10.1063/1.436884
https://doi.org/10.1016/j.epsl.2009.12.023
https://doi.org/10.1007/s00442-016-3761-8
https://doi.org/10.1007/s00442-016-3761-8
https://doi.org/10.1016/j.quascirev.2014.08.017
https://doi.org/10.1038/ncomms9939
http://arxiv.org/abs/9809069v1
https://doi.org/10.1016/j.gca.2015.05.001
https://doi.org/10.1016/j.gloplacha.2010.08.001

Extended Summary

spheric history of the past 420,000 years from the Vostok ice core, Antarctica”. Nature
399, pp. 429-436.

Prietzel, J., N. Dechamps, and S. Spielvogel (2013). “Analysis of non-cellulosic polysac-
charides helps to reveal the history of thick organic surface layers on calcareous Alpine
soils”. Plant and Soil 365.1-2, pp. 93—-114. DOI: 10.1007/s11104-012-1340-2.

Rach, O., A. Brauer, H. Wilkes, and D. Sachse (2014). “Delayed hydrological response
to Greenland cooling at the onset of the Younger Dryas in western Europe”. Nature
Geoscience 7.2, pp. 109-112.

Rach, O., A. Kahmen, A. Brauer, and D. Sachse (2017). “A dual-biomarker approach for
quantification of changes in relative humidity from sedimentary lipid D/H ratios”. Climate
of the Past 13, pp. 741-757. DOI: 10.5194/cp-2017-7.

Rao, Z., Z. Zhu, G. Jia, A. C. G. Henderson, Q. Xue, and S. Wang (2009). “Compound
specific 6D values of long chain n-alkanes derived from terrestrial higher plants are
indicative of the 6D of meteoric waters: Evidence from surface soils in eastern China”.
Organic Geochemistry 40.8, pp. 922-930. DoOI: http://dx.doi.org/10.1016/
J -orggeochem.2009.04.011.

Rao, Z., G. Jia, M. Qiang, and Y. Zhao (2014). “Assessment of the difference between
mid- and long chain compound specific 6Dy, ixanes Values in lacustrine sediments as a
paleoclimatic indicator”. Organic Geochemistry 76, pp. 104-117. pol: 10.1016/]j .
orggeochem.2014.07.015.

Rao, Z., M. Qiang, G. Jia, Y. Li, D. Dan, and F. Chen (2016). “A 15 ka lake water 6D record
from Genggahai Lake, northeastern Tibetan Plateau, and its paleoclimatic significance”.
Organic Geochemistry 97, pp. 5-16. DOI: 10.1016/j .orggeochem.2016.03.007.

Roden, J. S. and J. R. Ehleringer (1999). “Observations of Hydrogen and Oxygen Isotopes
in Leaf Water Confirm the Craig-Gordon Model under Wide-Ranging Environmental Con-
ditions”. Plant Physiology 120.August, pp. 1165-1173.

Roden, J. S., G Lin, and J. R. Ehleringer (2000). “A mechanistic model for interpretation of
hydrogen and oxygen isotope ratios in tree-ring cellulose”. Geochimica et Cosmochimica
Acta 64.1, pp. 21-35.

Rozanski, K., L. Araguas-Araguas, and R. Gonfiantini (1993). “Isotopic patterns in modern
global precipitation”. Climate change in continental isotopic records, pp. 1-36.

Rozanski, K., L Aragués-Araguas, and R Gonfiantini (1996). “Isotope patterns of precipita-
tion in the East African region”. The Limnology, climatology and paleoclimatology of the
East African Lakes, pp. 79-94.

Rozanski, K., M. A. Klisch, P. Wachniew, Z. Gorczyca, T. Goslar, T. W. Edwards, and A.
Shemesh (2010). “Oxygen-isotope geothermometers in lacustrine sediments: New in-
sights through combined §'80 analyses of aquatic cellulose, authigenic calcite and bio-
genic silica in Lake Gosciaz, central Poland”. Geochimica et Cosmochimica Acta 74.10,
pp. 2957-2969. D0oI: 10.1016/j -gca.2010.02.026.

Sachse, D., J. Radke, and G. Gleixner (2004). “Hydrogen isotope ratios of recent lacustrine
sedimentary n-alkanes record modern climate variability”. Geochimica et Cosmochimica
Acta 68.23, pp. 4877—4889. DOI: http://dx.doi.org/10.1016/j .gca.2004.
06.004.

Sachse, D., J. Radke, and G. Gleixner (2006). “6D values of individual n-alkanes from
terrestrial plants along a climatic gradient - Implications for the sedimentary biomarker
record”. Organic Geochemistry 37.4, pp. 469—-483.

31


https://doi.org/10.1007/s11104-012-1340-2
https://doi.org/10.5194/cp-2017-7
https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2009.04.011
https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2009.04.011
https://doi.org/10.1016/j.orggeochem.2014.07.015
https://doi.org/10.1016/j.orggeochem.2014.07.015
https://doi.org/10.1016/j.orggeochem.2016.03.007
https://doi.org/10.1016/j.gca.2010.02.026
https://doi.org/http://dx.doi.org/10.1016/j.gca.2004.06.004
https://doi.org/http://dx.doi.org/10.1016/j.gca.2004.06.004

Extended Summary

Sachse, D., G. Gleixner, H. Wilkes, and A. Kahmen (2010). “Leaf wax n-alkane 6D values
of field-grown barley reflect leaf water 6D values at the time of leaf formation”. Geochim-
ica et Cosmochimica Acta 74.23, pp. 6741-6750. pol: 10.1016/j .gca.2010.08.
033.

Sachse, D., . Billault, G. Bowen, Y. Chikaraishi, T. Dawson, S. Feakins, K. Freeman, C.
Magill, F. Mclnerney, M. van der Meer, P. Polissar, R. Robins, J. Sachs, H.-L. Schmidt,
A. Sessions, J. White, and J. West (2012). “Molecular Paleohydrology: Interpreting
the Hydrogen-Isotopic Composition of Lipid Biomarkers from Photosynthesizing Organ-
isms”. Annual Reviews 40, pp. 221-249. DOI: 10.1146/annurev-earth-042711-
105535.

Santrucek, J., J. Kveton, J. Setlik, and L. Bulickova (2007). “Spatial Variation of Deuterium
Enrichment in Bulk Water of Snowgum Leaves”. Plant Physiology 143.1, pp. 88—97. DOI:
10.1104/pp-106.089284.

Sauer, P. E., T. I. Eglinton, J. M. Hayes, A. Schimmelmann, and A. L. Sessions (2001).
“Compound-specific D/H ratios of lipid biomarkers from sediments as a proxy for envi-
ronmental and climatic conditions”. Geochimica et Cosmochimica Acta 65.2, pp. 213—
222. pol: http://dx.doi.org/10.1016/50016-7037(00)00520-2.

Saurer, M. and R. Siegwolf (2004). “Pyrolysis Techniques for Oxygen Isotope Analysis
of Cellulose”. Handbook of Stable Isotope Analytical Techniques. Ed. by P. de Groot.
Volume-I. April. Elsevier B.V., pp. 497-506. pol: 10.1016/B978-044451114 -
0/50025-9.

Schafer, |. K., V. Lanny, J. Franke, T. |. Eglinton, M. Zech, B. VyslouZilov4a, and R. Zech
(2016). “Leaf waxes in litter and topsoils along a European transect”. SOIL 2, pp. 551—
564. DOI: 10.5194/s011-2-551-2016.

Scheful3, E., H. Kuhlmann, G. Mollenhauer, M. Prange, and J. Patzold (2011). “Forcing of
wet phases in southeast Africa over the past 17,000 years”. Nature 480, pp. 509-512.
DOI: 10.1038/naturel0685.

Schmidt, H.-L., R. A. Werner, and A. RoBmann (2001). “!30 Pattern and biosynthesis of
natural plant products”. Phytochemistry 58.1, pp. 9-32. pol: http://dx.doi .org/
10.1016/S0031-9422(01)00017-6.

Schmidt, H.-L., R. A. Werner, and W. Eisenreich (2003). “Systematics of H patterns in nat-
ural compounds and its importance for the elucidation of biosynthetic pathways”. Phyto-
chemistry Reviews 2.1-2, pp. 61-85. D0OI: 10.1023/B:PHYT.0000004185.92648.
ae.

Scholz, C. A., T. C. Johnson, A. S. Cohen, J. W. King, J. A. Peck, J. T. Overpeck, M. R.
Talbot, E. T. Brown, L. Kalindekafe, P. Y. O. Amoako, R. P. Lyons, T. M. Shanahan, I. S.
Castaneda, C. W. Heil, S. L. Forman, L. R. McHargue, K. R. Beuning, J. Gomez, and
J. Pierson (2007). “East African megadroughts between 135 and 75 thousand years ago
and bearing on early-modern human origins”. PNAS 104.42, pp. 16416—-16421.

Schiler, L., A. Hemp, W. Zech, and H. Behling (2012). “Vegetation, climate and fire-
dynamics in East Africa inferred from the Maundi crater pollen record from Mt Kilimanjaro
during the last glacial-interglacial cycle”. Quaternary Science Reviews 39, pp. 1-13. DOI:
10.1016/j -.quascirev.2012.02.003.

Seki, O., P. A. Meyers, S. Yamamoto, K. Kawamura, T. Nakatsuka, W. Zhou, and Y. Zheng
(2011). “Plant-wax hydrogen isotopic evidence for postglacial variations in delivery of
precipitation in the monsoon domain of China”. Geology 39.9, pp. 875-878. pDoOI: 10.
1130/G32117.1.

32


https://doi.org/10.1016/j.gca.2010.08.033
https://doi.org/10.1016/j.gca.2010.08.033
https://doi.org/10.1146/annurev-earth-042711-105535
https://doi.org/10.1146/annurev-earth-042711-105535
https://doi.org/10.1104/pp.106.089284
https://doi.org/http://dx.doi.org/10.1016/S0016-7037(00)00520-2
https://doi.org/10.1016/B978-044451114-0/50025-9
https://doi.org/10.1016/B978-044451114-0/50025-9
https://doi.org/10.5194/soil-2-551-2016
https://doi.org/10.1038/nature10685
https://doi.org/http://dx.doi.org/10.1016/S0031-9422(01)00017-6
https://doi.org/http://dx.doi.org/10.1016/S0031-9422(01)00017-6
https://doi.org/10.1023/B:PHYT.0000004185.92648.ae
https://doi.org/10.1023/B:PHYT.0000004185.92648.ae
https://doi.org/10.1016/j.quascirev.2012.02.003
https://doi.org/10.1130/G32117.1
https://doi.org/10.1130/G32117.1

Extended Summary

Sessions, A. L., T. W. Burgoyne, A. Schimmelmann, and J. M. Hayes (1999). “Fractionation
of hydrogen isotopes in lipid biosynthesis”. Organic Geochemistry 30, pp. 1193—1200.
Shackleton, N. J. (1987). “Oxygen Isotopes, Ice Volume and Sea Level”. Quaternary

Science Reviews 6, pp. 183—-190.

Sirocko, F (2012). Wetter, Klima, Menschheitsentwicklung: Von der Eiszeit bis ins 21.
Jahrhundert. Wiss. Buchges., p. 208.

Sirocko, F., S. Dietrich, D. Veres, P. Grootes, K. Schaber-Mohr, K. Seelos, M.-J. Nadeau, B.
Kromer, L. Rothacker, M. R6hner, M. Krbetschek, P. Appleby, U. Hambach, C. Rolf, M.
Sudo, and S. Grim (2013). “Multi-proxy dating of Holocene maar lakes and Pleistocene
dry maar sediments in the Eifel, Germany”. Quaternary Science Reviews 62, pp. 56—76.

Song, X., G. D. Farquhar, A. Gessler, and M. M. Barbour (2014). “Turnover time of the
non-structural carbohydrate pool influences 880 of leaf cellulose”. Plant Cell and Envi-
ronment 37.11, pp. 2500-2507. bol: 10.1111/pce.12309.

Sternberg, L, M. C. Pinzon, W. T. Anderson, and A. H. Jahren (2006). “Variation in oxygen
isotope fractionation during cellulose synthesis: intramolecular and biosynthetic effects”.
Plant, Cell & Environment 29.10, pp. 1881-1889. poil: 10.1111/j . 1365-3040.
2006.01564 . x.

Sternberg, L. and P. F. V. Ellsworth (2011). “Divergent Biochemical Fractionation, Not Con-
vergent Temperature, Explains Cellulose Oxygen Isotope Enrichment across Latitudes”.
PLoS ONE 6.11, e28040. DOI: 10.1371/journal _pone .0028040.

Sternberg, L. D.S.L. O. (2009). “Oxygen stable isotope ratios of tree-ring cellulose: The
next phase of understanding”. New Phytologist 181.3, pp. 553-562. p0I: 10.1111/§} .
1469-8137.2008.02661 . x.

Sternberg, L. d.S.L. O. and M. J. D. DeNiro (1983). “Biogeochemical implications of the
isotopic equilibrium fractionation factor between the oxygen atoms of acetone and water”.
Geochimica et Cosmochimica Acta 47.12, pp. 2271-2274. DoI: 10.1016 /0016 -
7037(83)90049-2.

Sternberg, L. S. L., M. J. DeNiro, and R. A. Savidge (1986). “Oxygen Isotope Exchange
between Metabolites and Water during Biochemical Reactions Leading to Cellulose Syn-
thesis”. Plant Physiology 82, pp. 423—427.

Sternberg, L. S. L. (1988). “D/H ratios of environmental water recored by D/H ratios of
plants lipids”. Nature 336, pp. 403—405. pol: 10.1038/332141a0.

Sternberg, L. (2014). “Comment on "Oxygen isotope ratios ('¥0/!0) of hemicellulose-
derived sugar biomarkers in plants, soils and sediments as paleoclimate proxy |: Insight
from a climate chamber experiment" by Zech et al. (2014)”. Geochimica et Cosmochim-
ica Acta 141, pp. 677—679. DOI: 10.1016/j .gca-.2014.04.051.

Stuiver, M. and T. F. Braziunas (1988). “The Solar Component of the Atmospheric '“C
Record”. Secular Solar and Geomagnetic Variations in the Last 10,000 Years. Ed. by
F. Stephenson and A. Wolfendale. 236th ed. Dordrecht: Springer, pp. 245—-266.

Stumpp, C., J. Klaus, and W. Stichler (2014). “Analysis of long-term stable isotopic compo-
sition in German precipitation”. Journal of Hydrology 517, pp. 351-361. DOI: 10.1016/
J-jhydrol.2014.05.034.

Sundgqyvist, H. S., K Holmgren, J Fohlmeister, Q Zhang, M Bar Matthews, C Spétl, and H
Kérnich (2013). “Evidence of a large cooling between 1690 and 1740 AD in southern
Africa”. Scientific Reports 3.1767, pp. 1-6. DOI: 10.1038/srep01767.

Swedish Meteorological and Hydrological Institute (2018). SMHI Open Data Meteorological
Observations. Tech. rep.

33


https://doi.org/10.1111/pce.12309
https://doi.org/10.1111/j.1365-3040.2006.01564.x
https://doi.org/10.1111/j.1365-3040.2006.01564.x
https://doi.org/10.1371/journal.pone.0028040
https://doi.org/10.1111/j.1469-8137.2008.02661.x
https://doi.org/10.1111/j.1469-8137.2008.02661.x
https://doi.org/10.1016/0016-7037(83)90049-2
https://doi.org/10.1016/0016-7037(83)90049-2
https://doi.org/10.1038/332141a0
https://doi.org/10.1016/j.gca.2014.04.051
https://doi.org/10.1016/j.jhydrol.2014.05.034
https://doi.org/10.1016/j.jhydrol.2014.05.034
https://doi.org/10.1038/srep01767

Extended Summary

Talbot, M. R. and D. A. Livingstone (1989). “Hydrogen index and carbon isotopes of la-
custrine organic matter as lake level indicators”. Palaeogeography, Palaeoclimatology,
Palaeoecology 70.1-3, pp. 121-137. pDoI: http://dx.doi.org/10.1016/0031-
0182(89)90084-9.

Terwilliger, V. J., K. Kitajima, D. J. Le Roux-Swarthout, S. Mulkey, and S. J. Wright (2001).
“Intrinsic water-use efficiency and heterotrophic investment in tropical leaf growth of two
Neotropical pioneer tree species as estimated from §'3C values”. New Phytologist 152.2,
pp. 267—281. DOI: 10.1046/§ -0028-646X.2001.00252 . x.

Terwilliger, V. J., J. L. Betancourt, S. W. Leavitt, and P. K. Van De water (2002). “Leaf
cellulose 8D and §'30 trends with elevation differ in direction among co-occurring, semi-
arid plant species”. Geochimica et Cosmochimica Acta 66.22, pp. 3887-3900. DOI:
10.1016/S0016-7037(02)00964-X.

Tierney, J. E., J. M. Russell, Y. Huang, J. S. Sinninghe Damsté, E. C. Hopmans, and A. S.
Cohen (2008). “Northern Hemisphere Controls on Tropical Southeast African Climate
During the Past 60,000 Years”. Science 322, pp. 252—255. poI: 10.1126/science.
1160485.

Tierney, J. E., J. M. Russell, J. S. Sinninghe Damsté, Y. Huang, and D. Verschuren (2011).
“Late Quaternary behavior of the East African monsoon and the importance of the Congo
Air Boundary”. Quaternary Science Reviews 30.7-8, pp. 798-807. DoI: 10.1016/§ .
quascirev.2011.01.017.

Tipple, B. J. and J. R. Ehleringer (2018). “Distinctions in heterotrophic and autotrophic-
based metabolism as recorded in the hydrogen and carbon isotope ratios of normal
alkanes”. Oecologia 187.4, pp. 1053-1075. poI: 10.1007/s00442-018-4189-0.

Tipple, B. J., M. A. Berke, C. E. Doman, S. Khachaturyan, and J. R. Ehleringer (2013).
“Leaf-wax n-alkanes record the plant-water environment at leaf flush”. Proceedings of
the National Academy of Sciences 110.7, pp. 2659-2664. DoI: 10 . 1073/ pnas .
1213875110.

Tipple, B. J., M. A. Berke, B. Hambach, J. S. Roden, and J. R. Ehleringer (2015). “Predicting
leaf wax n-alkane 2H/ 'H ratios: Controlled water source and humidity experiments with
hydroponically grown trees confirm predictions of Craig-Gordon model”. Plant, Cell and
Environment 38.6, pp. 1035—-1047. pol: 10.1111/pce.12457.

Tipple, B. J., B. Hambach, J. E. Barnette, L. A. Chesson, and J. R. Ehleringer (2016).
“The influences of cultivation setting on inflorescence lipid distributions, concentrations,
and carbon isotope ratios of Cannabis sp.” Forensic Science International 262.March,
pp. 233—241. DOI: 10.1016/] - forsciint.2016.03.029.

Trauth, M. H., M. A. Maslin, A. L. Deino, M. R. Strecker, A. G. N. Bergner, and M. Dihn-
forth (2007). “High- and Low- latitude forcing of Plio-Plistocene East African climate and
human evolution”. Journal of Human Evolution 53, pp. 475-486. DoI: 10.1016/] .
Jhevol .2006.12.0009.

Tuthorn, M., M. Zech, M. Ruppenthal, Y. Oelmann, A. Kahmen, H. F. del Valle, W. Wilcke,
and B. Glaser (2014). “Oxygen isotope ratios ( '80/'°0) of hemicellulose-derived sugar
biomarkers in plants, soils and sediments as paleoclimate proxy Il: Insight from a climate
transect study”. Geochimica et Cosmochimica Acta 126.0, pp. 624—-634. DOI: http:
//dx_doi.org/10.1016/j.9gca-2013.11.002.

Tuthorn, M., R. Zech, M. Ruppenthal, Y. Oelmann, A. Kahmen, H. del Valle, T Eglinton, K
Rozanski, and M. Zech (2015). “Coupling §*H and §'30 biomarker results yields infor-
mation on relative humidity and isotopic composition of precipitation - a climate transect

34


https://doi.org/http://dx.doi.org/10.1016/0031-0182(89)90084-9
https://doi.org/http://dx.doi.org/10.1016/0031-0182(89)90084-9
https://doi.org/10.1046/j.0028-646X.2001.00252.x
https://doi.org/10.1016/S0016-7037(02)00964-X
https://doi.org/10.1126/science.1160485
https://doi.org/10.1126/science.1160485
https://doi.org/10.1016/j.quascirev.2011.01.017
https://doi.org/10.1016/j.quascirev.2011.01.017
https://doi.org/10.1007/s00442-018-4189-0
https://doi.org/10.1073/pnas.1213875110
https://doi.org/10.1073/pnas.1213875110
https://doi.org/10.1111/pce.12457
https://doi.org/10.1016/j.forsciint.2016.03.029
https://doi.org/10.1016/j.jhevol.2006.12.009
https://doi.org/10.1016/j.jhevol.2006.12.009
https://doi.org/http://dx.doi.org/10.1016/j.gca.2013.11.002
https://doi.org/http://dx.doi.org/10.1016/j.gca.2013.11.002

Extended Summary

validation study”. Biogeosciences 12, pp. 3913-3924. pol: 10.5194/bg-12-3913-
2015.

Umweltbundesamt GmbH (2018). Erhebung der Wassergiite in Osterreich gemaR Hydro-
graphiegesetz i.d.F. des BGBI. Nr. 252/90 (giiltig bis Dezember 2006) bzw. Gewasserzu-
standstiberwachung in Osterreich gemafl Wasserrechtsgesetz, BGBI. | Nr. 123/06, i.d.g.F;
BMLFUW, Sektion 1V / Abteilung 3 N. Tech. rep.

Veqgqi, P. C., J. Martinez, and M. A. A. Meireles (2013). “Fundamentals of Microwave Ex-
traction”. Microwave-assisted Extraction for Bioactive Compounds: Theory and Prac-
tice. Ed. by F. Chemat and G. Cravotto. Boston, MA: Springer US, pp. 15-52. DOI:
10.1007/978-1-4614-4830-3_2.

Verschuren, D., J. S. S. Damsté, J. Moernaut, |. Kristen, M. Blaauw, M. Fagot, G. H.
Haug, and C. project members (2009). “Half-precessional dynamics of monsoon rain-
fall near the East African Equator”. Nature 462.7273, pp. 637—641. Dol: 10.1038/
nature08520.

Voelker, S. L., J. R. Brooks, F. C. Meinzer, J. Roden, A. Pazdur, S. Pawelczyk, P. Hartsough,
K. Snyder, L. Plavcova, and J. Santrucek (2014). “Reconstructing relative humidity from
plant §'80 and 8D as deuterium deviations from the global meteoric water line”. Ecolog-
ical Applications 24.5, pp. 960-975. pOI: 10.1890/13-0988 . 1.

Walker, C. D. and J.-P. Brunel (1990). “Examining Evapotranspiration in a Semi-Arid Region
using Stable Isotopes of Hydrogen and Oxygen”. Journal of Hydrology 118, pp. 55-75.

Wang, X.-F., D Yakir, and M Avisha (1998). “Non-climatic variations in the oxygen isotopic
composition of plants”. Global Change Biology 4, pp. 835-849.

Waterhouse, J. S., S. Cheng, D. Juchelka, N. J. Loader, D. McCarroll, V. R. Switsur, and
L. Gautam (2013). “Position-specific measurement of oxygen isotope ratios in cellulose:
Isotopic exchange during heterotrophic cellulose synthesis”. Geochimica et Cosmochim-
ica Acta 112.0, pp. 178-191. poI: http://dx.doi.org/10.1016/j .gca.2013.
02.021.

Werner, R. A. and W. A. Brand (2001). “Referencing strategies and techniques in stable
isotope ratio analysis”. Rapid Communications in Mass Spectrometry 15.7, pp. 501—
519. poI: 10.1002/rcm.258.

Wissel, H., C. Mayr, and A. Lucke (2008). “A new approach for the isolation of cellulose
from aquatic plant tissue and freshwater sediments for stable isotope analysis”. Organic
Geochemistry 39.11, pp. 1545-1561. DoI: http://dx.doi .org/10.1016/j .
orggeochem.2008.07.014.

Wurth, G., S. Niggemann, D. K. Richter, and A. Mangini (2004). “The Younger Dryas and
Holocene climate record of a stalagmite from Hélloch Cave (Bavarian Alps, Germany)”.
Journal of Quaternary Science 19.3, pp. 291-298. pol: 10.1002/jqs-837.

Yakir, D. and M. J. DeNiro (1990). “Oxygen and Hydrogen Isotope Fractionation during
Cellulose Metabolism in Lemna gibba L.” Plant Ecology 93, pp. 325-332.

Zech, M. and B. Glaser (2008). “Improved compound-specific §!3C analysis of n-alkanes
for application in palaeoenvironmental studies”. Rapid Communications in Mass Spec-
trometry 22, pp. 135—-142. poi: 10.1002/rcm.

Zech, M. and B. Glaser (2009). “Compound-specific §'80 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, pp. 3522—-3532. DOI: 10.1002/rcm.

35


https://doi.org/10.5194/bg-12-3913-2015
https://doi.org/10.5194/bg-12-3913-2015
https://doi.org/10.1007/978-1-4614-4830-3_2
https://doi.org/10.1038/nature08520
https://doi.org/10.1038/nature08520
https://doi.org/10.1890/13-0988.1
https://doi.org/http://dx.doi.org/10.1016/j.gca.2013.02.021
https://doi.org/http://dx.doi.org/10.1016/j.gca.2013.02.021
https://doi.org/10.1002/rcm.258
https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2008.07.014
https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2008.07.014
https://doi.org/10.1002/jqs.837
https://doi.org/10.1002/rcm
https://doi.org/10.1002/rcm

Extended Summary

Zech, M., R. A. Werner, D. Juchelka, K. Kalbitz, B. Buggle, and B. Glaser (2012). “Absence
of oxygen isotope fractionation/exchange of (hemi-) cellulose derived sugars during litter
decomposition”. Organic Geochemistry 42.12, pp. 1470-1475. DOI: http://dx.doi .
org/10.1016/j .orggeochem.2011.06.006.

Zech, M., M. Tuthorn, F. Detsch, K. Rozanski, R. Zech, L. Zéller, W. Zech, and B. Glaser
(2013). “A 220 ka terrestrial §'80 and deuterium excess biomarker record from an eolian
permafrost paleosol sequence, NE-Siberia”. Chemical Geology 360-361, pp. 220—230.
DoOI: http://dx.doi.org/10.1016/j -chemgeo.2013.10.023.

Zech, M., M. Tuthorn, F. Schliitz, W. Zech, and B. Glaser (2014a). “A 16-ka §'3Orecord of
lacustrine sugar biomarkers from the High Himalaya reflects Indian Summer Monsoon
variability”. Journal of Paleolimnology 51, pp. 241-251. p0I: 10.1007/s10933-013-
9744-4.

Zech, M., C. Mayr, M. Tuthorn, K. Leiber-Sauheitl, and B. Glaser (2014b). “Oxygen isotope
ratios (!30/'0) 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, pp. 614-623. pol: http://dx.doi.org/10.1016/] .
gca.2013.10.048.

Zech, M., C. Mayr, M. Tuthorn, K. Leiber-Sauheitl, and B. Glaser (2014c). “Reply to
the comment of Sternberg on “Zech et al. (2014) Oxygen isotope ratios (!30/'°0) of
hemicellulose-derived sugar biomarkers in plants, soils and sediments as paleoclimate
proxy l: Insight from a climate chamber experiment. GCA”. Geochimica et Cosmochimica
Acta 141.0, pp. 680—682. DOI: 10.1016/j .gca.2014.04.051.

36


https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2011.06.006
https://doi.org/http://dx.doi.org/10.1016/j.orggeochem.2011.06.006
https://doi.org/http://dx.doi.org/10.1016/j.chemgeo.2013.10.023
https://doi.org/10.1007/s10933-013-9744-4
https://doi.org/10.1007/s10933-013-9744-4
https://doi.org/http://dx.doi.org/10.1016/j.gca.2013.10.048
https://doi.org/http://dx.doi.org/10.1016/j.gca.2013.10.048
https://doi.org/10.1016/j.gca.2014.04.051

Extended Summary

Contributions to the included manuscripts

The presented cumulative thesis is comprised of 6 manuscripts prepared with the contribu-
tions from all co-authors. A record of the specific author contribution is given below:

Manuscript 1: Validation of a coupled 62Hn.a|kan.3-5lgosugar paleohygrometer ap-
proach based on a climate chamber experiment

Johannes Hepp: laboratory work (8'80 of sugars), modeling, discussion of re-
sults, manuscript preparation, publication handling (60%)

Bruno Glaser: discussion of results, comments on the manuscript (3%)

Dieter Juchelka: comments on the manuscript (2%)

Christoph Mayr: climate chamber experiment, discussion of results, comments
on the manuscript (7%)

Kazimierz Rozanski: discussion of results, comments on the manuscript (5%)

Imke Kathrin Schéafer:  laboratory work (82H of n-alkanes), data preparation and eval-
uation, comments on the manuscript (5%)

Willibald Stichler: climate chamber experiment, comments on the manuscript
(2%)

Mario Tuthorn: laboratory work (§'80 of sugars), data preparation and evalu-
ation, discussion of results, comments on the manuscript (7%)

Roland Zech: laboratory work (6?H of n-alkanes), discussion of results, com-
ments on the manuscript (2%)

Michael Zech: discussion of results, comments on the manuscript (7%)

37



Extended Summary

Manuscript 2: Evaluation of bacterial glycerol dialkyl glycerol tetraether and
’H-!80 biomarker proxies along a Central European topsoil transect

Johannes Hepp:

Imke Kathrin Schéafer:
Verena Lanny:
Jorg Franke:

Marcel Bliedtner:

Kazimierz Rozanski:

Bruno Glaser:
Michael Zech:
Timothy Eglinton:

Roland Zech:

38

laboratory work (880 of sugars and pH), data evaluation and
preparation, performed coupled ?H-'30 biomarker approach
modelling, discussion of results, manuscript preparation, pub-
lication handling (40%)

data evaluation and preparation (8°H of n-alkanes and
GDGT’s), discussion of results, manuscript preparation (30%)
field work, laboratory work (6?H of n-alkanes and GDGT’s),
discussion of results, comments on the manuscript (6%)
statistical analysis, discussion of results, comments on the
manuscript (2%)

assistance with laboratory work (6?H of n-alkanes and
GDGT's), discussion of results, comments on the manuscript
(2%)

assistance with coupled 2H-180 biomarker approach mod-
elling, discussion of the §2H and §'80 results, comments on
the manuscript (5%)

discussion of the 8?H and §'80 results, comments on the
manuscript (2%)

discussion of the 82H and §'80 results, comments on the
manuscript (3%)

discussion of the GDGT results, comments on the manuscript
(2%)

study design, discussion of results, comments on the
manuscript (8%)



Extended Summary

Manuscript 3: Late Quaternary relative humidity changes from Mt. Kilimanjaro,
based on a coupled 2H-!30 biomarker paleohygrometer approach

Johannes Hepp:
Roland Zech:
Kazimierz Rozanski:
Mario Tuthorn:

Bruno Glaser:
Markus Greule:

Frank Keppler:
Yongsong Huang:

Wolfgang Zech:
Michael Zech:

data evaluation and compilation, discussion of results,
manuscript preparation, publication handling (51%)

laboratory work (62H of n-alkanes and fatty acids), data prepa-
ration, discussion of the results, comments on the manuscript
(10%)

assistance with modelling, comments on the manuscript (7%)
laboratory work (8'%0 of sugars), discussion of the results,
comments on the manuscript (7%)

discussion of results, comments on the manuscript (3%)
laboratory work (62H of methoxyl groups), data preparation,
discussion of results, comments on the manuscript (3%)
laboratory work (6?H of methoxyl groups), discussion of re-
sults, comments on the manuscript (3%)

laboratory work (6?H of n-alkanes and fatty acids), comments
on the manuscript (3%)

field work, comments on the manuscript (3%)

laboratory work (8'30 of sugars), data preparation, discussion
of the results, comments on the manuscript (10%)

39



Extended Summary

Manuscript 4: A sugar biomarker proxy for assessing terrestrial versus aquatic

sedimentary input

Johannes Hepp:

Max Rabus:
Tobias Anhauser:

Tobias Bromm:

Christian Laforsch:
Frank Sirocko:

Bruno Glaser:
Michael Zech:

40

field work (recent plant samples), laboratory work (sugar mea-
surements of recent plant, sediment and algae samples), data
preparation and evaluation of recent plant, sediment and algae
samples, discussion of results, manuscript preparation, publi-
cation handling (65%)

laboratory work (algae cultures), discussion of results, com-
ments on the manuscript (5%)

field work (recent plant and sediment), comments on the
manuscript (3%)

Lake GemUlndener Maar (GM) sediment samples, laboratory
work (sugar measurements of lake GM sediment samples),
data preparation and evaluation of lake GM sediment samples,
comments on the manuscript (4%)

laboratory work (algae cultures), discussion of results, com-
ments on the manuscript (5%)

Lake GM sediment samples, comments on the manuscript
(3%)

discussion of results, comments on the manuscript (3%)

field work (recent plant and sediment sample samples), Lake
GM sediment samples, assistance with data preparation and
evaluation, discussion of results, comments on the manuscript
(12%)



Extended Summary

Manuscript 5: How dry was the Younger Dryas? Evidence from a coupled 5°H-
5'80 biomarker paleohygrometer, applied to the Lake Gemiindener Maar sedi-
ments, Western Eifel, Germany

Johannes Hepp:

Lorenz Withrich:

Tobias Bromm:

Marcel Bliedtner:

Imke Kathrin Schéafer:

Bruno Glaser:
Kazimierz Rozanski:

Frank Sirocko:

Roland Zech:

Michael Zech:

data evaluation and compilation, modelling, discussion of
results, co-writing an earlier version of the manuscript,
manuscript preparation of the actual version, publication han-
dling (52%)

laboratory work (8%H of n-alkanes), data preparation and eval-
uation, discussion of results, manuscript preparation of an ear-
lier version of the manuscript, comments on the actual version
of the manuscript (15%)

laboratory work (8'80 of sugars), data preparation and evalu-
ation, discussion of results, comments on the manuscript (3%)
laboratory work (8%H of n-alkanes), data preparation and eval-
uation, discussion of results, comments on the manuscript
(3%)

laboratory work (8%H of n-alkanes), data preparation and eval-
uation, discussion of results, comments on the manuscript
(3%)

discussion of results, comments on the manuscript (2%)
assistance with modelling, discussion of results, comments on
the manuscript (6%)

lake coring, chronology, discussion of results, comments on
the manuscript (3%)

discussion of results, co-writing an earlier version of the
manuscript (6%)

core sampling, assistance with laboratory work, discussion of
results, co-writing an earlier version of the manuscript, com-
ments on the actual version of the manuscript (7%)

41



Extended Summary

Manuscript 6: Late Glacial to Early Holocene 8H,.ajkane and 820 records from
Lake Bergsee, Black Forest, Germany — potential and limitations

Johannes Hepp:

Lucas Kéampf:
Damien Rius:
Mario Tuthorn:
Lucas Bittner:

Laurent Millet:

Fanny Dupart-Oualid:

Bruno Glaser:
Michael Zech:

42

core sampling, laboratory work (bulk measurements, sugar
and §'80 of sugars, n-alkanes and 8°H of n-alkanes), data
preparation, evaluation and compilation, discussion of results,
manuscript preparation (60%)

core sampling, laboratory work (sugars and §'30 of sugars),
discussion of results, comments on the manuscript (5%)

lake coring, chronology, pollen results, discussion of the re-
sults, comments on the manuscript (5%)

laboratory work (bulk measurements, sugar and 830 of sug-
ars), discussion of results, comments on the manuscript (5%)
laboratory work (5'30 of sugar), data evaluation, discussion of
results, comments on the manuscript (3%)

lake coring, chronology, pollen results, discussion of the re-
sults, comments on the manuscript (3%)

pollen analysis, discussion of results, comments on the
manuscript (2%)

discussion of the results, comments of the manuscript (2%)
core sampling, assistance with laboratory work (5'80 of sugars
and 8%H of n-alkanes), discussion of results, comments on the
manuscript (15%)



Included manuscripts

43






A. Manuscript 1: Hepp et al. (2019c¢)

A. Manuscript 1: Hepp et al. (2019c)

submitted to Biogeosciences, published in Biogeosciences Discussion
https://doi.org/10.5194/bg-2019-427

45


https://doi.org/10.5194/bg-2019-427




A. Manuscript 1: Hepp et al. (2019c¢)

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

© 00N U WN P

NNNNNNNNNRPRPRRRRRERERERERPR
N UIAWNREL,O®©O®O~NO®UOMWNIERO

Validation of a coupled WH.aikane WOsugarpaleohygrometer
approachbased ona climate chamber experiment

Johannes Hepp*"* Bruno Glasér Dieter Juchelka ChristophMay®?, Kazimierz Rozangkimke
KathrinSchafet, Willibald Stichlet, Mario Tuthorr$3, RolandZecl¥'#, Michael Zech:5#

aChair of Geomorphology and BayCEER, University of Bayreuth, Universitatsstrass@53a0 D
Bayreuth, Germany

PInstitute of Agronomy and Nutritional Sciences, Soil Biogeochemistry, MiautinerUniversity Halle
Wittenberg, VorSeckendorfiPlatz 3, E06120 Halle (Saale), Germany

‘ThermoFisher Scientific, HanfidunathStr.11, 328199 Bremen, Germany

dInstitute of Geography, FriedriehlexandetUniversity ErlangeiNiirnberg,Wetterkreuz 15, E91058
Erlangen Germany

eGeoBieCenter & Earth and Environmental Sciences, LudiagimilianUniversityMunich, Richare
WagnerStr. 10, BB0333 Munchen, Germany

fFeculty of Physics and Applied Computer Science, AGH University of Science and Technology, Al.
Mickiewicza 30, PBO-059 Krakéw, Poland

9Institute of Geography and Oeschger Centre for Climate Research, University of Bern, Hallerstrasse
12, CH3012 BernSwitzerland

"Helmholtz Zentrum MinchenGerman Research Center for Environmental Hedltigolstadter
Landstrasse 1,B5764 Neuherberg, Germany

Institute of Geography, Chair of Physical Geography, Frie8cbhler University of Jena,
Lobdergraben 32,7743 Jena, Germany

lInstitute of GeographyteisenbergChair ofPhysical Geography with focus on paleoenvironmental
research Technical University of Dresden, Helmholtzstrasse 10,02 Dresden, Germany

“corresponding author: johanndsepp@gmx.de
“all other co-authors are listedilphabeticaly

Present addres<Chair of Geomorphology and BayCEER, University of Bayreuth, Universitétsstrase84a) D
Bayreuth, Germany

2Present addressnstitute of Geography, FriedrieAlexanderUniversity ErlangeiNurnberg, Wetterkreuz 15,-D
91058 Erlangen, Germany

SPresent addressthermoFisher Scientific, HanséunathStr. 11, 28199 Bremen, Germany

“Present address: Institute of Geography, ChaiPhbf/sical Geography, FriedriSchiller University of Jena,
Lobdergraben 32, D7743 Jena, Germany

SPresent address: Institute of GeographleisenbergChair of Physical Geography with focus on
paleoenvironmental researchTechnical University of DresdeHelmholtzstrasse 10, -D1062 Dresden,
Germany

47



A. Manuscript 1: Hepp et al. (2019c)

48

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

Keywords
hydrogen stable isotopes, oxygen stable isotopes, hemicellulose sugars, leaf waxes, leaf water
enrichment, deuteriurrexcess, relative humidity

Abstract
The hydrogen isotopic composition of leaf wderived biomarkers, e.g. long chain ol v «2Hrw
akang), IS Widely applied in paleoclimatology researttowever, a direct reconstruction of the isotopic
Ju%}e]181tv }( %o 0 }% E ] %Hsadbalone ean Bevchallenging due to the ovenpiof
the source water isotopic signal by le&f § E VE] Zu v3X dZ Hliu%d]¥FOMf w
hemicellulose E]A  «u POk hawthe potential to disentangle this effect and additionally
allow relative humidity reconstructions. Herd, %o E #HyakaW * A 0 0'%0OsygMresults obtained
from leaves of the plant speci€ucalyptus globuly¥icia fabavar. minor and Brassica oleraceear.
medullosad AZ] Z A @ PE}Av pv E }viE}oo Iv 18]}veX t Hy E o
akane V  i0sgar values allow precise reconstructions of leaf water isotope composition, (ii) how
accurately does the reconstructed leahter-isotope compositionenablesrelative humidity (RH)
reconstructionin which the plants grew, and (i) dee$Z  } g %o HvdRand (VW ¥iDsugarenable a
robust source water calculation?
For all investigated species, the alkam€9 was most abundant and therefore used for compound
*% ](CH measurements. Fovicia fabal 181}v oéCvaiigs wm-G; could be evaluated
robustly. With regard to hemicellulosgerived monosaccharides, arabinose and xylose were most
puv v8 v SZKIE opu c A E $Z E (JE pe 38} o0 po®OAvER&AS u v
}8Z MHakane V  MOsugar yielded 1P V](] vE  JEE 0 Fhivater AV S ZA0Wrwater,
respectively (= 0.45 and 0.85, respectively; p < 0.001, n = 24). Mean fractionation factors between
biomarkers and leaf water were found to béfi0: ~@E& VP ]Vv-B3J&)B7:° (G5 akaneleatwater
v =76Xi: ~& VvP]VvP (E}u =17XdgahmddXrespecthv@y.XUsing rearranged Craig
Gordon equations with eitheraTor Teat V. U * 4 PHeatater } E8@atwater &S input variables, we
furthermore modeled imate chamber Rid and RHar values. Modelled Ridvalues, from the more
simplified Craigsordon model, turned out to be most accurate and correlate highly significantly with
measured Rijvalues (RA 1 X68U % D iXiiiV ZD"N A 09%¥atedr W PEOIMIMP W
Aops-3z235 E opo 8§ (E}u 3Z olv v «uP E ]Jlu EHE: Jves
water V. Dearwater @s input variables, the correlation of modelled Rialues with measured RH
values is getting wae, but is still highly significant witt? R 0.54, p < 0.001; RMSE = 10%. This
Z]PZo]PZ&+ 8Z %}38 v3] OPH}fxar® BOsghipHlemhygremeter approach fosuitable
relative humidity reconstructions. Finally, the reconstructed source wat@Si} %o }u % }*3§]}v ~w
v ¥y as calculated from the coupled approach matches the source water in the climate chamber
FE % E] GHhBwaer WV mank—water).
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1 Introduction

Leafwax-derived biomarkersssuch aslong chainn-alkanes, and theirstable hydrogen isotopic
composition( Hh-akand are widely applied in paleoclimatologgsearch Sedimentary¥Hn.aianevalues
correlatewith #H of precipitation(Huang et al., 2004; Mugler et al., 2008; Sachse et al., 2004; Sauer
et al., 2001)confirming the high potential of \iHhakaneto establish\¥H records of past precipitation
(Hou et al., 2008; Rao et al., 2009; Sachse et al., 2dbR)ever, the alteration of the isotopic signal

as a result of the often unknown amount of leaf wagrichmentcaused by evapotranspiration can

be several tens of per mil. This poses a challenge for accurate data interprefatip@ech et al.,
2015) especially in respect of JvP o %o . héedzhased climate records. Apart from studies of
sedimentary celluloséHeyng et al., 2014; Wissel et al., 20@Bg oxygen stable isotope composition

}( cuP E ]}u ‘BdFemerged as complementary paleoclimate praiying the last écade
(Hepp et al., 2015, 2017, Zech et al., 2013a, 20TH@ interpretation of the WfOsugar values is
comparable to those} ( hakane When sugars originate primarily from leaf biomass of higher
terrestrial plants, they reflect the plant sourceater (which is often directly linked to the local
precipitation) modified by evapotnspirative enrichment of thieaf water(Tuthorn et al., 2014; Zech

et al., 2014a)Thecoupling of WHy.akaneWith WPOsugarvaluesallows quantification of leafvater isotopic
enrichmentand relative air hundlity (Zech et al., 2013aJhis approach was validated Bythorn et

al. (2015)by applying it to topsoil samples along a climate transect in Argentina. Acclyrdihg
biomarkerderived relative air bmidity values correlate sigficantly with actual air relative humidity
from the respective study sitegjghlighting thepotential ofthe VHn-akane WOsugar paleohygrometer
approach.

The coupled approach is based time observation thatthe isotope sjnature of precipitation
~reqpitation aNd WOpreqitation) typically plotson oradjacent tothe global meteoric water linegMWL),

1v 2HmAPO diagram. The GMWL is characterized by the equafiBifleqitaton A 0 “JOMapitation + 10
(Dansgaard, 1964In most caseshe local precipitation can be 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 sourdesy. Dawson, 1993)However, leaflerived
biomarkers reflect the leaf water isotope mgosition, which is, unlike xylem water, prone to
evapotranspiratione.g. Barbour and Farquhar, 2000; Helliker and Ehleringer, 2002; Cernusak et al.,
2003; Barbour et al., 2004; Cernusak et al., 2005; Feakins and Session¥dfen et al., 2011;

Sachse et al., 2012; Kahmen, SchefuB3, 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 becauseof the evapotranspirative enrichment through the stomata. Thereby, lighter water
isotopes evaporate preferentigl which results in a deuteriurexcess in the remaining water
compared to the precipitation water (d ¥H- 6 WO, according tdDansgaard, 1964 The degree of
evapotranspiratie enrichment is mainly controlled by the relative air humidity in the direct
surrounding of the plant leaveg.g. Cernusak et al., 2016Although the biomarkers reflect the
isotopic composition of leaf water, there is still a modification by thecaited biosynthetic
fractionation during the biosynthesis, leading to an offset between leaf water anddyker isotope
composition. In case the biosynthetic fractionation is known and constant, there is a great potential
$5Z § & o 3]A Zpu] 15C v EhiAikane ( E HiDsuJv2ley P W
The overall aim of this study is to evaluate thH.akane WOsugar 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:

@) which homologue andpecific monosaccharide can be used to Q&ith-akane V  #sugar

results for the climate chamber plants leaf material, respectively,
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(ii) ZYA % E ]+%UhGrane} W MOugar A O ¢ 00}A E }¥HSE B pilRafw
water, respectively,

(iii) how accurately does the leakater-isotope composition reflect the relative humidity
conditions,

(iv) and does the coupling ofHmaane vV MOsugarenable a robust source water calculation
and how reliable are relative humidity reconstructions?

2 Materialand Methods

2.1 Climate chamber experiment

A phytotron experiment was conducted at the Helmholtz Zentrum Minchen in Neuherberg during
winter 2000/2001 ayr, 2002) Three differendicotyledonplant speciesEucayptus globulusVicia
fabavar.minorandBrassica oleraceaar.medullosawere grown in eight chambers for 56 days under
seven distinct climatic conditions (same conditions in chambers 4 and 8). Air temperai)redie

set to 14, 18, 24 and 304Rdand relative humidity (R to around 20, 30, 50, and 70% between 11

a.m. and 4 p.m(Fig. 1B)During the rest of the day typical natural diurnal variations were aimed for
(details inMayr, 2002) Furthermore uniform irrigation conditions werguaranteedvia anautomatic

irrigation systemwhich was controlled by tensiometers installed in 9 cm substrate depth. The tank
water used for irrigatiorwas sampled periodicallfintervals of one to three daysjver the whole
experimentandrevealedonly minor variability in its isotacomposition ~¥Dankwater=- 11 X6 F 1 X7
v E Al 3 PHvnmatet M OVFE §: oo X Kv A IU «}]Jo A 8§ & ~A] E u] u%
depth) and atmospheric water vaporkv. E C ] v ve 3]}V 3E %oHoibaet, WD O ~W
water V 2Nanmospheriewater—va\pnn Waoatmuspherimater-vapor). Additionally, leaf temperatures ) were

derived from gas exchange measurements, at least once a (M, 20Q).

/v E & 8§} v oCl «3 0 ZC E}P Vv Vv }ECP V H)dd%oWPOcgmp} 1511V }(
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, while the latter shoutdlect the isotopic composition of the soil

water. For simplification, stem water is referred to as xylem watethi following ~3yiemwater,
VbBoxylemwa\er)-

For more details about the experiment, the readerdderredto the original publicatiorfMayr, 2002)

2.2 Leafbiomarkerextraction and compoundspecificstable isotopeanalysis

A total of24 leaf sampleswere preparedaccordingo Schéfer et al(2016)for compound specifiatH
measurements ofn-alkanes, at thelnstitute of Geography Group of Biogeochemistry and
Paleoclimate, University of Berilicrowave extraction with 15 ndichloromethane (DCM)/methanol
(MeOH) 91 (v:v)at 100°C for 1 twas conducted. The resulting tottpid extract was purified and
separated usingminopropyisilicagel (Supelco, 45m) pipette columrs. The hydrocarbon fraction
(containingn-alkanes) was eluted withrhexane and cleaned vidver nitratecoatedsilica gel pipettes
(Supelco, 6200 mesh) and zeolite (Geokleen Ltd.) columns. fhemeasurements of the highest
concentratedn-alkanes -G andn-Gs1) were performedon a GE€H-pyrolysisIRMS systenequipped
with an Agilent 7890Agas chromatgraph (GG and IsoPrime 100dsotoperatio-mass spectrometer
(IRMS coupled with aGC5pyrolysis/ombustion interface operating in pyrolysis modughwa Cr
(ChromeHD) reactor attD0°C The compounespecific \iH valuesvere calibrated against standard
alkanemix (-G, n-Gy, N-Gsz) with known isotopecomposition A. Schimmelmann, University of
Indiang, measurel twice every six sample injectiansStandard deviation ofthe triplicate
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measurementswere typically " 5: . The H* factor stayed constant during the course of the
measurements.

Additionally, the leaf samples werdried and finely ground in preparation (} ®wanalysis of
hemicellulosederivedsugarsmodified fromZech and Glasg2009)at the Institute of Agronomy and
Nutritional Sciencg, Soil Biogeochemistry, MartibutherUniversity HalleVittenberg The
hemicellulose sugars weraydrolytically extractedfor 4 h at 105°C using 4Mifluoroacetic acid
(Amelung et al., 1996)nd purified viaXAD7 and Dowex 50WX8 colummior to the methylboronic
acid(MBA)derivatization(4 mgof MBA in 400 pl dry pyridinr 1 h at 60°C), the cleaned sugars were
frozen and freezalried overnight(Knapp, 1979)Compound +%. ] (O weasurements were
performedon a Trace GC 2000 coupled to a Delta V AdvanflytSvia an'O-pyrolysis reacto(GC
IsoLink and aConFlo I\interface @ll devices fronThemo Fisher S] v§]. U &eaimahy).The
sample batches were measured along wigmbedded co-derivatized standard batcheswhich
containedarabinose, fucosexylose and rhamnose in different concentrations | v } A v#@ value.
dZ ¥@ values of the standard sugars were determined via temperature conversion/elemental
analysissRMS coupling at the Institute of Plant Sciences, ETH Zurich, Switzgéaidand Glaser,
2009) This procedurallows corrections for possible amount dependenci{@ech and Glaser, 2009)
andensure §Z ~WE]v %0 }( / v§Weroeradt BandyZ001$tandarddeviationsfor
the triplicate measurementswere i Xd: v 1Xdaverage over all investigatesamples) for
arabinoseand xylose, respectivelyWe focus orarabinoseand xybsein this studybecause they were
(i) the dominat peaks in all chromatograms, and ifevioudy found to strongly predonmate over
fucose(and rhamnosein terrestrialplants, soil{Hepp et al., 2016)

All walues are expressed per mil as isotopeatios (R Z%0/*%0 or?H/'H) relative to the Vienna
Standard Mean Ocean Water (VSMOWstandard in the common delta notation
(WAZ % bZs v &5, @e.0.Coplen, 2011)

23FE u A}E! (}E HiYe NVIE ZRQugarresults
2.3.1Deuteriumexcess of leaf water and relative humidity
Thecoupled approaclis based on the observation that isotope composition of global precipitation
plots typically close to the GMW(WHpreitaion A 0 *{Oapitation + 10;Dansgaard, 1964ig.2). The
soil waer and shallow groundwatewhich acts as source water for plajgan often directlperelated
to the local precipitationHowever, especiallyuting daytimdeaf water is typically enriched compared
to the precipitation due to evapeanspration through the stomatatherefore plotting right of the
GMWL(Fig.2; e.g.Allison et al., 1985; Bariac et al., 1994; Walker and Brunel, 1990)eafwater
reservoir at the evaporative sités frequently assumed to be in isotogteadystate (Allison et al.,
1985; Bariac et al.,, 1994; Gat et al., 200Valker and Brunel, 1990)meaning that the isotope
composition of thetranspired water vapor is in isotopic equilibrium witie source water utilized by
the plants during the transpiration proce§heCraigGordon mode(e.g. Flanagan et al., 1991; Roden
and Ehleringer, 199%)pproximates the isotope processésleaf water inw § dewge Barbour et al.,
2004)

w Ccw =x0=x =:wrwr>q;—]L (Equation 1)
wZ EeUww amre the hydrogen and oxygen isotopic compositions of leaf water at the evaporative

sites, source water and atmospheric wateapor, respectively The equilibrium enrichment x Yis
expressed as (Ilryve | 31AZ CEuvis the equilibrium fractionatin between liquid and vapor in
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per mil. The kinetic fractionation parameterx) describes thevater vapordiffusion from intracellular
air space through the stomata and the boundary lapéo to the atmosphereand e/e; is the ratio of
the atmospheic to intracellular vapor pressure.

/v 2HamAPO diagram the isotope composition ofhe leaf wateras wellas the source water can be
described asleuterium-excess (d) values by using the equatioDahsgaarq1964) withd = ‘H- 6 |
WPO. This allows rewritinthe Eq. 1, in which hydrogen and oxygen isotopes have to be handled in
separate equations, inne equation

C.=kéro ¥so=k|ro| {%=c r .rk{ro |{60g|—] L (Equation 2
wherede, dsandda are thedeuterium excess values leaf water at the evaporative sites, source water
and atmospheric watevapor, respectivelyThe kinetic fractioation parameter ~kis typically related
to stomatal and boundary layer resistances to water flaarqubar et al., 1989\WWe used thekinetic
enrichmentfactor (G) instead } ( «xo be close to paleo studies were direct measurements of such a
plant physiological parameter are not availabléekinetic enrichmentactor is derived from a more
generalized form of the Crai@ordon model for describing the kinetic isotope enrichment?férand
180 (G2 and G, respectively (Craig and Gordon, 1965; Gat and Bowser, 1991he plant source
water and the local atmospheriwatervapor are in isotope equilibriunthe term w- win Eg. 1can
be approximated by x Z X dEqg2can be reduced to:

C.=kdérd ¥s=[ro6 |{%]|Iir—pa (Equation 3
]

The actuabtmosphericvaporpressure(es) and the leaf/apor pressure (gin kPa can be derived from
Egs. 4 and 5 by using:&nd Tear, respectively:

A IX 01T XITkEd @ TeIXe 7 ¢ (Equation &

JA TX 0T X 1dkeidl @io= (81069 (Equation
where e/e; is the relative humidity calculated with thgaturation vapor pressurewhen the leaf
temperature is used in the denominator rather than the air temperature (Eq. 5), ranging between 0
and 1. In order to increase the comparability to.RIthe e/e; ratio calculated with ks in Eq. 5 can be
converted into Rk by multiplication with 100When T is used in Eq. ®4/e; representsRHy (also
ranging between 0 and 1, representing 0 to 100% relative humidity when multiplying with 100). It
should be notd that the dfferences between measured Ridand Tiar with the respective air
parametes (RH Tar) are not very pronouncedh most casegMayr, 2002; Kahmen et al., 2011b)
revealing rather theame trends and magnitude (FigB)L
With Eqgs. 2 and 3, two equations are giv® derive relative humidity values by rearranging them,
resulting in Rk and Ridar, respectively, by using eithegor Tearfor x ZEgs. 6 and 7):

20 0 r . rkérd ¥ork | ro| I"oé

. — Equation
r.rkiré |° (Eq 4

Zy (Equation ¥

r
I TN
Equilibrium fractionation parameters%and xﬁ) are derived from empirical equations dbrita and
Wesolowski (1994py using either the climate chambeg;©r Tear Values.The kineticfractionation
parameters (Jand [9for?Hand®*KU E *% 5]A oCU E -« § &} 71X iMevlivdtd X i
(1978) who reported maximum values during the molecular diffusion process of water through a
stagnant boundary layett «Z}po v}$§ «\alues of broadleaf trees and shrubs over broad

1a
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climatic conditions are well in the range with useﬂand {6 A op U E A o]vP 1iXd F iX8
+1.0 for¥ and >¢° respectively(derived from supplementary data @fernusak et al., 2016)

| (Meatwaier V. WDeatwater  V E }veSEP § (E}u $3Z u negikdines andsugarse }(
biomarkers this framework providesa powerful tool to establish relative humidity records from
sedimentary archive@Hepp et al., 2017; Zech et al., 2013&) reconstruct the isotope composition of

leaf water t is assumed that fractions]}v ( 3} &« }( >?Hodf: alkh@EN-Co and n-Gsz ( Xuio;

Sachse et al., 2012; Sessions et al., 1889)v =16 : % @ the hemicellulosederived sugas
arabinoseand xylosg( ®%; Cernusak et al., 2003; Schmidt et al., 2001; Sternberg et al., 1986; Yakir
and DeNiro, 1990)an be applied

alkanebased iHeatwater = (VHh-aikane t Xoio ® | ~ | %50/3000) (Equation8)

sugarbased WOkeatwater = (WOsugar t X%io * | ~ T *850L000). (Equation9)

2.32 Isotope composition of plant source water
In a vH- VPO diagram the hydrogen and oxygeie}8}%  }u%}e]18]}v }( SZ %0?MS *}uCE
and WOs, respectively canbe assessed via the slope of the individual leaf watempotranspiration
lines (LEL's;Craig and Gualon, 1965; Gat and Bowser, 1991)epending on the degree of
simplification, theLEL slopéSe) canbe derivedfrom Eq. 1(qconsistent to Eq. ZndEq.11(consistent
to Eq.3):

¥=T=kdrvfr jo|—

NC—r——— 1 3 (Equation 19
> > Xiz-: ;o:kV\IIOrV\Il r iOol_]

)%: ; I @T—A )%ZlT
A SGC — — U (Equation11)
o X¥s=1°| @r—]A %= |°

AZ @ 00 % E u § E+ E (lv Hoand W& VeluieX exhi tkn Hezcaloulated
for each leaf watedatapoint via the intersect between the individugELS with the GMWLThe model
results(from Ecg. 10and11) can be furthermore compared to the slopalculated byeq. 12using the
U o U E HeWwater, WeOleatwater V. Whankwater, WeOlankwater Values(Craig ad Gordon, 1965; Gat and
Bowser, 1991)

A W, o rAscEW.évnqu

A — — (Equationl12)
7 7K s EWOKs via s «

2.4Modeling and isotope fractionation calculations

Relative humidity (Eq. 6), deuteriuexcess values of leaf water(&g. 2and Sevalues (Eq. 10) were

modeled leading to less simplified resylts pe $Z u e pMaluesvare used explicitly.

Equations 7, 3 and 11 were therefore used to obtain RHand Se.results, representing a more

simplified model approach becagisw - w are approximated by- x ZThis model procedure allows

furthermore the comparison of scenarios based on air or leaf temperatur@(Tiea). In Egs. 6 and

7, the reconstructed (biomarkdrased) deuteriunexcesgatwaer Was used as additionahput, as

gained from Eqgs. 8 and 9. The modeled LEL slopes (Egs. 10 and 11) were used to derive source water

1338} %  }u %o} °Hs MPO)~Iwall equations presented in section 2.3 to gain the model results

~ <o X T §%@105Men&0/ater—voupon Vysoatmospheriewaler-vuupur \ Z\Mank-water, VysQank»water A E He a( } E w
v oftherefore also for dand d). All other input parameters were set as described in section 2.3. In

JE E §} % E}A] vie VP E | §]yFRH&ZR}SE0 VHEA D) otie ~

Vv

/
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calculations were also rumith valuesgeneratecby sy SE $]vPIl JvP 8Z Jv ]JA]l p o « 8} §Z

This procedure was also used to deriveasureddeuteriumexcesgarwaer and SeLuncertainties
Model quality was overall assessebly calculating thecoefficient of determination ¢ A f
A:u} o ru epE oAy epEru <uE u;'gaand the root mean square error

DA b A:u o ru spG@ETA. The Ris not equal to the % which provides here the
H q p

fraction of vaiance explained by linear regression between a dependent (y) and an explanatory
variable XEAi r A:Cr(]188 ;'ad:Cru v 7R Core Team, 2015)

The fractionation between the measured leaf biomarkersl leaf water can be described by the
following equations (Eq. 10 and 11; eGpplen, 2011)

XK-alkane/leafwater = (V%Hn—alkane‘ VHeatwater* | ~ izHEaf—Wéterllooo) (Equation 13)

Xugar/leafwater = (Vbsosugar = 1§®eaf-water o | ~ ilageamater/looo)- (Equation 14)

For Egs. 8 anél (biomarkerbased leaf water reconstruction) as well as for E@safid14, the 1
rangewere calculated by subtracting/adding the individwaknalogous to the modeling results.

All calculations and statistical analysis were realized(ireRion 3.2.2R Core Team, 2015)

3 Restts andDiscussion

3.1 Compoundspecific isotope results of leafvax-derived n-alkanesand hemicellulose
derived sugars

All investigated leaf material showed a dominance gh&lkanesThedominance oh-Gyin Brassica
oleraceaand Eucalyptus globulusas also reported bli et al. (2005) and Herbin and Rob{fh968)
Vicia fabdeaf samples additionally revealed a high abundanceof-&lkanes Thisagreeswith results
from Maffei (1996)and enables a robust determination @bmpound « %. ] ¢H valuesfor Ge and
Gs1. The WHh.aaneValues olicia fabaare therefore calculated as weighted mean

The top ofFig. Aillustrates the Hnh-akaneresultsalong withisotopic data foteaf, xylem and soil water
(the latter were originally publisheth Mayr 2002) In additionthe climate chamber conditions (RH
RHea, Tarand Tear) are displayed (all fromlayr, 2002 Fig.1B). For more details about the (plantiter
isotope results, climate chamber conditions as well as not shown plant physiological properties the
reader is referred tdviayr (2002) The RHh.aanevalues range fror213 to- i 8 & :over all plant species
As revealeddy overlapping notches in the respective boxplats statistically significardifferences in
the median values betweethe three plant species can be descril{€ity. S1AYcGill et al., 1978)Fig.
1A moreover show $ Z SHaikanevalues range largest f@&ucalyptus globulusompared to the other
two plants. However, the low numbef samples per plant species prohgt robust interpretation.

(Fig. 1)

The investigated leaf samples yiettsubstantially higher amounts of arabinose and xylose compared
to fucose and rhamnosdhisis in agreement with sugar patterns reported for higher plants[~} u1

et al., 2005; Hepp et al., 2016; Jia et al., 2008; Prietzel et al., 2013; Zech2€112|.2014apnd
hampers a robust data evaluation of fucose and rhamnod€ %@ values of the investigated

%o vS}e ¢ & ]Jv}e Vv AECo}e & vP (E}u ii 8} 06:,andareShodin:U E ¢ %o
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along with isotopic data foleaf, xylem and sbiwater (Mayr 2002)in the bottom of Fig. 1A. No
considerable differencin §Z ®W A op ¢ }( & ]Jv}e v /ECo}s 50 pentoseyv ]v §Z
data. This is in line with findings froech and Glas€¢R009), Zech et al.2012), Zech et al(2013h

andZet et al.(2014b) ps }VvSE ] 8]vP A]§Z «o0]P 2¥gdnowvalbes tomphiddito w
WO,yi0se Values reported byZech et al. (2013a) and Tuthorn et al. (20X@yerall,the two sugars
displayvery similar results (Fig; r?= 0.7, p < 0.001, n = 24)Z %@ values of arabinosand xylose
cantherefore be combined as aveighted mean(as WOsugar value for further data interpretation

The WOsugavaluesare notsignificanty different between the tiree investigated plant species

The compounespecific isotope results déaf hemicellulosederived sugars and leafax-derived n-
alkanescan be comparedwith leaf, xylem, soil and tank watecdmpareFig. 1Aand Fig. 2)This
comparison revealthat soil and xylem water plot close to the tank watehereasleaf water shows
a clear evapotranspirative enrichment. This enrichment strongly differs between the climate
chambers, depending mainly on T and RH conditi®hs. biomarker results furthermore follow the
o (A3 EAJ3Z Gop 1V Y((* 8§ ~x

(Fig. 2)

3.2 Don-alkaneand sugar biomarkers reflect the isotope composition of leaf water?

d Z %Hvakanedataset revealas]Pv](] v8 }EE Hhh o0 8Z(Fusing all plant species
with p < 0001 (Fig. 3A). A slope of lahd an intercept of ifiT: (p E&dre@®haracterize the
relationship. It seems that each plant type sloow ] (( E?Hu&kaW S } 2Meacwaer relation, with the
highest slope foVicia fabaand the lowest foBrassica oleraceadowever, we argue that the number
of replicates for eactplant species is simply too low to interpret this finding rolysiA highly
significant correlatioris also observed for theorrelation 3A  V%@ugar vV eatwater (2 = 0.84,
p < 0.001; Fig. 3B). The regsion reveals aslope of 0.74 v JvS E %S }( 11X6:X

(Fig. 3)

Sinceit is well known thameasuredeaf water is not always equal to the specific wateol in which
the n-alkanes are biosynthesizéd.g. Tipple et al., 20154he correlation reveala rather low F (Fig.
3A) Furthermore NADPH is acting alss hydrogen source during-alkane biosynthesjswhich is
clearly more negativéhan the biosynthetic water podiSchmidt et al., 2003jurther contributingto

A | VIVP }( 48ZkaneM0 WHearwater relationship The correlation between the deuterium
contentsof leafwaxn-alkanes and leaf water presented heresil well inrangewith the literature.
Feakins and Sessiof2910)presentedn-alkane (@and Gi+ v o ( A’HsdaEa from typicaplant
species (excluding grasses) along a southern California aridity gradiemjmgveat only wH ofn-Gg
is significarly correlated with leaf water &r= 0.24, p< 0.1, n = 16; based on the associated

\

supplementary data)Another field dataset fronthe temperate forestat E}Av[e > | }PU KZ]}U h~

E A o «]PV](] v§ }ECE ¥ &h@eandds withieafwater of the speciePrunus
seroting Acer saccharinurQuercus rubraQuercus albgand Ulmus americandr® = 0.49, p < 0.001,

n =38; #=0.59, p < 0.001, n = 29; as derivearfdhe supplement material dfreimuth et al., 2017)
Data from a controlleatlimate chamber experiment using two tree species show a highly significant
relationship between leaf wa- ol v ¢éHwand leaf watefwith G of Betula occidentaliand Gs of
Populus fremontjir? = 0.96, p < 0.00h = 24; derived from supplementary dataTipple et al., 2015)

It is conformedthat leaf waxn-alkanes ofdicotyledonous plantsargelyincorporatethe leaf water
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isotope signal, while irmonocotyledonousplants (e.g. grasses) thealkanesare more strongly
affected by the source water due to the leaf growth at thtercalary meristen{Kahmen et al., 2013)

The observed slopg ( § Z*%0wgar $ } *earwater relationship (Fig. 3B)ould serve as indicator for a
leaf water (enrichmentsignal transfer damping @fpproximately26%.The theory behind thesignal
damping isadopted from the cellulose researcfe.g. Barbour and Farquhar, 2000Barbour and
Farquhar(2000) related the extent of the signal damping the proportion of unenriched source
water, which contribué to the local synthesis watgrool and to the proportion of exchangeable
oxygen during cellulose synthesiserecalculated damping factor would be well in the range of values
reported for cellulose synthesis iBossypium hirsuturfeaves(between 35 and 38%®Barbour and
Farquhar, 200Q¥or Eucalyptus globulugaf sample$38%;Cernusak et al., 2008)nd fa five G and

G, grasseq25%;Helliker and Ehleringer, 200ZRecentlyCheesman and @eusak(2017)provided
damping factors for leaf cellulose synthesis based on plant data grown under same conditions at
Jerusalem Botanical Gardens publishedgng 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)large range of damping factors associated with leaf cellulose was
also reported bysong et al2014)for Ricinus commungrownundercontrolled conditionsA common
disadvarage of the abovenentioned studies ithe absence of direct measurements of ti@portion

of depletedsource water contribution to the local synthesis wagas noticed by.iu et al., 2017)which
largely contribute tahe extent of the damping factofBarbour and Farquhar, 2006jowever, when
transferring cellulose results taeptoses such as heinellulosederived arabinose and xylose, it should

be noted that they are biosynthesized \dacarboxylationof the carbon at position six (C6) from
glucose(Altermatt and Neish, 1956; Burget et al., 2003; Harper anePR#&rd, 2002)Waterhouse et

al. (2013)showed that the oxygen atoms at C6 position in glucose moieties, used for heterotrophic
celulose synthesis, are strongly affected by the exchange with local water (up toB&8éyl on these
findings, it can be suggested thife influence of the norenriched source water durinpe synthesis

of leaf hemicellulosess rather small.

3.3 Factionation factors betweenbiomarkersand leaf water

In order to explore possible specispecific effects on the fractionation between the biomarkansl

the leaf water, boxplots 08 Z ]v ]A] U 0 %00 V Baka%eardiers W ( % valuesare
shown in Figd. D ] Vnakanereatwater Valuesare - i i fi : for Brassicaleracea- i 0 9 : for Eucalyptus
globulusand- i 8 6 : for Vicia faba(Fig. 4A), with an overall mean value-6fio: ~@& vP]v-P33 E}u
t0 -16T:¢XD ] Vsufrearwater A O o }( =10 XBrasgipEoleraced =106 X 0 :Eucaltus
globulusU =10 X & Vidia @baare shown in Fig. 4Fhe } A E s@eaifater average valuef the

three investigated species isT6 Xi~@& vP]vP (E}u =711XIn Hdth=lows,ino Aifference
between the individual species seems todizservable.

(Fig. 4)

The boxplotf X.akanereatwater reveal that the median of the three investigated plant species can be
statistically not distinguished, due to overlapping notckigig. 4A)It should be noted thatlue to the

low sample number from each species, the 95% confidence interval is larger than the interquartile
range in some casebklowever, it seems that at least small speaipscific differences cannot be ruled

out. OUr X.akane/leatwater Valuesresemble well thedata from a laboratory study@hmen et al., 201),
reporting a median value ofi 0 T:  ( }1s, n-Gz andn-Gyg of Populus trichocarpa-urthermore, they

are well comparable toclimate chamber dataf Betula occidentali§n-Gs1) and Populus fremonti{n-
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Gy) from Tipple et al. (2015)reporting a medianX-akaneeatwater Value of- i i i .. In addition, field
experiments reveal similar median values 6fii: ~ (h(&o) and-142 : (for n-G1) from typicalplant
species (excluding grasses) from southern Califqfréakis and Sessions, 201)d-idd: ~ (+E
Gy, of the speciesPrunus serotinaAcer saccharinumQuercus rubraQuercus albaand Ulmus
americand fromthe temperate forestat E}Av[e > | }P U KheJande hehg¥ ikylemwaterfieat
water Valuesfrom our study(-192 to- i 11 : « is also obvious ithe respectivdaboratory and field studies
(-198 to-iifi:U E]A n{EE3nd n-Gs data fromFeakins and Sessions, 2010; Kahmen et al.,
2011a; Tipple et a12015; Freimuth et al., 2017Jhis could point to apecific water poobeingused
rather than bulk leaf wateduring biosynthesigSachse et al., 2012; Schmidt et al., 2003)more
detail, alkane synthesis takes place by modifying/expanding fatty acids in the cytosol, while fatty acids
are synthesized in the chloroplag®chmidt et al., 2003 hus the cytosol as well as chloroplast water
is one hydrogen sourcéHoweverhydrogen can additionally be added to the alkaaesl fatty acids
by NADPHwhich originates from different sources (photosyhesis aml pentose phosphate cycle,
Schmidt et al., 2003)t istherefore challenging to measudérectlythe water pool in which the alkanes
are biosynthesizedTipple et al., 2015)Moreover,biosynthetic and metabolic pathways general
(Kahmen et al., 2013; Sessions et al., 1999; Zhang et al.,, #8®8arbon and energy metabolisof
plantsmore specificallfCormier et al., 2018nd the number of carbon atoms of tmealkane chains
(Zhou et al., 201Gnay have an influence on the fractionatidDur %-akangieat-water Valuescorrelatewith
Tar (Fig. S2A), whereas the correlation wili (Fig. S2B) is not significant. This could point to a
E 0 3]}VeZ]%0 xyebdensdruater and plant physiological processes (affecting various plants
differently).
d Z sufareatwater Values(Fig. 4BYlo not correlate significantly witfii, but significantly withRH; (Fig.
SZandDe X S u% E SUE %o \bugaMeatwadr(iS 1@t supported by this experiment, in
contrast to results fromSternberg andEllsworth (2011) where a temperature effect on oxygen
fractionation during heterotrophic cellulose biosyntheisi®bservedThe here observed fractionation
between hemicelluloselerived sugars and leaf water, with regard #garear-water Values is well in
range withvaluesreported forsucrose(exported from photosynthesizing leayesnd leaf water, which
A+ «Z}Av 8} Eérdiusak et al., 2003AIso thecellulosebiosynthesids associated with an
enrichment ofaround =16: }u% & §} §Z +Cv@agshdwn An §ralith experiments
(Sternberg et al., 1986; Yakir and DeNiro, 1990 relativéy uniformfractionation isexplained via
the isotope exchange between the carbonyl oxygehthe omganic moleculesind the surrounding
water (cf. Schmidt et al., 2001Yhisequilibrium fractionation effectvas indeed described earlier by
the reversible hydration reactionf acetone in water bysternberg and DeNir(1983)to be +28, +28

v =10: § iAiU TAC,vespécivelyHoweverthe observedange ofapproximatelyd: ~&]P X
4B) could indicatethat partially more than theoxygenequilibrium fractioration between organic
moleculesand mediumwater have to be considered®resumablyisotopic as well as suc®synthesis
gradients within the leaf have to be taken into account when interpreting degiroxygen isotopic
compositions and their correlation to leaf watgrehmann et al., 2017 ehmann et al2017)reported
on a fractionation 3$A v ep E}e v o ( A 3% .@ased eriithid :theyroposed 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 fractionatiordetermination based on bulk leaf water can exceed the common average of
=16: XAlsoMayr et al.(2015) (} pv (E 3]}v 8]}v  3A v (G and labeowatgr w
o EP & 8Z v 3Z]* A op }( E}pv =16:X

3.4 Strong control of elative humidity over deuterium-excess of leaf water
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The correlatios betweenleaf waterbased andmeasuredRH;: or RHear @as well as modelede and
measured deuteriurexcesgarwater are illustrated in Fig. 5A, B, D and E. Furthermoredeled LEL
slopesare compared to measureldEL slopem Fig. 5C and F. In red, the results of the less simplified
modelsare displayedEqgs. 6, 2 and 10)n black the results of the more simplified modatse shown
(Egs. 7, 3 and 11)

(Fig. 5)

Evidencefor the strongcontrol of relative humidity on dewgrium-excess of leaf watetomesfrom
multivariate regression analysietween the measured eliterium-excesgatwaer Valuesversus Rk,
RHearandTai, Tiear. The resultseveal that thedeuterium-excesgatwater Significantly correlates witRH

of the climate chambers (p&001), with anr? of 0.2. WhenRHear and Tiear Values are used, thé is
0.84 and deuteriumexcesgatwater cOrrelatessignificanty with RHear (p < 0.001)The strongcontrol of
relative humidity on deuteriumexcess of leaf wateis furthermore supported by thesignificant
correlatiors between calculated versus measuredaR¥hlues (Fig. &), regardlessf whetherthe Eq.

6 or 7 were used (representin@ lower and higher degeeof simplificatior). This is in line with the
strong correlation between modeledd. based on F and measured @uterium-excesgatwaer Values
(Fig. B). When modeled RHear values ae compared to the measured onethe correlation is less
strong compared to Rkt (Fig. 5D vs. /&), represented by lower?Rind higherRMSEvalues Clearly
more data points are lying above the 1:1 line with regard tedREomparedto RH;. On the same
basisthe Tearbased d shows aweakercorrelation to the measred values than th&@ai-basedd. (Fig.
5E vs5B). The generallgetter model performancewhen T is used ifi contrast toTiea) could point
to the fact thatTiear does not well represent theactual conditionsin the leavesFor the correlation
betweenmodeled and measured Rkthis means that the measured Rifvalues do noteflect the
real conditiondecause measured Rilis calculated viaig2*100 with Tearas input for the gequation
(see section 2.3)n fact, the RH model results do not differ from each otiredt carbe well compared
to the measured R, while the measured Riz valuesreveal an average offset approximately9%
with regard to the median value§igure S3A). This can be explaibgdthe small differencén x Z
calculatedeither with Tiear Or Tair. MoOreover, whenTieas Values are used to model,cthe match to Ti-
based d and measured deuteriurexcesgar.water Values isveaker (Fig. 5B vs. E; Fig. S3Bis offset is
caused byhigher Teas values ¢omparedto Tar; Fig.1), which are leading to more negative modeled d
values

Overall, the modeleddvalues show a high agreement with measured deuteraiuess of leaf water
despitewithout being too positive, which can be expedtfrom the literatureThis is bcausebulk leaf
isless enriched than the leafater at the evaporative sitesvhich ishowever, the output of the Craig
Gordonbased leaf water enrichment modg.g.Allison et al., 1985; Barbour et al., 2004; Cealuet
al., 2016 section 2.3 Especially under low relative humidity conditiptise discrepancy between
CraigGordon model results and the measured values is shown to be more pronoumesatiated
with higher transpiration fluxeand higher isotopéeterogeneity within the leaf watedue to a non
uniform closure of the stomat@Flanagan et al., 1991; Samtek et al., 2007 An overestimation of the
CraigGordon moded can hardly be observdtere (Fig. B and5E) However, based on the accepted
leaf water enrichment theorye.g. Cernusak et al., 2018@jigher transpiration rates (e.g. under low
humidity conditions) should still lead to a larger discrepancy between -Gaigon modelled and
measured leaf water, because the back diffusion of enriched leaf water from the evaporative sites
shouldgetlower the higher the transpiration flus. Why there is no difference between modeled and

12
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measured deuteriurexcess of leaf watein here preented climate chamber experimenis not
comprehensible

The simplified model variants show generally laetter correspondencebetween calculated and
measureddeuterium-excess of leaf watebased o andRMSEthan the less simplified models. This
doesnot seem to berelated to the slope of thé. ELbecauseit can only be linked to the measured
values based on the less simplified modelg.(BC and5F). The simplified air and leaémperature
based slopes average at 2.7 and 2.6, respectively, with a common range between 2.5.att 2.8
averages well in agreement with thmeanmeasuredS g.0f 2.9.In addition, a regression through the
tank water and all leaf water points reveal slope of2.7 (+ 0.02, based osubtracting/adding the
individual +; r>=0.98, n = 48, p < 0.00Thiscouldbe the reason why the more simplified modale
still more accurate, despite the less simplified moddgsnot reflect well the range of the measured
Se, which vanbetween 24 and 3.8 Much bettermatchesare foundfor the less simplified LEL slopes
(Tair based: 2.6 and 3.8ear based: 2.5 and 3.5; FigC5and5F). Indeed the measured as well as the
calculated &.depend on the ge; ratio (hence Rkk and RH regarding &ar or Tar is usedfor
calculations respectively and onw- w in line with the theory and literature (see section 2e3g.
Allison et al., 1985)The higheraccuracyof the simpler models would therefore imply that thesS
depend only orequilibrium and kinetic fractioation parametersfor both isotopes which would valid
for isotope equilibrium conditions between the tank water (the water source of the plants) and the
atmospheric water vapogllowing the usage of thenambiguousapproximation w- w=- x Andeed
closeto equilibrium conditions between the tank water and the atmospheric wasgrorareobserved
for the climate chambers 4 to 6 and 8, while the others are characterized by a slight disequilibrium
conditions.However,the degree ofuncertainty seems to behighe when usingda values by the
probably inadequate representatioof the measuredHamospheriewatervapor aNd WOatmospheriewater-vapor
with the actual conditions influencing the plantsthe climate chambereading to ayeneraly better
performance of themore simplified model variants.

3.5 }H % 0 PHPuaNe v WWOsugar t Potential and limitations

One of the advantageof the proposed couplediHh.akane WOsugar approach is a more robust
reconstructionof the isotope composition of the source water, which can otterdirectly linked to

the local precipitation signalHepp et al., 2015, 2017; Tuthorn et al., 2015; Zech et al., 2013a)
Therefore, Fig. 6 shows boxplots for measured leaf water, biomdudssd (reconstructed) leaf water,
measured source water (tank water; see section 2.1), biomdrksed source water (using
reconstructed leaf water as origin for the LEL’s) andredtér-based source water values (using
measured leaf water as origin for théEL’s). Source water isotope compositions were calculated via
the slopes of the LEL"s and the GMWL. The numbetsr(ark the available scenarios for source water
reconstruction (see section 2.4)) S e.calculatedwith the more simplified Eq. 11 withaiff 2) as 1 but

with Tear, 3 SeLcalculatedwith Eq. 10 with &, 4) as 3 but with . Fig. 6clearly shows that the-
alkane and sugar biomarkers reflect leaf water rather than tank water used for irrigatjo@#iv
neither the range nor theu ] v }( $%Bearher are well captured by the alkadeased leaf water
values. However, the overlapping notches do not support a statistical difference in the median values
(Fg. 6A). The medians are stito A & P {i: U}E %o }*]3]1A §Z Whaddaer W higheE
agreement between measured and modeled values is observed from leaf-water 3ms compared

§)} Monkwaer X dZ A E P }((* 8]+ E u §}1: v 82 E vP ]+ E
compared to the biomarkebased reonstruction.Besideghe more simplified leaf water « 3

using kar (} E 0 uo 3]JvVP xZ ~« v E]} T ]v &]PX 0 U v} 8 §]*3] o *]Pv]

between the leaf water « 3 and the VHankwater, With regard to the overlappinotches.
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536

537 (Fig. 6)

538

539 &} @EOyihe sugarbased leaf water valueare in agreement with theneasuredoneswith regard to
540 the median valuesas supported by the largely overlapping notcl{Esy. 6B) The range of the
541  reconstructed leaf water isinthe ord& }( 0: *u 00 € 8Z v (} B GedwadidategeE All w
542  reconstructed WQs values, regardlessvhether they are biomarker or leaf waterbased, are
543 comparable to theu < p@E **Owbkwater. While the biomarkerbaseddatasetsdepict an average
544  }((e & }( theUeafwater ¢« A op + }voC J(( E C iXi: (E}O¥dues vl A § @
545  referring to the medians. « (} @H, the same leaf water « 3O scenario (more simplified leaf
546  water-based model usingeXifor calculafvP xZU « v E]} T ]v &]PX 06 « } v}3 «Z}A }A &
547 A] § 2Ouhkwater, While the other leaf wateibased surce water reconstructions dén addition, the
548 rangeintheleafwater ¢  WOsoucewaervValues is considerable smaller than foe thiomaker-based
549 }v ~6: E Y HBVIA E oo o EP E E2Rnd]WOugomparedmo measured
550  ViHankwater and WOunkwater Can related to uncertainties in & modeling (see equans in section
551  2.3.2).Bariac et al(1994)mentioned that theyfound no agreement betweethe intersectof modeled
552  LELswith the GMWLand the plant source waterAllison et al.(1985)exphined such results with
553 changing environmental conditions, leadinguvariousLEL svith a locus linenot necessarily passing
554  §Z 2Hyand WO data point in asystem thatapproactesrapidly new steadystate conditions

555

556  Finally, the alkanandsugarbased leaf water values weresed to reconstruct Ridand Ria. While
557 the measured RKis well captured by the biomarkérased air relative humidity values?(R0.54 and
558  0.48 for the more and less simplified models, respectively, Fig. 7A)othelations are weak between
559 the reconstructed leaf relative humidity values and the measured.RR = 0.09 and-0.04 for the
560 more and less simplified models, respectively, Fig. Tl measured RH is reconstructed most
561 accurateby the biomarkerbased air relative humidity values (Fig. 7As for leaf watetbased RH
562 reconstructionsa difference between biomarkebased Rk and RHais observedcompare Fig. 7B
563 with 7A) This can be explained by the small difference betwagnahd T, used for x Zalculations
564 in the respective equationghe better performance of the more simplified models compared to the
565 less simplified ong in general, and théact that T seems to be the better model input compared to
566  Tiear, more specifically,an be explained as for the leaf watdrasedapplication (see section 3.3The
567  Tiear as well as the measuredHamospheriewater-vapor aNd WOkimospheriewatervapor ValUes seem to be less
568 representative for the conditionaffecting the climate chamberant leaves

569

570 (Fig. 7)

571

572  Overall alower coefficient of determinatiorof the biomarkerbased model results compared to the
573 leaf waterbased reconstructionfcompare Fig. 5A and D with Fig. 7A antésBpserved Thiscan be
574  attributed to the uncertainties]v o0 ( A § E & }ve+3SBukde VU AR datasets as
575 discussed in section 3.Zke limitationsregarding deuteriunarose fromthe rather weak relationship

576 §A v §7H olvthen-alkanes and the leaf water, probably linked with thegerange in the
577 fractionation between n-alkanes and leaf waten % akaneeatwater). The applied equation to
578 & }Vve8E PHEmaew C [ ] #RaMeand a constant biosynthetic fractionation of 01: ~ <X

579  13)was consideredo be suitable(Sachse et al., 2012; Sessions et al., 1998)introduce also some
580 uncertainty for the final relative humiditgeconstruction With regard to oxygen, theelatively large
581 variations in Xugareatwater }( 0: Z A s} lvel] E U~&]RX Jv ‘EEarnay
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reconstructions a fixed value 6f 16 :is used (Eqg. 14puch auniform biosynthetic fractionation is an
approximation whichmay not alwaysbe fulfilled, as shown in the literature(e.g. Sternberg and
Ellsworth, 2011; Lehmann et al., 201Bpeciallythe underestimation othe biomarkerbased Rkt
values under thé8%relative humidityconditions as wel as the large range in reconstructed &RH
values for the 48, 49, 50%H;: chambes can be attributed tothe leaf water reconstruction
uncertainties It should be mentioned that usg Eqgs. 8and 9 to calculate leaf water isotope
composition based on théiomarkers via a biosynthetic fractionation values implies that the
fractionation process in principle cdre treated as single process with a unique soundhile this
approximation can be questiode(see discussion in section B.the overallapproximationbetween
biomarkerbased and measured Rthighlight the potential of the approach(Hepp et al., 2017;
Tuthorn et al., 2015; Zech et al., 2013also for future paleapplications.

4 Conclusions

The climate chamberesults and discussion suggest that leaf veexivedn-alkane and hemicellulose
E]JA  uP E ]J}u E| E¥ealaer Av 0fiDeHuaevecorders, respectively. The coupling

}( Amhakane V' Osugarresults allove moreovera robust REr reconstruction of the chambers in

which the plants were grown ybusing simplified @ig-Gordon equations. With regard to the research

guestions, we summarize as follows:

@) Alkanes with the chaitength n-Go were found to be suitable abundant for compaiin
specific 'H measurements in the leaf samples from all investigated speEigsalyptus
globulus Vicia fabavar. minor and Brassica oleraceaar. medullosg. For Vicia faba
additionaly n-Gs; could be evaluated robustiy#Osugar values could be obtained fahe
hemicellulosederived monosaccharides arabinose and xylose.

(ii) Boththe ViHhakane vV ¥Dsugarvalues yielded highlgignificant correlatioawith VHear
water V. ¥Dearwarer(r? = 0.45 and 0.85, respectively; p < 0.00E 24)Mean fractionation
factorsbetween biomarkers and leaf watevere foundto be - i fi 0 : (ranging from-133
to- 10 1:)for Xakanefeaswaterand +27.3 (ranging from 23.0to +32.3: ¢ for Xugariear-water-

(iii) Using measured leaf water isotope composit{ofHeatwater aNd WQOeatwater) in a less (Eq.
6) anda more simplified rearranged Cra@ordon model (Eg. 7), RHand Rias can be
derived by using either i or Tear. Most accurately,the RH; values via Eq. 7 can be
reconstructed, with a calculated?Rf 0.84(p < 0.001petween measured and modeled
RHir and aRMSEf 6% RHeas reconstructions seegd less robust.

(iv) Z }veSEQY § SJUE A § E ]+}3PHe WAQY %sg ql Shhge with the
U *pHE 3 vl ARHnGEerWOunkwaer). However u} o 2ivand WOsshow a
clearlarge rangecomparedto ¥Hankwater aNd WOtankwater. The tncertaintiesfor source
water determinationare thusconsideraby higher compared tahe relative humidity
reconstructiors. Still,the } 1 %0 0?H- WO approach enablea back calculation of the
plant source water.Uncertainties with regard torelative humidityreconstructionsvia
biomarkerbased leaf water isotope compositiparose from le& water reconstructions
and model uncertaintiesas shown in conclusiati) and iii).Overall, he biomarkerbased
and measured Ridcorrelationwith a R of 0.54(p < 0.001and aRMSBf 10%highlights
the great potential of the coupled V¥Hqakane WOsugar paleohygrometer approactor
reliable rdative humidity reconstructions.

15

61



A. Manuscript 1: Hepp et al. (2019c)

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

627 Acknowledgements

628 We would like to thank M. Bliedtner and J. Zech (both University of Bern) for help during lipid
629  biomarker andHh.akane @analysisWe thankM. Benesch (Mait-LutherUniversity HalleVittenberg)

630 and M. Schaarschmidt (University of Bayreuth) for laboratory assistance during sugar biomarker and
631  WOsgaranalysisThe research wagsartly funded by the Swiss National Science Foundation (PPO0P2
632  150590) We alsoacknowledgeN. Orlowski (University of Freiburdg)l. M. Lehmann $wiss Federal

633 Institute WSLBirmensdorf and LWauthrich (University of Bernfor helpful discussiondnvolvement

634 of K. Rozanski was supported by AGH UST statutory task No. 11.11.220t0ir1subsidy of the

635  Ministry of Science and Higher Educatidn.Heppgreatly acknowledges the support given by the

636 German FederaEnvironmental FoundationThe experiment carried out by. ®ayr was gratefully

637 supported by the HGBeo E}i § ~E §p Gariationd frod 10,000 yearstotho E ¢ vS_ ~% E}i §
638 no. 01SF9813)The experiments were possible due to the assistance of J.B. Winkler, H. Lowag, D.
639  Strube, A. Kruse, D. Arthofer, H. Seidlitz, D. Schneider, H. D. Payer, and other members of thezHelmholt
640  Zentrum Minchen

641

642

643  Author contributions

644 J. Heppand M. Zech wrote the paper; C. Mayr was responsible for the climate chamber experiment
645 together with W. Stichler and provided the leaf samples and the data; M. Zech and R. Zech were
646 responsible fotompoundspecific isotope analysis on the biomarkers; J. Hepp, M. Tuthorn and I. K.
647  Schéfer did laboratory work and data evaluation of the biomarker compapedific isotope analysis;

648 B. GlaserpP. JuchelkaK Rozanskand all ceauthors contributed to the discussi@nd comnented on

649  the manuscript.

16

62



A. Manuscript 1: Hepp et al. (2019c¢)

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

650

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

References

Ali, H. a. M., Mayes, R. W., Hector, B. L., Verma, a. K. and @rskov, E. R.: The possibhlkesesf n
long-chan fatty alcohols and longhain fatty acids as markers in studies of the botanical
composition of the diet of fre@anging herbivores, The Journal of Agricultural Science, 143(1),
85195, doi:10.1017/S0021859605004958, 2005.

Allison, G. B., Gat, J. R. ardhney, F. W. J.: The relationship between deuterium and oxi@elelta
values in leaf water, Chemical Geology, 58, 186, 1985.

Altermatt, H. A. and Neish, A. C.: The biosynthesis of cell wall carbohydrates: Ill. Further studies on
formation of cellulee and xylan from labeled monosaccharides in wheat plants, Canadian
Journal of Biochemistry and Physiology, 34(3),t4@8, doi:10.1139/05®42, 1956.

Amelung, W., Cheshire, M. V. and Guggenberger, G.: Determination of neutral and acidic sugars in soil
by capillary gadiquid chromatography after trifluoroacetic acid hydrolysis, Soil Biology and
Biochemistry, 28(12), 1631639, 1996.

Barbour, M. M. and Farquhar, G. D.: Relative humilityt ABAinduced variation in carbon and oxygen
isotope ratios of cottoreaves, Plant, Cell & Environment, 23(5), #&5, 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), 42835, doi:10.1007/s0044203-14493, 2004.

Bariac, T., Gonzak®unia, J., Katerji, N., Béthenod, O., Bertolini, J. M. and Mariotti, A.: Spatial variation
of the isotopic composition of water'®Q, 2H) in the soiplant-atmosphere sysim, 2.
Assessment under field conditions, Chemical Geology, 11533871994.

Burget, E. G., Verma, R., Mglhgj, M. and ReiterDWThe Biosynthesis ofArabinose in Plants:
Molecular Cloning and Characterization of a Gbtgialized UDB-Xylose 4Epmerase Encoded
by the MUR4 Gene of Arabidopsis, Plant Cell, 15(February), t5323
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 Ricinusommunis, Functional Plant Biology, 30(10), 150, 2003.

Cernusak, L. A., Farquhar, G. D. and Pate, J. S.: Environmental and physiological controls over oxygen
and carbon isotope composition of Tasmanian blue gdotalyptus globulysree Physiology,

25(2), 129146, 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.,
HollowayPhillips, M. M., Holtum, J. A. M., Kahmen, A., Mcinerney, F. A., Munksgaard, N. C.,
Simonin, K. A., Song, X., Stefitiams, H., West, J. B. and Farquhar, G. D.: Stable isotopes in
leaf water of terrestrial plants, Plant Cell and Environment, 39(5), 118,
doi:10.1111/pce.12703, 2016.

Cheesman, A. W. and Cernusak, L. A.: Infidghity§Z }us IW o]Ju § ]P0 offeaf} E v 4
but not branch cellulose of eucalypts across an Australian aridity gradient, Tree Physiology,
37(5), 554564, doi:10.1093/treephys/tpw121, 2017.

Coplen, T. B.: Guidelines and recommended terms fpremsion of stablésotoperatio and gagatio
measurement results, Rapid Communications in Mass Spectrometry, 25(17)28683
doi:10.1002/rcm.5129, 2011.

Cormier, M:A., Werner, R. A., Sauer, P. E., Grocke, D. R., M.C., L., Wieloch, T., Schleuzher, J.
Kahmen, A.?H fractiontions during the biosynthesis of carbohydrates and lipids imprint a
us$ }o] +]Pv oZ?BwakiZs ofylant organic compounds, New Phytologist, 218(2); 479
491, doi:10.1111/nph.15016, 2018.

Craig, H. and Gordon, L. |.: Deiuter and oxygefi8 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, pfl3, Lischi and Figli, Pisa., 1965.

[*}ul U &XU an@EBHdsle, XN. B.: Seasonal variation in the chemical composition and
carbohydrate signature compounds of biofilm, Aquatic Microbial Ecology, 41(2)20B9
doi:10.3354/ame041199, 2005.

Dansgaard, W.: Stable isotopes in precipitation, Tellus, 16(4),t4686 do0i:10.1111/j.2153

17

63



A. Manuscript 1: Hepp et al. (2019c)

64

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754

3490.1964.th00181.x, 1964.

Dawson, T. E.: Hydraulic lift and water use by plants: implications for water balance, performance and
plant-plant interactions, Oecologia, 95(4), 5654, 1993.

Farquhar, G. D., Hubick, K. T., Condon, AnGRichards, 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. NagitQpiS@ingr-

Verlag, 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, T4(7), 2P281,
doi:http://dx.doi.org/10.1016/j.gca.2010.01.016, 2010.

Flanagan, L. BComstock, 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}59681991.

Freimuth, E. J., Diefend, A. F. and Lowell, T. V.: Hydrogen isotopesalkanes andh-alkanoic acids
as tracers of precipitation in a temperate forest and implications for paleorecords, Geochimica
et Cosmochimica Acta, 206, 1883, 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.
K[E JoU v /X ZX <t1%8pThelGéackeical Societyncester., 1991.

Gat, J. R., Yakir, D., Goodfriend, G., Fritz, P., Trimborn, P., Lipp, J., Gev, |, Adar, E. and Waisel, Y.: Stable
isotope composition of water in desert plants, Plant and Soil, 29B(1 3145,
doi:10.1007/s11104€07-9321-6, 2007.

Hamer, A. D. and BéPeled, M.: Biosynthesis of UD®lose. Cloning and Characterization of a Novel
Arabidopsis Gene Family, UXS, Encoding Soluble and Putative MerBoame UDP
Glucuronic  Acid Decarboxylase Isoforms, Gene, 130(December), t2083
doi:101104/pp.009654.2188, 2002.

Helliker, B. R. and Ehleringer, J. R.: Differetitaénrichment of leaf cellulose in C3 versus C4 grasses,
Functional Plant Biology, 29, 48812, 2002.

Hepp, J., Tuthorn, M., Zech, R., Mugler, I., Schlitz, F., Zech, W. andiZeReconstructing lake

A %}E §]}v Z]*8}EC v SZ 1}3}%] Ju%}e158]1}v YCOORME 1%0]3 §]
biomarker approach, Journal of Hydrology, 529, &34, 2015.

Hepp, J., Rabus, M., Anhduser, T., Bromm, T., Laforsch, C., Sirocko, FBGladezZech, M.: A sugar
biomarker proxy for assessing terrestrial versus aquatic sedimentary input, Organic
Geochemistry, 98, 98.04, doi:10.1016/j.orggeochem.2016.05.012, 2016.

Hepp, J., Zech, R., Rozanski, K., Tuthorn, M., Glaser, B., Greule, Mr, Kegpuang, Y., Zech, W. and
Zech, M.: Late Quaternary relative humidity changes from Mt. Kilimanjaro, based on a coupled
2H-%0 biomarker paleohygrometer approach, Quaternary International, 438, tI3®
doi:10.1016/j.quaint.2017.03.059, 2017.

Herbin,G. A. and Robins, P. A.: Studies on plant cuticular waxgikanes from members of the genus
Agave(Agavaceae), the genek&alanchoe, Echeveria, Crassafal Sedum(Crassulaceae) and
the genusEucalyptugMyrtaceae) with an examination of Hutchinson, Phytochemistry, 7(1951),
2571268, 1968.

Heyng, A., Mayr, C., Licke, A., Wissel, H. and Striewski, B.: Late Holocene hydrologic changes in
northern New Zealand inferred from stable isotope values of aqualiigiase in sediments from
Lake Pupuke, Journal of Paleolimnology, 51(4) 1485, doi:10.1007/s1093814-97693, 2014.

Horita, J. and Wesolowski, D. J.: Lieeagor fractionation of oxygen and hydrogen isotopes of water
from the freezing to the criticaetmperature, Geochimica et Cosmochimica Acta, 58(16), 8425
3437, doi:http://dx.doi.org/10.1016/0014037(94)90096, 1994.

MU XU [vE U tX :X v ,uVvPU zXW v e Juvs ECo (A E - CE
precipitation? Field, model, andkperimental assessments, Geochimica et Cosmochimica Acta,

72, 35033517, doi:10.1016/j.gca.2008.04.030, 2008.

Huang, Y., Shuman, B., Wang, Y. and lii, T. W.: Hydrogen isotope ratios of individual lipids in lake

sediments as novel tracers of climatic andvieanmental change: a surface sediment test,

18



A. Manuscript 1: Hepp et al. (2019c¢)

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807

Journal of Paleolimnology, 31, 365, 2004.

Jia, G., Dungait, J. A. J., Bingham, E. M., Valiranta, M., Korhola, A. and Evershed, R. P.: Neutral
monosaccharides as biomarker proxies for fogning plants for gplication to
palaeovegetation reconstruction in ombrotrophic peat deposits, Organic Geochemistry, 39(12),
179011799, doi:10.1016/j.orggeochem.2008.07.002, 2008.

Kahmen, A., Sachse, D., Arndt, S. K., Tu, K. P., Farrington, H., Vitousek, P. M. and.EanGelose
WO is an index of leab-air vapor pressure difference (VPD) in tropical plants, Proceedings of
the National Academy of Sciences of the United States of America, 108(5){19881
doi:10.1073/pnas.1018906108, 2011a.

Kahmen, A., Dawsof, E., Vieth, A. and Sachse, D.: Leafwag| v w A op » & § Eulv (
in the ontogeny of Populus trichocarpa leaves when grown under controlled environmental
conditions, Plant, Cell and Environment, 34(10), 18881, doi:10.1111/j.1365
3040.2(1.02360.x, 2011b.

Kahmen, A., Scheful3, E. and Sachse, D.: Leaf water deuterium enrichment shapesrieabwax w
values of angiosperm plants |: Experimental evidence and mechanistic insights, Geochimica et
Cosmochimica Acta, 111, 889, 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 individldeaf carbohydrates in grass and tree species, Plant Cell and
Environment, 40(8), 1658670, doi:10.1111/pce.12974, 2017.

>lpU X dXU A Z p( o U ZXU '}vPU yXKzX 2mwvoftwater @ théEleaf giowthd 2 w
and-differentiation zone of grsses is close to source water in both humid and dry atmospheres,
New Phytologist, 214(4), 1428431, doi:10.1111/nph.14549, 2017.

Maffei, M.: Chemotaxonomic significance of leaf wealkanes in the umbelliferae, cruciferae and
leguminosae (subf. Papilioiteae), Biochemical Systematics and Ecology, 24(6){5831
doi:10.1016/03051978(96)00037B, 1996.

D CEU XW D,Po] ZI ]§ v €& <ol]u E |}v&s@Eyl SHweitan yvpo Hasmu]s$ w
Jahrringen auf der Basis von Klimakammerversuchen und Razmdietst PhD thesis, Ludwig
MaximiliansUniversitat Miinchen. GSBericht 14/02, 152 pp., 2002.

Mayr, C., Laprida, C., Lucke, A., Martin, R. S., Massaferro, J.-Rancén, J. and Wissel, H.: Oxygen
isotope ratios of chironomids, aquatic macrophytes andraxsids for lakevater 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 ABtatisgeans, 32(1), 12
16, 1978.

Merlivat, L.: Molecular diffusivities of,190, HB®O, and KO in gases, The Journal of Chemical
Physics, 69(6), 2862871, doi:http://dx.doi.org/10.1063/1.436884, 1978.

Mugler, I., Sachse, D., Werner, M., Xu, B., WuY&o, T. and Gleixner, G.: Effect of lake evaporation
}vw A op e }( m-ajkase®E Pvcomparison of Nam Co (Tibetan Plateau) and Holzmaar
(Germany), Organic Geochemistry, 39(6), 72D, 2008.

Prietzel, J., Dechamps, N. and SpielvogeAralysis of nostellulosic polysaccharides helps to reveal
the history of thick organic surface layers on calcareous Alpine soils, Plant and Soit2R65(1
931114, doi:10.1007/s1110012-13402, 2013.

R Core Team: R: A Language and EnvironmenStagistical Computing, [online] Available from:
https://iwww.r -project.org/, 2015.

Z }U XU ¢ZpU XU ] U 'XU , v E-}vU X X 'XU yp UYX v tVvPU ~"XV
chain n-alkanes derived from terrestrial higher plants are indicati} ( $Z2 w }( u § }E]
waters: Evidence from surface soils in eastern China, Organic Geochemistry, 40830922
doi:http://dx.doi.org/10.1016/j.orggeochem.2009.04.011, 2009.

Roden, J. S. and Ehleringer, J. R.: Observations of Hydrogen and Oxyges Isdtepf Water Confirm
the CraigGordon Model under Wid&anging Environmental Conditions, Plant Physiology,
120(August), 1168173, 1999.

19

65



A. Manuscript 1: Hepp et al. (2019c)

66

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860

Sachse, D., Radke, J. and Gleixner, G.: Hydrogen isotope ratios of recent lacustrine sedimentary
alkanes record mdern climate variability, Geochimica et Cosmochimica Acta, 68(23),t4877
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., Mclerney, 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
Hydrogenlsotopic Composition of Lipid Biomarkers from Photosgathing Organisms, Annual
Reviews, 40, 221249, doi:10.1146/annureearth-042711105535, 2012.

Santrucek, J., Kveton, J., Setlik, J. and Bulickova, L.: Spatial Variation of Deuterium Enrichment in Bulk
Water of Snowgum Leaves, Plant Physiology, 143(1973&l0i:10.1104/pp.106.089284, 2007.

Sauer, P. E., Eglinton, T. ., Hayes, J. M., Schimmelmann, A. and Sessions, A. L.: GpegiizbdH
ratios of lipid biomarkers from sediments as a proxy for environmental and climatic conditions,
Geochimica et Cosmchimica Acta, 65(2), 21322, doi:http://dx.doi.org/10.1016/S0016
7037(00)0052¢€2, 2001.

NZ(EU /X <XU > vvGQU sXU &E vl U : XU Po]vs§}vU dX /XU « ZU DXL
litter and topsoils along a European transect, SOI552t564, doi:10.5194/s0i-551-2016,

2016.

Schmidt, HL., Werner, R. A. and RoRmann 0 Pattern and biosynthesis of natural plant products,
Phytochemistry, 58(1), 82, doi:http://dx.doi.org/10.1016/S0039422(01)00017, 2001.

Schmidt, HL., Werrer, R. A. and Eisenreich, W.: Systematiésigfatterns in natural compounds and
its importance for the elucidation of biosynthetic pathways, Phytochemistry Review2)2(1
61185, doi:10.1023/B:PHYT.0000004185.92648.ae, 2003.

Sessions, A. L., Burgoyne,W., Schimmelmann, A. and Hayes, J. M.: Fractionation of hydrogen
isotopes in lipid biosynthesis, Organic Geochemistry, 30, H1I28), 1999.

Song, X., Farquhar, G. D., Gessler, A. and Barbour, M. M.: Turnover time of theuctmal
carbohydrate poolV (op v » wioK }( o ( oopo}e U Wo v3 00 t VA]JE}
2507, doi:10.1111/pce.12309, 2014.

Sternberg, L. and Ellsworth, P. F. V.. Divergent Biochemical Fractionation, Not Convergent
Temperature, Explains Cellulose Oxygen Isotope Enrichateoss Latitudes, PLoS ONE, 6(11),
28040, 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 wat€eochimica et
Cosmochimica Acta, 47(12), 222274, doi:10.1016/001:6037(83)90042, 1983.

Sternberg, L. S. L., DeNiro, M. J. and Savidge, R. A.: Oxygen Isotope Exchange between Metabolites and
Water during Biochemical Reactions Leading to Cellulosthéyis, Plant Physiology, 82, 423
427, 1986.

Tipple, B. J., Berke, M. A., Doman, C. E., Khachaturyan, S. and Ehleringer, JwBx:ntalzbnes
record the plamtwater environment at leaf flush, Proceedings of the National Academy of
Sciences, 110(7), 28t2664, doi:10.1073/pnas.1213875110, 2013.

Tipple, B. J., Berke, M. A., Hambach, B., Roden, J. S. and Ehleringer, J. R.: Predictingddedineax
2H/*H ratios: Controlled water source and humidity experiments with hydroponically grown
trees confirm pedictions of Craigsordon 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 ratio§Q/*%0) of henicellulosederived sugar biomarkers in plants, soils and
sediments as paleoclimate proxy Il: Insight from a climate transect study, Geochimica et
Cosmochimica Acta, 126, 68684, doi:http://dx.doi.org/10.1016/j.gca.2013.11.002, 2014.

Tuthorn, M., Zech, RRuppenthal, M., Oelmann, Y., Kahmen, A., del Valle, H. F., Eglinton, T., Rozanski,
<X v s ZU DXW, u%®@biemanker results yields information on relative humidity
and isotopic composition of precipitatiora climate transect validatiortedy, Biogeosciences,

12, 39133924, doi:10.5194/bg 2-3913-2015, 2015.

Walker, C. D. and Brunel:Rl: Examining Evapotranspiration in a Sé@mi Region using Stable

Isotopes of Hydrogen and Oxygen, Journal of Hydrology, 118555990.

20



A. Manuscript 1: Hepp et al. (2019c¢)

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908

Wang, XF., ¥kir, D. and Avisha, M.: Naimatic variations in the oxygen isotopic composition of
plants, Global Change Biology, 4, 8349, 1998.

Waterhouse, J. S., Cheng, S., Juchelka, D., Loader, N. J., McCarroll, D., Switsur, V. R. and Gautam, L.:
Positionspecifc measurement of oxygen isotope ratios in cellulose: Isotopic exchange during
heterotrophic cellulose synthesis, Geochimica et Cosmochimica Acta, 112(0j19178
doi:http://dx.doi.org/10.1016/j.gca.2013.02.021, 2013.

Werner, R. A. and Brand, W. A.: Refating strategies and techniques in stable isotope ratio analysis,
Rapid Communications in Mass Spectrometry, 15(7) 504, doi:10.1002/rcm.258, 2001.

Wissel, H., Mayr, C. and Licke, A.: A new approach for the isolation of cellulose from aquatic plant
tissue and freshwater sediments for stable isotope analysis, Organic Geochemistry, 39(11),
1545t1561, 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.., Plant Ecology, 93, 32832, 1990.

Zech, M. and Glaser, B.: Compounthe ] (FO mnalyses of neutral sugars in soils using gas
chromatogaphy-pyrolysisisotope ratio mass spectrometry: problems, possible solutions and a
first application, Rapid Communications in Mass Spectrometry, 23, 3532,
doi:10.1002/rcm, 2009.

Zech, M., Werner, R. A., Juchelka, D., Kalbitz, K., Buggle, Blased B.: Absence of oxygen isotope
fractionation/exchange of (hemicellulose derived sugars during litter decomposition, Organic
Geochemistry, 42(12), 1470475, doi:http://dx.doi.org/10.1016/j.orggeochem.2011.06.006,
2012.

Zech, M., Tuthorn, M., Deth, F., Rozanski, K., Zech, R., Zoller, L., Zech, W. and Glaser, B.: A 220 ka

§ EE -¥TE4nad deuterium excess biomarker record from an eolian permafrost paleosol
sequence, NSiberia, Chemical Geology, 3661, 220230,
doi:http://dx.doi.org/10.1016/.chemge0.2013.10.023, 2013a.

Zech, M., Tuthorn, M., Glaser, B., Amelung, W., Huwe, B., Zech, W., Zdller, L. and Loffler, J.: Natural

pv v }fOwef sugar biomarkers in topsoils along a climate transect over the Central
Scandinavian Mountains, Norwayournal of Plant Nutrition and Soil Science, 176(1}182
doi:10.1002/jpIn.201200365, 2013b.

Zech, M., Mayr, C., Tuthorn, M., Leit@auheitl, K. and Glaser, B.: Oxygen isotope rati@é¢fO) of
hemicellulosederived sugar biomarkers in plants, sailsd 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., Leit&auheitl, K. and Glaser; Beply to the comment of Sternberg
v Ae Z 8§ 0oX =118 K& C POMrO)}daf Msmicaiuldddierived sugar biomarkers
in plants, soils and sediments as paleoclimate proxy I: Insight from a climate chamber
experiment. GCA, Geochimica et Coshiimica  Acta, 141(0), 68682,
doi:10.1016/j.gca.2014.04.051, 2014b.

Zech, M., Zech, R., Rozanski, K., Gleixner, G. and Zech, MalkBine biomarkers in soils/sediments
& (o $28 Botapic composition of precipitation? A case study from Mt . Kiljara and
implications for paleoaltimetry and paleoclimate research, Isotopes in Environmental and
Health Studies, 51(4), 5@824, doi:10.1080/10256016.2015.1058790, 2015.

Zhang, X., Gillespie, A. L. and Sessions, A. L.: Large D/H variations in bpiterigflect central
metabolic pathways, PNAS, 106(31), 1288586, 2009.

Zhou, Y., Grice, K., Studiilliams, H., Farquhar, G. D., Hocart, C. H., Lu, H. and Liu, W.: Biosynthetic
originofthesaw$}}8Z %o & }{(] ov PMafn-alkanes and systeatic isotopic differences
betweenn-, iso- and anteisaalkanes in leaf waxes of land plants, Phytochemistry, 71(4)f 388
403, doi:10.1016/j.phytochem.2009.11.009, 2010.

21

67



A. Manuscript 1: Hepp et al. (2019c)

https://doi.org/10.5194/bg-2019-427
Preprint. Discussion started: 4 November 2019
¢ Author(s) 2019. CC BY 4.0 License.

909 Figure captions

910 Fig.1: A:Plant water (leaf water, xylem water and soil water) isotope compositions (in green, orange
911 and brown, respectively) and the isotope composition of the investigated leaf biomarkers (leaf wax n
912  alkanesn-Gg and n-Gs; as open diamonds and triangles, respeely; hemicellulosalerived sugars:

913 arabinose and xylose as open squares and circles, respectively) for the three Pplaratyptus

914 globulus, Vicia faband Brassica oleracegrown in the climate chambers. B: Associatdiinate

915 chamber conditiongleaf emperature and relative humidity in green and air temperature and relative
916 humidity in red). Error bars represent analytical standard deviation of the respective measurements
917 (see section 2.2 anilayr, 2002)

918

919  Fig. 2: ¥H- WO diagram illustrating the isotope composition of the biomarkers, comprigifgyalues

920 of the leaf waxn-alkaneqCys for Eucalyptus globulusndBrassica oleraceaveighted mean o€sand

921 G for Vicia fabd and WO values of the hemicellulosierived sugars arabinose and xylof@ack

922  crosses) and the measured isotope compositions of leaf water (green squares), xylem water (orange
923 squares), soil water (brown squares), atmospheric water vapor (red squares) and the tank water used
924  for irrigation (blue triangle), which plot veryosle to theglobal meteoric water line.

925

926  Fig. 3:Scatterplots depicting the relationships between the compospécific biomarker isotope

927  Ju%l}e]l8]lv v 8Z E <% 3]A 0 Hidkand AERAWas ¥ ~ABGWA « 3O

928  waer). Brassica oleracea, Eucalyptus globudinsl Vicia fabasamples are shown in purple, orange and

929 0 IU E *% 35]A oCX EE}E &=+ }(8Z wWAou-e+E& %E * vs «5 v E
930 (see section 2.2 anilayr, 2002)

931
932  Fig. 4Boxplots comprising the plarspecific fractionation between the biomarkers and the leaf water
933  ~ Wakafereawater 2CCOrding Eg8V  MManer.water according to E@). Brassica oleracera, Eucalyptus

934 globulusand Viciafaba samples are shown in purple, orange and black, respectively. Boxplots show
935 median (thickblack line), interquartile range (IQR) with upper (75%) and lower (25%) quartiles, lower
936 V U% % E AZ]el E-U AZ] Z & & *SE] § IQR}spacé, the/dapokitssed 3$Z i
937 marked with a dot.The notches are extend tF X fid o3& convention and give a 95%
938 confidence interval for the difference of two mediafMcGill et al., 1978)

939

940  Fig. 5:Scatterplots illustrating the correlation betweégaf waterbasedand measured air/leaf relative

941  humidity [nodeled vs. measureBHi: (A) andRHear(B)], modeled vs. measurel@af waterdeuterium

942  excessTar hased(B) andTearbased (E) gvs. deuteriumexcesgatwater] andmodeled vs. measureldEL

943  slopes Tarbased (C) andiearbased (Fys. measuredlopes]. In red, theesults of theless simplified

944  models are displayed (Eqf@ de, Eq. 6 for Rldnd Eq10for Se) andin black theresults of themore

945  simplified models are shown (Egjandde, Eq. 7 for Ridnd Eql1for Sg). Black lineindicate the 1:1

946 relationship.R? and RMSEare calculated as described in section, 2vhie the RMSEvalues have the

947 dimensions of the respective variables. Error bars for the measRigdalues represent analytical

948  standard deviationgseeMayr, 2002) Forthe uncertainies of the calcuated and modeledvariables

949  seesection 2.4.

950

951 Fig. 6:Boxplots showing the measured leaf water in comparison to the biomdrksed leaf water

952  (according Eq8 and9), tank water, source water calculated with biomarkesed leaf water values

953 and sourcevater based on measured leaf water. Source water isotope compositions were calculated
954  viathe slopes of the LEL(sither with biomarkesbased or measured leaf water values) and the GMWL.
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The numbers (#) mark the available scenarios for source water restniction (see section 2.4) =
Seccalculatedaccordingmore simplifiedEq. 11 with Tar, 2 = as 1 but withdk, 3 = S calculated
accordindess simplifiedq.10with Tar, 4 = as 3 but withiek. Boxplots show median (thick black line),
interquartile range (IQR) with upper (75%) and lower (25%) quartiles, lower and upper whiskers, which

E € SE] S 8} iXA | /YZX KpuSe] SZ iXA | IYZ % U Thé § %o}]
notches are extend t(F X i 6 #3WYI# convention and give 85% confidence interval for the
difference of two medias(McGill et al., 1978)

Fig. 7:Scatterplots depicting the relationship betwediomarkerbased (modeled) and measured
air/leaf relative humidity [RE (A) andRHeas(B)]. Black lines idicate the 1:1 relationshig® andRMSE
was calculated as described in section 2while the RMSEvalues have the dimensions of the
respectivevariables Error bars for the measured values represent analytical standard devigseas
Mayr, 2002) For uncertainty calculation of the model@doperties seesection 2.4. In addition, the
leaf waterbased aileaf relative humidity results (from FiA and D) are shown in light colors for
comparison.

Fig. S1Boxplots comprising the plant %o | CHhaMhe ~ ¢  V¥Owgavalues (B)Brassica oleracera,

Eucalyptus globuluand Vicia fabasamples are lown in purple, orange and black, respectively.

Boxplots show mediarthick black line), interquartile range (IQR) with upper (75%) and lower (25%)
quartiles, lower and uppeA Z ]| E+U AZ] Z E € +$E] § 8} iXA | /IYZX Kuse]
data points are marked with a dothe notches are extend 'F i X fi 6 83Wh¥ convention and give

a 95% confidence interval for the difference of two mediévsGill et al., 1978)

Fig. S2Scatterplots of the fractionation between the biomarkers and leaf wateavsemperature,

air relative humidity(A and B Wh.akane/ieatwater according Eq.3; C and DXugarlear-water aCcording Eq.4).

Brassica oleracera, Eucalyptus globund Vicia fabasamples are shown jourple, orange and black,
respectively. Error bars for the measured values represent analytical standard devidtiepeated
measurements (see section 2.2ciayr, 2002)X &} E pv E$ ]Jv3C o po seppeciqgn$Zz x A o
2.4.

Fig. 8: Boxplots comprising measured and modeled RH (A) and deuteness values (B). The
numbers (32) mark the two asilablemodelsfor Rharair and d reconstruction (see section 2:4) =

more simplified moded(Eq. 3or de and Eq. 7 for RK2 = less simplified moddEq. 2 for dand Eq. 6

for RH) Boxplots show median (thick black line), interquartile range (IQR) witary(75%) and lower

~Tfi9e <u E3]0o U 0}A E v u%% E AZ]el E-U AZ] Z E € 3E] s 3}
the data points are marked with a doEhe notches are extend 1F i X fi 6 @3°Wh convention and

give a 95% confidence interval for the difference of two med®Gill et al., 1978)
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Abstract
Molecular fossils, like bacterial branched glycerol dialkyl glycerol tetraethers (brGDGTSs), and
the stable isotopic composition of biomarkersFdt BR/of/leaf waxderivedn-D OND®BHYV /
akane R WO/ of hemicelluloseGHULY HG %04 &' incteasingly used for the
reconstruction of past climate and environmental conditi®tantderived PHn-akane and
/®0sugar values record the isotopic composition péint source water 7+ ¥Osourcenates),
which usually reflects mean annual precipitation A(+ ¥Oprecipiatio), Modulated by
evapotranspirative leaf water enrichment and biosynthetic fractionafioouracy and
precision of respective proxiahould be ideally evaluated at a regional sdaé this study,
we analysed topsoils below coniferous and deciduous forests, as well as grassland soils along a
Central European transect in order to investigate the vatyabitd robustness of varisu
proxies andto identify effects related to vegetatiorSoil pH-valuesderived from brGDGTs
correlatereasonably welvith measured soil pitalues, but systematically overestimgétem

"S+ +0.6). The branched vs. isoprendé&traetheindex(BIT) can give some indication
whetherthe pHreconstructions reliable. Temperatures derivé@m brGDGTsoverestimate
mean annualir temperatureslightly ("Tma = 05°C £2.4). Apparent isotopiéractionaton @
alkane/precipitation D Q $@yarf@recipitatioh IS lower for grassland sites than® IRUHVW VLWHV GXH '
GDPSLQJ" L H JUDVV ELRPDU N HttaNspiaiRveQeRfWatertefrighthéntWw K H 1 X
Coupling PHn-akanewith /A80sugarallows to reconstruct the stable isotopic composition of the
source watemore accurately than without the coupled approgichH = ~21A +22 and
" 80 = ~2.9A £2.8). Similarly, relative humidity during daytime and vegetation period
(RHwvpv) canbe reconsucted ugig the coupled isotope approactii 5 wiov = ~17 £12).
Especially for coniferous sites, reconstructedviBiHvaluesas well as source water isotope
compositionunderestimatéhe measured values. This can be likely explainedibgerstory
grass vegation at the coniferous sites contriimgtsignificantly to then-alkane poobut only
marginally to the sugar poah the topsoil. The large uncertainty likely reflect the fact that
biosynthetic fractionation is not constant, as well as microclimate variability. Overall, GDGTs
and the coupled/Hn-akane M¥O0sugar approach have great potential for more quantitative
paleoclimate reconstructions.



B. Manuscript 2: Hepp et al. (2019b)

https://doi.org/10.5194/bg-2019-197
Preprint. Discussion started: 29 May 2019
¢ Author(s) 2019. CC BY 4.0 License.

52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

1 Introduction

Information about the variability and consequences of past climate changes is a prerequisite for
precise predictions regarding the present climate chah®ecular fossils, so called
biomarkersclimate proxiehave great potential to enhance our understanding about variations
of past climate and environmental chandepid biomarkersin particular, are increasingly

used for paleoclimatend environmentakconstructioa(e.g.Brincat et al., 2000; Eglinton and
Eglinton, 2008; Rach et al., 2014; Rom&fiana et al., 2012; Schreuder et al., 20Hg)wever
strengths and limitations akspectiveproxies need known(Dang et al., 2016)For this
calibrations using modern reference samplegssential.

Terrestriabranched glycerol dialkyglycerol tetraetheréorGDGTS9 that are synthesized in the

cell membranes of anaerobe heterotrophic soil bad@ppermann et al., 2010; Weijers et al.,
2010)havegreat potential for the reconstruction of past environmental cond{gan€offinet

et al., 2017; Schreuder et al., 2016; Zech et al., 20d#)ough some uncertainties exist.
Calibration studies suggest that the relative abundance of the individual brGDGTSs varies with
mean annuadir temperature (fa) and soil pH(Peterse et al., 2012; Weijers et al., 20Gi)

least across large, global cliteagradients or along pronounced altinad gradient{Wang et

al., 2017) However, n arid regions the production of brGDGT is limited, while isoprenoidal
GDGTs (iGDGTs) produced by archaea provide the dominant part of the overall soil GDGT
pool (Anderson et al., 2014; Dang et al., 2016; Dirghangi et al., 2013; Wang et al. 2613;

et al., 2012)The ratio of brGDGTSs vs. isopreno®@DGTs (BIT) can be used asdication
whether a reconstruction ofsX and pH will be reliableMoreover,Mueller-Niggemann et al.
(2016 revealed an influence of the vegetation cover on the brGDGT producing soil microbes
From field experiments, it isnown thatvegetation type anehulchingpractice strongly effect

soil temperature and moistug@we et al., 2015; Liu et al., 2014fhus,multiple factors can be
expected to influence soil microbial communities and GDGT produ@ioffar, little is known
aboutthe variability of GDGT proxiesn a regional scaleand a calibratiostudywith small
climate gradient buwith different vegetation typemight be useful

Compound specific stable hydrogen isotopéseaf wax biomarkers, such as lorgain n-
alkanes PHn-akane) record the isotopic signal of precipitation and therefore past climate and
environmental conditiongSachse et al., 2004, 2006)owever, various influencing factors are
known all along the way frorihe moisture source to leaf weg(Pedentchouk and Zhou, 2018
and Sachse et al., 201f2r review). Oneis the evapotranspiration of leaf waigeakins and
Sessions, 2010; Kahmen et al., 2013; Zech et al., 20hi)h is strongly driven by relative air
humidity (RH;e.g.Cernusak et al., 201f6r review). In addition, a strong precipitation signal

is known to be incorporateidto long chain leaf waxefHou et al., 2008; Rao et aRp09;
Sachse et al., 2004 paleoclimae studies it is oftennot feasible to disentangbetweerthe
evapotranspirative enrichment from the precipitation sigheth et al.(2013) proposed to
couple PHn.akaneresultswith oxygen stable isotoped hemicellulosederiY HG  V X¥@ygb)V  /
$VVXPLQJ FRQVWDQW ELRV\Q W& fd\Vthie Eiffctebt etvhpsuqdzMsseR Q D F\
(n-alkanes and hemicellulose sugathg couplingenables the reconstruction of the isotopic
FRPSRVLWLRQ RI OHb g é&rwadtidoufce watgr&? + 120 of precipitation
Tuthorn et al., 20150 far a detaild evaluatiorof this approacton the Europearscale, as

well asconcerning possible effects relatedsegetatiorchangess missing
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We analysed topsoil samples under coniferous, deciduous and grassland vegetation along a
Central European transeiot order to estimate the variability of the biomarker proxies. More
specifically, we aim to test whether:

L WKH YHJHWDWLRQ W\SH KDV DQ L QHRXhiadF tHe/R@uaW K H E U *
stable isotopic compositipas well aon U H F R Q V WU R0 dda@and RH.

(i) the published brGDGT proxies used for reconstngcinean annual temperatuaed soil
pH are sensitive enough to reflect thediumchanges in temperaturedasoil pH along our
transect.

LLL WKHHR%SM0G DSSURDFK | DLWKH X0 of \precigitadich&ny vV /
RH along the transect.

2 Material and methods

2.1 Geographical setting and sampling

In November 2012, weollectedtopsoil samples (8 cm depth) at 16 locations along a transect
from SoutherrGermany to Southern Sweden (Fid\)land distinguished between sites with
coniferous forest (cqm = 9, deciduous forest (dem = 14 and grassland (grase =
vegetation coveffor more detailseeSchafer et al(2016)andTab. S1)

2.2 Database of instrumental climate variables and isotope composition of precipitation
Climate data was derived from clekbg weather observation stations operating by the regional
institutions (Deutscher Wetterdien®WD) for Germany, Danmarks Meteorologiske Institut
(DMI) for Denmark and the Sveriges Meteorologiska och Hydrologiska Institute (SMHI) for
Sweden). The DWD providdourly data for each statigpWD Climate Data Center, 2018b)
enablingnot only thecalculation of Ta, but also ofthe mean annual relative air humidity
(RHwa), mean temperature and relative air humidity duthegvegetation period (T/Rtl/),

and of daytime temperature and relative humidity averages dhervegetation period
(T/RHwmov). In addition annual precipitation observationgreused to derive the mean annual
precipitation amount @; DWD Climate Data Center, 2018k4jrom the DMI, the respective
climate variables were derived from published techniepbrts(Cappelen, 2002; Frich et al.,
1997; Laursen et al., 1999)Jhe SMHI provides open data from which we derived the climate
variables for the Swedish sit€Swedish Meteorological and Hydrological Inst&u2018) For
more details about the climate database used for calculations and comparisons, the reader is
referred to Tab. &

YRU FRPSULVLQJ *HU P b @Osldrd ik 8Bande, We ealizéd a regionalisation

F D O BrH¥sler) using online available data from 34 German GNIP stations, 4 Austrian
ANIP stations and the Groningen GNIP statfean Geldern et al., 2014; IAEA/WMO, 2018;
Stumpp et al., 2014; Umweltbundesamt Gm@818) following the approach oBchlotter
(2007) However, instead of the multivariate regression procedure appli8dHgtter (2007)
we used a random forest approdklothorn et al., 2006; Strobl et al., 2007, 20@BYescribe
the relationship of squared latitude, latitude, longitude and altitude vs. long term weighted
PHDQV RI SUHRF [I*®|amDaalliz&IGhe/ prediction for thedsuisites. For the Danish

4
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DQG 6ZHGLVK VLWHV VXFK D SURFHGXUH zZDV GRWOSRVVLEC
values were derived from the Online Isotope®recipitation Calculator (OIPC, version 3.1),

therefore called” + ¥Ooipc (Bowen, 2018; Bowen and Revenaugh, 2003; IAEA/WMO,

2015) The finally used? + ¥Ogpriorcdataare given in Tab. B

The Tua along the transect rangiom 5.3 to 10.6°C, and\R ranges from 554 to 1769 mm
YL % 3 UHPHESEoMsBowdnRd@rate changes along the transefficirriorc
varies betweerb2 and- A and /*®Ogrioircranges from7.4 to- A LI &

Correlations between*®Ogipriorc and Ria, altitude of the locations, vk are given in the
supplementary material (Fig. S1 to S3), along witRHgiprioircVS. *0cirrioircScatter plot
(Fig. S4).

Fig. 1. (A) Sample locations (red dots, map soutd8: National Park Service), (B) variations
of mean annual air temperaturest) and mean annual precipitationv@ derived from close

by climate station ata, and (C)hydrogenand oxygenstable isotope compositionof
precipitation PHgiprioircand A80ciprioirc, respectively as derived for the sampled transect
ORFDWLRQV VHH \H Hi@ Igeneration pgrp8exiure). The reader is referred to
section 2.2 (and Tab. $hd S2 for database and reference information of data plotted in (B)
and (C).

2.3 Soil extractions and analysis

2.3.1 GDGTsand pH

A detaileddescription of sample preparation for lipid analysis can be foulstihfer et al.
(2016) Briefly, 16 g freezedried and groundesbil sample vasmicrowave extracted with 15

5
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ml dichloromethane (DCM)/methanol (MeOH) 9(&:v) at 100°C for 1 h. Extracts were
separated over aminopropyl silica gel (Supelco, #% pipette columns. The nonpolar fraction
(including n-alkanes) was eluted with hexane andHer purified over AgN@coated silica

pipette columns (Supelco, @00 mesh) and zeolite (Geokleen LtdThe GDGFcontaining

fraction was eluted with DCM:MeOH 1(%:v), re-dissolved in hexane/isopropanol (IPA) 99:1

(v:v) and transferred over 0.4%n PTFE filters into 300 | inserts. For quantification, a known

amount of a @ diol standard was added after transfer. The samples were analysed at ETH
Zurich using an Agilent 1260 Infinity series HPE@mospheric chemical pressure ionization

mass spectromet(HPLC sAPCI-MS) equipped with a Grace Prevail Cyano column (150 mm

7 PP P 7KH *'*7V ZHUH HOXWHG LVRFUDWLFDOO\ ZLWEk
then with a linear gradient to 18% B for 34 min at 0.2 ml Miwhere A=hexane and
B=hexane/isopneanol (9:1,v:v). Injection volume was 100 DQG VLQJOH LRQ PRQL
[M+H]* was used to detect GDGTS.

The pH of the samples was measured in the laboratory of the Soil Biogeochemistry group,
Institute of Agronomy and Nutritional Sciences, MadtintherUniversity HalleWittenberg,
in a 1:3 soil:watefw/v) mixture.

23 2Hn-alkane

The hydrogen isotopic composition of the highest concentragdkianes i-Cas, n-Ca7, n-Cag,
n-Csi, andn-Cas) was detemined usinga TRACE GC UltraGas Chromatography connected to
aDelta V Pluslsotope Ratio Mass Spectrometéa a’H pyrolysis reacto(GC-?H-Py-IRMS;
Thermo Scientific, Bremen, Germgrat theETH Zurich. The compoundpecificH/*H ratios
were calibratecagainst an external standard withs G Css homologues External standard
mixtures (A4 mixfrom A. Schimmelmann, University of Indianavere run between the
samples for multipoint linear normalization. The*sHactor was determined on each
measurement dandwasconstant throughout the periods of the sample batSaesples were
analysed in duplicates, and results typically agreed within 4% (average difference =All.4%).
PPH values are expressed relative to the Vienna Standard Mean Ocean WaMOW).

23 1FOsugar

Hemicellulose sugarwere extractedndpurified usinga slightly modified standard procedure
(Amelung et al., 19965uggenberger et al., 1994; Zech and Glaser, 2@80@¥ly, myoinositol

was added to the samples ptioextraction as first internal standard. The sugars were released
K\GURO\WLFDOO\ XVLQJ 0 WULAXRORD BHWW LAF¥DB D \BGIBRWVD LKED
IXUWKHU SXUL¢{HG XVLQJ ;$' DQG 'RZH [wRetkyb@dhic#cld  RUH G|
(Knapp, 1979)thesamplesvere frozen, freezdried, and 3:O-methylglucee in dry pyridine

was added assecond internal standard. Compotspicific hemicellulose sugat®O
measurements were performed in the laboratory of the Soil Biogeochemistry group, Institute of
Agronomy and Nutritional Sciences, MarlinitherUniversity HalleWittenberg, using GEC
80-Py,506 DOO GHYLFHV IURP 7KHUPR )LVKHUStarfdarsi QWL ¢ F
deviationsof the triplicate measurement8 HUH  (ovlr 29 investigated samples) for

arabinose and xylose, respectively. We fanushese twohemicellulosederived neutral sugars

6
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arabinose and xylosas theystrongly predominate over fucose in terrestrial plants, soils and
sedimentgHepp et al., 2016énd references thergiflRhamnose concentrations were too low to
obtain reliable/*0 resits. All /80 values are expressed relative to the Vienna Standard Mean
Ocean Water (\SMOW).

2.4 Theory and Calculations

2.4.1 Calculations used for tt@DGT-based reconstructions

Thebranched and isoprenoid tetraether (BIT) indesalculated according tdopmans et al.
(2004) for structures see Fig5S

D ,,D D
0 D ,,D,,,
A)'7,D,,D,.,D FUHQDUFKDHRO (1)

The cyclopentane moiety number of brGDGTSs correlates negatively with s¢ivpliers et
al., 2007) which led to the development of the cyclization of branched tetraethers (CBT) ratio.
CBT and the CBbased pH (pldst) were calculated according Reterse et al. (20):2

&%7 ORIS )
,D ,,D
Stnil T&%7 3)
The numbepf methyl groups in brGDGTeorrelates negatively with Taa and soil pH(Peterse
et al., 2012; Weijers et al., 2007hus, the ratio of the methylation of branched tetraethers

(MBT) ratio and the CBT ratio can be used to reconsffuat We use the equation given by
Peterse et al. (20):2

D E ,F

0%7ﬂ,D,E,F,,D,,E’,,F,,,D (4)

7o T &%7 T 0%7 (5)

242 &DOFXODWLRQV DQG FRQFHSAOapgidddlc IRU WKH FRXSOHG
The apparent fractionation is calculated accordinQemusak et a(2016)

+ 8 gk, .
hpoNDQH sUH@s(JW% (6)

17++.35 2,38

2vxidu2+ 35 2,3
OG/xipu SUHFL@-WWR-Q—V“ ro—A )
*,35 2,3&

7KH LVRWRSLF FRP SR VAWIORQadR | FOKDE . F\W B B ®DAMH G XV LQ.
akane(- A, Sachse et al., 2012; Sessions et al., 1888)/0xgr( A, Cernusak et al.,
2003; Schmidt et al., 2001)

| +oHDI w@m:ﬁog\y'f r’ , (©)]
| 2 /ZVXJDA 7 9
OHDI Z &LRVXJDﬁsr ()

Zechetal(2013) LQWURGXFHG WKH FRQFHS MXRQ P®R.GaperobBhlU WKH F

in detail. Briefly, the coupled approach is based on the following assumtiastrated in

Fig. 8} (i) Theisotopic composition of precipitatipmhich is set to be equal to the plant source

water, W\SLFDOO\ SORWY DORQJ WKH JORIED8x PPOAWIORLELF ZDWF
7
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/80 vs. PH space(Craig, 1%1); (i) Source water uptake by plants does not lead to any
fractionation (e.g. Dawson et al., 2002)and significant evaporation of soil water can be
excluded; (iii) Evapotranspiratioteads to enrichment dhe remaining leaf water along the
local evaporation line (LELAllison et al., 1985; Bariac et al., 1994; Walker and Brunel, 1990)
compared to the source water takgmby the plant; (iv) The biosynthetic fractionation is
assumed to be constarih addition,isotopic equilibriumbetweenplant source water (~
weighted mean annuglrecipitatior) and the local atmospheric water vapour is assumed.
Further assumption concerns the isotsfeadystate in the evaporating leaf water reservoir.
The coupled approach allows for reconstrigtime isotopic composition of plant source water
P+ ¥Osourcewatey) from the reconstructed leaf watdry calculating the intercepts of thELs
with the GMWL (Zech et al., 2013)The slope of the LEL (8L) can be assessed by the
following equation(Gat, 1971)

0 &
6,/ 0—&':, (10)

ZKHUH 0 DUH HTXLOLEULXP LVRWa&eskhetit taEthath@ficdisRQ IDF
7KH ODWWHU HTXDOV W R&and &y Dré&s@ctivelyfMerliat) 1978) The

equilibrium fractionation factors can be derived frampirical equations(Horita and
Wesolowski, 1994by usingTmpv values For two Danish sitevpv are not available, instead

Twmv is used herésection 2.2and Tab. Sp

,Q B0/ PH diagram, thelistance of théeaf waterfrom the GMWL define thedeuterium

excess of leaf water fgkwater  fHieatwater- 1 FOleatwater, accordingDansgaard(1964); Fig.

8). To convertdieatwater iNto meanRH during daytime and vegetation perio(RHwov), a

simplified Craig-Gordon model can be appli¢dech et al., 2013)
-

0 10 &y &y

ZKHUH 0G LV W Kddarfa:dhdihe dedtetitnex@ess osource wate(dsourcewates).-

5+ (11)

2.5 Statistics

In the statistical angsis we checked sample distritans for normality(Shapiroand Wilk,
1965)andfor equal variancéLevene, 1960)If normality and equal variances are given, we
perform an Analysis of Variance (ADVA). If that is not the case, we conduct the non
parametric KruskaWallis Test. ANOVA or KruskaWallis are used to find significant
differences (a=0.05) between the vegetation tygesiduous, conifer and grass).

In order to describe the relation aloagl:1 line, the coefficient of correlation JRwas
calculated as5 A:PRGH®PH®VXUYABHDVXBPHDBV X U H GTiidba)

r? is takenas coefficient of correlation of linear regressiobetween a dependent (y) and
explanatory variablg). The root mean square er(®&MSE) of the relationships was calculated

as 506( § @M: PR GHOPH® V XA AliGdata plotting and statistad analysiswas
realizedin R (version 3.2.2R Core Team, 2015)
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3 Resultsand Discussion

3.1 GDGT concentrations

GDGT la has the highesbncentration under all vegetation typtslowed by GDGT lla and
GDGT llla (Fig. 2). GDGT Ib, llb and Ic occur in minor, GDGT lic and lltimly in trace
amounts. GDGT llic was below the detection limitnost of the samples (Tab3)SAlthough
other studies document an influence of the vegetation cover on soil temnpenad soil water
content which control the microbial community composition in s¢isve et al., 2015; Liu et
al., 2014; MuelleiNiggemann et al., 2016yve find no statistically different pattern of the
individual brGDGT's.

Fig. 2.Mean oncentrations of individual brGDGTSs as percentage of all brGO&Tke three
investigated typesAbbreviations: corr coniferous forest sitg®=9); dec= deciduous forest
sites (n=14); grass grassland sites (n=6).

Total concentradons of brGDGTs range from 0.32 to 9.17 pg/g dry weight &mil to be
highest for the coniferous samples and lowest for the gréiSige8A, Tah S3). Bulk brGDGT
concentrations lie within ranges of other studies examining soils of mid latitude régianset

et al., 2010b, 2010a; Weijers et al., 20imilar concentrations in cdarousanddedduous
samples imply thabrGDGT production does not strongly vary in soilsopedifferent forest

types The grass samples show lower brGDGT concentrations compared to the forest samples,
but this isprobably mainlydue to ploughing of the grass sites and hexttraixing of minerh

subsoil materialAnyhow, the differences inbrGDGT concentrations are not significant (p

value = 0.06).

3.2BIT index

Most of the samples have a BIT index higher than 0.9 (Bigr& Tab. S3).The BlT-values

are typical for soils in hurdiand temperate climate regiofWeijers et al., 2006 However,
outliers exist. Te most likely source of iGDGTSs in soils are Thaumarchaeota, i.e. aerobe
ammonia oxidizing archaea producing Crenarchaeol and its regioi¢Soieuten et al., 2013
and references thergjnprecipitation amounts drop beloi®0-800 mm (Dang et al., 2016;
Dirghangi et al., 2013)The Rua data of our sampling sites ity show precipitation> 550

mm (Fig. 1B), but one has to be aware that this datzased on the climate station nearest to
the respective sampling locations and microclimate effeatdh as sunlight exposure, canopy

9
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cover or exposition might haeepronounced influence on the brGDGT vs. iIGDGT distribution.
Mueller-Niggemann et al2016)found higher BIT indices upland soils compared to paddy
soils and statedhat the management type also influences BIT values in soils. Along our
transect, grass sites tend to have digbtver BIT-values than forest sitegrobably due to the
absence of a litter layer and hence, no isolation mechanism preventing evapdsatibnater.
Anyhow, dfferences between vegetation types are not signifiganalue = 0.32

Fig. 3.(A) Total concentrations dirGDGTSs in ug ¢ dry weight, as well a®) BIT, (C) CBT
andD 0%79 $EEUHY E=banileR3 Yorest Ritgsn=9); dec= deciduous forest sites
(n=14); grass= grassland sites (n=6). Box plots show median (red line), int¢ilguamge
(IQR) with upper (7%6) and bwer (28%6) quartiles, lowest whisker still within 1.5I1QR of lower
quartile, and highest whisketilswithin 1.5IQR of upper quartile, dots mark outliers.

3.3 CBT-derived pH

The CBT ratio shows a pronounced variatiodependent of vegetation typeith values
betweerD.03 and 2.16 (Fig@). Theconiferous samples tend to be highest thetdfferences
between vegetation types are not signifig@ntalue = 0.43 The CBT index can be related to
pH in acidic and/or humid soilg.g.Dirghangi et al., 2013; MuelleXiggemann et al., 2016;
Peterse et al., 2012; Weijers et al., 200af) might bean indicator ofsoil water contenand
hence, precipitation in more arid and alkaline s¢dgy. Dang et al., 2016)There is a
pronounced correlatiobetween CBT and soil pH (Fig. 4), whizhin good agreement with
other studies from mid latitude regions where precipitation is relathigly(Anderson et al.,
2014 and references thereinyloreover, theCBT to pH relationshipin terms ofslope and
intersectin our datase(CBT =-0.47 x pH + 3.5,%= 0.7, pvalue < 0.0001, n = 29s well
comparable tthe correlation described for the globalibration dataetof Peterse et a(2012)
(CBT =-0.36 x pH + 3.1,%= 0.7, pvalue < 0.0001, n = 176)

However, there are some outliers in the BT correlation, whiclmeed a further examination
(seelocatiors grassL04, decL10 and ded_12 asmarked in Fig. 4and 5. The outliers show
lower BIT indices (<0.85, Tab.S3). Even though the data from thearest climate station
suggest no abnormalsR. Local effects such as differences in the amount of sunlight exposure,
nutrient availability for brGDGT produeg organisms or, most likeBoil water contentnight
influence the brGDGT production at thesedtions(Anderson et al., 2014; Dang et al., 2016)

A lower BIT index as well as a lower CBT occwhensoil water contentlecrease¢Dang et

al., 2016; Sun et al., 2016y when aeration is high and less misanicrohabitats for GDGT
producing microbes exi¢e.g.Dirghangi et al., 2013)

10
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Fig. 4. CBT to pH relationshipin our datasein comparison to thglobal calibration datset
from Peterse et al. (2012CBT =-0.36 x pH + 3.1,%= 0.7, pvalue < 0.0001, n = 176, black
line). Abbreviations: cor= coniferous forest sitg®=9); dec= deciduous forest sites (n=14);
grass= grassland sites (n=6).

As the CBT and pH are similarly correlated in our dataset and the global datBet¢rsk et

al. (2012) the CBTderived pH correlated well with the actual pH (Fig.;5%¢ = 0.3).

([ S UHV YV pHICBMddrived pH measured pH), there is a tendency that the GDGTSs result
in an overestimation of the real pH for thedstrsites (Fig. B). YetldruskatWallis testshows

no statistically significant difference between the vegetation types, witralup of 0.13The
overalO "S+ RI shdws that the reconstruction of soil pH using brGD@®&sks well
along this transct.

Fig. 5. (A) Correlation between measured pH and reconstructed soil ptk{pfiom our
transect data in comparison to the global calibration datasePfetense et a(2012)(R?= 0.7,
RMSE = 0.75, n = 176). Black line indicates the 1:1 relationgBjpBoxplots of "S+ UHIHUV
to pHceT-pH). Box plots show median (red line), intergtiker range (IQR) with upper (25)
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and bwer (2%46) quartiles, lowest whisker still within 1.5I1QR of lower quartile, and highest
whisker still within 1.5IQR of upper quartile, dots mark outliers. Abbreviations: on
coniferous forest site@1=9); dec= deciduous forest sites (n=14); grasgrassland sites (n=6).

34 0% 7-§BT-derived Tma reconstructions

TKH 0%71 \iIRYavability with values ranging from 0.17 to 0.0 statistical
differences between vegetation typ@svalue = 0.54 Fig. 3D, Tab.S3. When comparing
UHFRQ VW U XCBI-te6ved) Pa~\ith climate statiorTwa, thedata plotclose to the 1:1
line, andfit well into the global dataset &feterse et a(2012)(Fig. 7A). The "Twua reveal an
overall offset of 0.5°C+2.4 and there is0 statisticallydifferencebetween vegetation types
(Fig. 7B).The standard deviation ifiTma of £2.4is well inline with the RMSE of 5.0 for the
global calibration datas¢Peterse et al., 2012)

Fig. 6. (A) Correlation betweenlimate station Wia and reconstructed 0 % 7CBT-derived)
Twma. For comparison, the global calibration dataset fReterse et a(2012)is shown.The
black line indicates the 1:1 relationshi(B) Boxplots of "Tua (refers toreconstructed \a-
Twma from climate stationsh the different vegetation typdéom our transect studBox plots
show median (red line), interquiée range (IQR) with upper (25) and bwer (286) quartiles,
lowest whisker stilwithin 1.5IQR of lower quartile, and highest whisker still within 1.5IQR of
upper quartile, dots mark outlier8bbreviations: con= coniferous forest siteg=9); dec=
deciduous forest sites (n=14); grasgrassland sites (n=6).

3.5Apparent fraction D W L R ®IQ/D in the different vegetation types

7 K HH ialuescould beobtainedor n-alkanes @7, Czoand Gz in all samples and additionally
at two locations fon-Cps andn-Css at six other locationsThe Hn.akanevalues calculated as
mean ofn-Czs to n-Ca1 H, ranges from -156 t0-216 A Pooled standard deviations show an
RYHUDOO DY HUTKHFOR valuds, calculated as threa weighted mearfer
arabinose and xyloseanges from 27.7 to 3% A. The averageweighted mean standard
deviation is A The compoungpecific isotope data is summarizedbng with the
calculationsn Tabh S4.

12
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Apparent fractionatiof Q-aianeprecigitation) is 0N the order 0f120 to- A, i.e. a bit less than

the biosynthetic fractonof A 7KLV LPSOLHV WKDW HYDSRWUDQVSLUI
A )LJ  @akandpreciitaionis lower for grass sitemompared to the forest siteBifferences

are significanbetweendeciduos and grassites(p-value = 0.005)This finding supports the

results of other studig&ahmen et al., 2013; Liu and Yang, 2008; Mclnerney et al., 2@ht)

can be name¢VLJIQDO GE&#&SeIQ d6tonly incorporatethe evaporativehenriched

leaf wateronly butalsounenriched leaf water in the growth and differentiation zone of grasses

(Gamarra et al., 201&.iu et al., 2017.

The grasslerived hemicellulose sugar biomarkels notfully recordthe evaptranspirative
enrichmenbf the leaf watereither,as indicated bjowerapparent fractionatiofQugatprecigtation)

in Fig. 7B The differences are significant between forest and grasgpsitatue <0.005) This

is in agreement with a study on cellulose extracted from grass Ilfldeléiker and Ehleringer,

2002) DQG DJDLQ WKH 3VLJQDO GDPSLQJ" FDeénriendd #fSODLQH
waterandnonenriched stem water.

Basedon the comparison of evapotranspirative enrichrbeteen forestand grass siteshe
3VLIQDO GDPSLQJ " FD Q- Bl forXie Qanicdlluldse suyRrs FaHdl9% for

the n-alkanes. This is in agreement with other studies that reported a I28%aif the leaf
water enrichment for hemicellulose sugars (Helliand Ehlenger, 2002) an@9 to 6246 loss
of the leaf water enrichment faralkanegGamarra et al., 2016)

Fig. 7. Apparent fractionation(A) Q-akane/precipitation@Nd (B) Qugatprecipitation Biosynthetic
fractionation factors accding to section 2.4.Box plots show median (red line), interquartile

range (IQR) with upper (75%) and lower (25%) quartiles, lowest whisker still within 1.51QR

of lower quartile, and highest whisker still within 1.5IQR of upper quartile, dots markreutlie
Abbreviations: con = coniferous forest sites (n=9); dec = deciduous forest sitesafré-114

for n-alkanes and sugars, respectively); grass = grassland sitear{d84for n-alkanes and

sugars, respectivelyJhe figure conceptually illustrates the effect of biosynthetic fractionation

DQG HYDSRWUDQVSLUDWLYH HQULFKPHQW DV ZHOO DV 3VLJ

3.6 /2H/ /*®0sourcewater reconstructions
The PH versus /%0 diagramshown in Fig. 8 graphically illustrates the reconstruction of

PHI ¥ 0rcatwater (colored dots) fromPHn-aikand /*%0sugar(Crosses), as well as the reconstruction
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of PH/ *®Osourcewater (Dlack dots).) RU U H F R Q SHW 0 r-MVales @ LS with anaverage
slope of 2.80.1(Eq. 10 can be generated through every leaf wat@rt@nd the intercepts of
theseLELs with the GMWL.

Fig.8. PHvs. 50 GLDJUDP L CPBhXivhaird BklsLrécdnstructed?H/ F¥0keat water
(accordingEgs. 8 and®) and reconstructedH/ A®0sourcewater iN cOMparison tdsIPR/OIPG
based PH/ *Ogrecipitation Abbreviations: con = coniferous forest sites (n=9); dec = deciduous
forest sites (n£1); grass = grassland sites (n=4).

The UHF R Q V WHURG: Mk résults can be compared with tifd/ A80cpriorc data
(Fig. 9. This comparison reveals that the couplBn-akane /*%Osugar approach yields more
accurate 2H/ ®Osourcewater results than hitherto applieffHn-akane Single isotope approaches.
However, the range of th&) HF R Q V RHU/R®:30/:H.&r values is clearly larger than in
PHI "Ociprioirc values PH is systematically underestimated by21 A +22 (Fig. 9B) and
[0 by~2.9 A +2.8(Fig. 9D). The type of vegetation seems tortu particularly relevar(p-

YDOXH HaRAp YD OXH 180) RlBvettheless, the systetit offsets tend
to be lowest dr the deddoussites(” PH/ “ 80 is closer to zero with-5 A +15and ~ A
+2.1), followed by grass siteg~ A “ and~ A “ ). In comparisonthe coiiferous
sites show the largesffsets - A “ for "PH~ A “ for " /*®0). Differencesare,

however not statisticdly significant Thesystematioffset and the large variability might have

14
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more specifideasonsand we suggest that this is relatedhtetype ofvegetation Deciduous

trees produce lots of leaf waxes and su@eus. Prietzel et al., 2013; Zech et al., 2012a)d

all biomarkers reflect andecord the evapotranspirative enrichment of the leaf w@ater
Cernusak et al.2016; Tuthorn et al., 2014)The coupled approach and the leaf water
reconstruction based on thealkane and sugar biomarkers thus works well. However,
coniferous trees produce quite low amounts-afkanegDiefendorf and Freimuth, 2016; Zech

et al., 20123)while sugar concentratiorsse ashigh as in other vascular plar(esg.Hepp et

al., 2016; Prietzel et al., 2013jor the coiferoussoi samples this means that thelkanes

stem most likely from the understory whereas the sugars arggiom grasses andoniferous
needles. When the understory is dominated by grass speaiehe n-alkane biomarkers do

not record the full leaf water enrichment sigivathereaghe sugars from the needles dbe
reconstructed leaf watéor the coniferousitesis thereforetoo negative concerning?H, and
reconstructed?H/ A80sourcewater Valuesthus also become too negatiffég. 8). Concerning the
grass sitesWKH IROORZLQJ H[SODQDWLRQ FDQ EH IRXQG &RUUHI
reconstructed leaf water points more positive and shifts them in Fig. 8 up and right. As the
3VLJQDO GID/PSWQRE JIW K D &altRetotrected leaf water points are now above
the uncorrectednes The corrected leaf water points leads to more positeenstructed

P+ ¥Osourcewatervaluesfor the grass sites.

Vegetation type specific rootindepths could partly cause the overall high variability in
UHFRQ VWU R MMk Deep rooting species most likely use the water from deeper
soil horizons and/or shallow ground water, which is equal to the (weighted) mean annual
precipitation(e.g.Herrmann et al., 1987%hallow rooting plants take up water from upper soil
horizons, which is influenced by asonal variations in2H/ /*®Oprecipiation and by soil water
enrichment(Dubbert et al., 2013)Thus, the overall assumption that the source wabérthe

plants reflectghe local (weighted) meamrecipitationmight be not fully valid for all sites
Moreover, a partly contribution of rodierived rather than leaferived sugar biomarkers in our
topsoil samples is very likeli-his does, by contrast, not apply fealkanes, which are hardly
produced in root§Zech et al., 202b and the discussign
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Fig.9. SRUUHODWLRQ RH/ Ok R EVLEX FitdliohGH/ 180ciprioipc(A and

C). Blacklines indicate 1:1 relationshiDifferences between reconstructsalrce wateand
precipitation " PH/ %0 = PH/ Osourcewater - PHI F¥Ociprioird for the three different
vegetation typg(B and D) Box plots show median (red line), interquartile range (IQR) with
upper (75%) and lower (25%) quartiles, lowest whisker still within 1.5IQR of lower quartile,
and highst whisker still within 1.5IQR of upper quartildbbreviations: con = coniferous
forest sites (n=9); dec = decidudosest sites (n%l); grass = grassland sites (n=4).

Moreover, hehigh variability within thevegetation typgcould be causebly variability in @io

of 2H in n-alkanes, as well &80 in sugarsThere is an ongoing discussion about the correct
@i for 80 in hemicellulose sugatSternberg, 2014 vs. Zech et al., 2Q1Hd Qi is probably

not constant over all vegetation typekhis translates into errors concerning leaf water
reconstructionand thus forreconstructing 2+ ¥Osourceater Values (Eq. 9 and Fig.8).
Likewise, the @i values reported in the literatufer 2H of n-alkanes can be off from160A

by tens of permillgFeakins and Sessions, 2010; Tipple et al., 2015; Feakins et al., 2016;
Freimuth et al., 2017 he degree to which hydrogen originates from NADPH rather than leaf
water is important, because NADPH is moreatg@ (Schmidt et al., 2003)Thewide range

in biosynthetic?H fractionation factords thereforealso related to the carbon and energy
metabolism state of plan¢€ormier et al., 2018)
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3.7RH reconstruction

Reconstructed Ritbv ranges fronB4 to 74%, while Ridpv from climate station data range
from 61 to 78% (Fig. 10A). Biomarkdrased values thus systematically underestimate the
VW D W L R Quéy B YWD +1P5 Fig. 10B).Yet the offsets are much less for deciduous tree
DQG JUDVWWHWLANVIA¥ +12 Bnd7% 19, respectively). The offsets ftire coniferous
sites are30% #11, and significantly larger than for the deciduous and grass(gitedues <
0.05.

Too low reconstructedRHwvpv valuesfor the coniferous sitesnake sense in view of the
previously discussed option that soils contakalkanes from the understorfwhich is

dominated by grass spediewhile sugars stem from needlasd grasse#\s explained earlier
DOUHDG\ WKH 3VLIJQDO G D ScapstiudetfBiGMe\(WRerddsFO @ HID W L
DIIHFWHG OHVV E\ WKH 3VLIJQDO GHRSlQranslate @® WRR
overestimated -@xcess and underestimated RH values:ign 8 a correction for thisequire

movingthe coiiferousleaf waterdatapoints upwardgowards more positivé?H values thus

the distance between the leaf water and the source water is reduced

The underestimation of RH for the deciduous and grass sites could be partly associated with the
use of the GMWL as baselth |RU W K H2HrR%S"@06l 4z approach. The deuterium
H[FHVV RI WKH /0:/V LV JHQHUDOO\ ORZHU WKDQ WKH A RI
LMWLs are well comparable to the GMWIStumpp et al., 2014)n addition, if soil water
evaporation occurred before water uptake by the plants, this would lead to an underestimation

of biomarkerbased Ridpv values. It can be furthermore assumed that plant metabolism is
highest during times with direct sunshine and higidiation, i.e. during noon at sunny days.

The relevant RH could therefore be lower than the climate stdédwed RHvpv. Indeed,

already &imate station Ridpv is considerable lower thd®Hua and RHv (Tab. S1).

Fig. 10. (A) Comparison ofeconstruad (biomarkeibased) Ridpv values analimate station
RHwov data. The black line indicates the 1:1 relationshifB) Differences between
reconstructed and climate station ¥ values (‘RHwmpv = reconstructedtclimate station
RHwov) for the three differentegetation typge along the transecfbbreviations: con =
coniferous forest sites (n=9); dec = decidufmusst sites (n¥l); grass = grassland sites (n=4).
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The uncertainty of reconstructed Ri¥ values are large for all three investigated vegetation
typeV DQG DJDLQ WKHVH XQFHUWD L QW Wiictt iDribkt ligdlym& D E O\ D
constant as assumed for our calculations. Moreover, microclimate variability is underestimated
in our approachAs mentioned in secti@®.4.2and 3.6 in the coufed approach not only the
source water of the plants is equateith (weighted mean annual precipitation, but also an
isotopic equilibrium between the source water and the (local) atmospheric water vapour is
assumed. However, in areas with distinct sealityrthis might be nofully valid. To account

for this lack of equilibrium between precipitation and local atmospheric water vapour, apparent

0 Y D O Xh¢val¢dulted with data froacob and Sonntaff,991) As shown byHepp et al.
(2018)those values can be used to achieve alternative RH reconstructions based on the coupled
PHn-aikane *¥0sugar approach.Such calculated Ridpv values areon average 1.5% more
negative than the original valuddowever, this difference in RH is far below the analytical
uncertainties of the compouwsgecific biomarkersotope analysis.

Finally, the integration time of the instigated topsoils t&to be discussed. Unfortunately, no

14C dates are available for teeil samples. However, most likely the organic maltias been

built upover a longer timescale than theailable climate data, which is used for comparison

In combihation with vegetation changes/management changes throughout that period, this
could suely lead to a less tight relationship of the reconstructions compared to the climate
station dataRoot input of arabinose and xylose seems to be of minor relevanocetopsoil
samples. Otherwisghe U HF R Q V WOLXFuallieS would be too negative resulting in
RHwpv overestimationswhich is not observed.

4 Conclusions
We were able to show that

@ the vegetation type does rmgnificantlyinfluence the brGDGEoncentrations and
proxies yet theconferoussitestend to havénigher brGDGT concerdtions, BIT
indicesDQG &% 7 0 %,Ahile @assLsReg tend to be lowest.

(ii) CBT faithfully reFRUGY VRLO S+ ZLWK D ®HGh® QBT S+ RI
overestimates the abpH particularly at the forest sites

(i)  CBT-0% 7*derived Tma reflect the climate statiomlerived Twa valueswith a
P H G L DuQof 05°C £2.4, but again slightly to high reconstrution for theforest
sites were observed

(iv)  differencesin the apparent fractionation between the investigated vegetation types
arecaused by3VLIJQDO GDPSLQJ" L H WKH JUDVVHV GR Q
evaporative enrichmeuwf leaf water

(v)  the reconstructed®H/ /**Osourcewaterreflects thePH/ *0ciprioipcWith a systematic
offset for PH of ~ A +22and for /80 of ~2.9 A +2.8(based on overall medians
R 1 £H/ ®0). This is caused by tonegative reconstructiorfsr coriferous and
grass sites. Faroriferous sites this can beexplainedwith n-alkanes originating
from understory grass DQG IRU WKH JUDVV VLWHV WKH 3VLJCQ
P+ WKPDQ7KLYV OHDGV WR WRR QHidkRaaluksabcHifR Q VW U X
WR WRR &H POMbw¥ecHedonstruction.
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(vi)  reconstructed(biomarkerbased) Ridpv values tend to underestimatdimate
stationderived RHipv values 05 mpov = ~-17% *12) For coriferous sitesthe
underestimabns are strongestwhich can be explained witlindersory grasses
being the mainsource ofn-alkanesfor the investigatedsoils underconiferous
forests

Overall, ourstudyhighlightsthe great potential of GDGTs and the coupl&dh-akane /Osugar
approachfor more quantitative paleoclimate reconstructiofsking into account effects of
different vegetation typesnproves correlations and reconstructions. This holds particularly

true for the coupled®Hn-akane ¥Osugarapproach,Z KLFK LV DIIHFWHG E\ 3VLJQDO ¢

grass vegetatiorAssumingconstant biosynthetic fractionatiaslikely a considerableource

of uncertaintyClimate chamber experiments would be very useful to further evaluate and refine
the coupled PHn-akane M¥Osugar approach, because uncertainties related to microclimate
variability can be reduced. Field expegnts like ours suffer from the fact that biomarker pools

in the sampled topsoils may have been affected by past vegetatiaimate changes.
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Our understanding of African paleoclimate/hydrological history is mainly based on lake level and lake
sediment studies. It improved during the last decade thanks to emerging stable isotope techniques such
as compound-speci ¢ deuterium analysis of sedimentary leaf wax biomarkers (0?Hjea-wax). Here we
present the results from a multi-proxy biomarker study carried out on a ~100 ka loess-like paleosol
sequence preserved in the Maundi crater at ~2780 m a.s.l. on the southeastern slopes of Mt. Kilimanjaro
in equatorial East Africa.

The Maundi stable isotope records established for hemicellulose-derived sugars, lignin- and pectin-
derived methoxyl groups, leaf wax-derived fatty acid and n-alkane biomarkers (dlsosugars, dszethoxyI
groups: dsza[[y_acids and dan_a|kanes, respectively) reveal similar patterns, but also some distinct differences
are obvious. The periods from ~70 to 60 ka, the Last Glacial Maximum (LGM) and the Younger Dryas (YD)
are characterized by more positive d values, whereas during the Holocene, and around 30, 39, and 56 ka
BP more negative d values are determined. The application of a ‘coupled dan,a”(ane—dmOSugar paleo-
hygrometer’ approach allows us to derive information about Late Quaternary changes of air relative
humidity at the Maundi study site. Reconstructed changes of mean day-time relative humidity (RHp) are
in good agreement with pollen results from the study area. Apart from the overall regional moisture
availability, the intensi cation versus weakening of the trade wind inversion, which affects the diurnal
montane atmospheric circulation on the slopes of Mt. Kilimanjaro, is suggested as a local factor which
may contribute to the observed variability of RHp at Maundi study site.

The combined usage of d®Hn-aikanes and d*®0sygars allowed us to reconstruct dH/d*0 of source water
utilized by plants in the study area, which is directly linked to local precipitation. The results of this
reconstruction caution against a straightforward interpretation of d2H|eaf_Wax and dmosugm records as
proxies for isotopic composition of local precipitation because variable and primarily RH-dependent
isotopic evaporative enrichment of leaf water can mask changes of dZHpm/dmOprec in the past. The
biomarker-based d?H/0*80source-water records derived for the Maundi site revealed a discernible link with
the reconstructed RHp record; lower RHp values were generally observed during periods characterized
by more negative d2H/dmosource_‘,\,ater values, indicating a reverse relationship with the expected pre-
cipitation amount. This indicates that the empirical relationship between amount of rainfall and its
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isotopic composition, observed nowadays on monthly timescale in the East African region, might not be

valid on millennial time scale.

© 2017 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

East Africa and its Late Quaternary climate and vegetation his-
tory has received much attention during the last decades. Evidence
for dramatic environmental and hydrological changes come from
various types of archives, such as ice cores (Thompson et al., 2002)
and glacial deposits (Mark and Osmaston, 2008; Shanahan and
Zreda, 2000), lake sediments (e.g. Berke et al,, 2012; Cockerton
et al., 2015; Gasse, 2000; Gasse et al., 2008; Scholz et al., 2007;
Street-Perrott et al., 2004; Trauth et al., 2003; Verschuren et al.,
2009) and marine sediments (e.g. Scheful? et al., 2011; Tierney and
deMenocal, 2013). The equatorial and northern East Africa, as well
as the east Saharan region, experienced multiple lake level high-
stands and humid conditions, especially during the Early Holo-
cene (African Humid Period - AHP). The East African monsoon is
responsible for rainy periods in East Africa and is controlled by low-
latitude insolation changes occurring on orbital timescales. How-
ever, the forcing of the East African monsoon on millennial time-
scales is still a matter of debate. Evidence for precession forcing,
including half-precession effects, have been presented in numerous
studies (e.g. Trauth et al., 2003; Verschuren et al., 2009). However,
many in uencing factors and controlling mechanisms on East Af-
rican paleoclimate are not yet fully understood. This concerns the
teleconnection with high-latitude boundary conditions, for
instance during the Younger Dryas period, the possible in uence of
the Indian Ocean Dipole (I0D) and the El Nino Southern Oscillation
(ENSO) phenomena, and the possible in uence of a migrating
Congo air boundary (Abram et al., 2007; Castaneda et al., 2007;
Konecky et al.,, 2011; SchefuR et al., 2011; Stager et al.,, 2011;
Tierney et al,, 2008, 2011). The multitude of possible controls of
East African climate in the past stimulate the ongoing research
efforts addressing exact timing, abruptness and spatial/temporal
variability of East African monsoon precipitation.

During the last decade, the hydrogen isotopic composition of
sedimentary leaf waxes (d2H|eaf_Wax) became a widely used proxy
that was also explored in East African paleoclimate/hydrological
archives. There are two major assumptions underlying most in-
terpretations of d2H|eaf_Wax records originating from this region.
First, d?H values of leaf waxes extracted from lake sediments re ect
the isotopic composition of paleoprecipitation (dZHp,eC) (e.0.
Konecky et al., 2011; Tierney et al., 2010, 2011). Second, d2H|eaf_WaX
records retrieved from sedimentary archives can be interpreted in
terms of an ‘amount effect’, as inferred from modern precipitation
in the tropics (e.g. Scheful3 et al., 2005, 2011; Tierney et al., 2008;
Tierney and deMenocal, 2013).

However, the rst assumption may not be as robust as previ-
ously thought. For instance, the 2H content of leaf wax-derived n-
alkane biomarkers, studied in a modern topsoil climate transect
along the southern slopes of Mt. Kilimanjaro, does not follow the
expected ‘altitude effect’ for dH of local precipitation (Zech et al.,
2015). The n-alkanes were rather found to re ect the isotopic
composition of leaf water (d2H|eaf_Water), as it was previously sug-
gested by Kahmen et al. (2013). Given that 2H-enrichment of leaf
water strongly depends on relative air humidity (Farquhar et al.,
2007; Flanagan et al., 1991; Roden et al., 2000), large changes of
this parameter may thus mask climatically-driven uctuations of
dHprec.

The second assumption is based on the observation that for
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present-day climate monthly means of 0?Hprec (0*%0prec) values in
the tropics are inversely correlated with the precipitation amount
collected at a given site (e.g. Rozanski et al., 1993). This is also true
for East Africa (Rozanski et al., 1996). However, on an inter-annual
basis, which is the relevant timescale for (paleo-)climatic consid-
erations, such correlation is very poor or not-existent, at least for
the East African region (Rozanski et al., 1996), and validation of a
long-term ‘amount effect’ is in fact lacking for this area. Alterna-
tively, Konecky et al. (2011) suggested that moisture source and
transport history dominated the d2H|eaf,Wax record at Lake Malawi,
whereas rainfall amount played a secondary role.

In order to overcome ambiguities associated with the in-
terpretations of d2H|eaf_Wax records, Zech et al. (2013) suggested a
coupled dan_a"(ane—dmOsugar biomarker approach, where d180Sugar
is determined by compound-speci c dlSO—anaIyses of the
hemicellulose-derived sugar biomarkers, such as arabinose, fucose,
xylose and rhamnose (Zech and Glaser, 2009). This coupled
approach opens up new possibilities: (i) in combination with
known biosynthetic fractionation factors ( pjo) it enables the
reconstruction of the isotopic composition of leaf water [d2H|eaf_
water 74 dzHIeaf—wax ~ bio (n‘alkanes); dlsoleaf—water Ya dlsosugars =~ bio
(sugars)]. (ii) The evapotranspirative H and 0 enrichment of leaf
water e characterized by the deuterium-excess of leaf water e can
be used to quantify relative humidity of the local atmosphere for
the periods when stomata are open and the transpiration process is
in operation. Relative air humidity appears to be a decisive factor
controlling the extent of this isotope enrichment. Finally, (iii) the
intersect of the local leaf water evaporation line (LLEL) with the
local meteoric water line (LMWL) can be used to reconstruct d?H/
d*®0 source water values more robustly than previously done,
based on d2H|eaf,wax records alone. Recently, Tuthorn et al. (2015)
validated this coupled d?H-d'®0 biomarker approach by applying
it to an Argentinean climate topsoil transect. Their ndings
corroborate that the ‘coupled 0?Hn-aikane-0"®Osugar Paleohygr-
ometer’ is a promising proxy for reconstructing day-time relative
humidity of local atmosphere (RHp).

The aim of this study was (i) to establish a multi-proxy stable
isotope biomarker record spanning the last ~ 100 ka by investi-
gating a loess-like paleosol sequence from the Maundi crater sit-
uated on the southeastern slopes of Mt. Kilimanjaro, equatorial East
Africa, (ii) to compare the Maundi d°Hy_aikane record with the d?H
records of fatty acids and lignin-/pectin-derived methoxyl groups
(d®Hratty-acid and d®Hmethoxyl, respectively) as well as with published
d?H biomarker records from East African lakes, (iii) to reconstruct
the past history of the RHp at the Maundi study site using the
‘coupled 0®Hn-aikane-0"®Osugar palechygrometer’, and (iv) to recon-
struct and interpret the d2H/d*®0gource water record for the Maundi
loess-like paleosol sequence in terms of paleoclimate.

2. Materials and methods
21. Study area e the Maundi crater

A detailed description of the study area, as well as an age-depth
model of the Maundi loess-like paleosol sequence, were previously
presented by Schiler et al. (2012). In brief, Maundi is an ancient
volcanic crater of ~60 m diameter and 20e30 m depth that is
located on the southeastern slopes of Mt. Kilimanjaro at ~2780 m
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as.l (Fig. 1; 3 1027.5%%, 37 3105.8°%). The surrounding vegetation
represents the transition from closed forest (upper montane forest)
to open Erica bush (subalpine heathland) (Fig. 1b). The bottom of
the crater is occupied by a seasonal swamp, which only holds
standing water during the rainy season (Schuler et al., 2012). There
are two rainy seasons in the area caused by the seasonal migration
of the ITCZ (Fig. 1a); the long rainy season from March to May with
subsequently prevailing southeasterly trade winds and the short
rainy season from November to December with subsequently pre-
vailing northeasterly trade winds. Apart from seasonal climate
variability, pronounced diurnal atmospheric circulation changes
are observed along the slopes of Mt. Kilimanjaro (Appelhans et al.,
2015; Duane et al., 2008; Pepin et al., 2010). Strong upslope mois-
ture transport occurs during the day, whereas downslope transport
and drying occurs at night. The study site is located above the RH
maxima of the montane zone, as depicted by Fig. 1c. Mean annual
precipitation at Maundi is ~1800 mm and mean annual tempera-
tureisabout9 C(Hemp, 2006b). Mean day-time temperature from
a close-by meteorological eld station is slightly higher at ~14 C
(cf. Appelhans et al., 2015).

During the Late Quaternary, the Maundi crater served as trap for
aeolian and colluvial sediments. In July 2007, samples were taken
from a 240 cm deep soil pit and additionally from further down to
646 cm depth using a piston corer. While Schuler et al. (2012)
established their age-depth model by adapting a linear trend line
through all 11 available calibrated AMS radiocarbon ages, we chose

J. Hepp et al. / Quaternary International 438 (2017) 116e130

a linear interpolation between each individual 14¢ data for the
upper 3 m of the sequence and a linear extrapolation for the lower
part of the sequence (Fig. 2). The extrapolation suggests that the
lowermost part of the core at 6.46 m depth may be as old as ~100 ka
BP. Pollen, total organic carbon (TOC) and glycerol dialkyl glycerol
tetraether (GDGT) biomarker results were published previously by
Schiler et al. (2012) and Zech et al. (2012). The position of sugar,
methoxyl and leaf wax (fatty acids and n-alkanes) samples are
shown in Fig. 2.

2.2. Biomarker and compound-speci ¢ d*So/dPH analyses

A total of 38 samples were prepared for d0 analyses of
hemicellulose-derived sugar biomarkers according to Zech and
Glaser (2009) at the Department of Soil Physics and the Chair of
Geomorphology at the University of Bayreuth. In brief, the hemi-
celluloses were hydrolytically extracted with 4 M tri uoroacetic
acid (TFA) (Amelung et al., 1996); the extracted sugars were cleaned
using XAD-7 and Dowex 50WX8 columns; the puri ed sugars were
freeze-dried and afterwards derivatized by adding methylboronic
acid (MBA; 4 mg in 400 ml pyridine) and heating for Lhat60 C.The
compound-speci ¢ d'®0 measurements were performed at the
Institute of Agronomy and Nutritional Sciences, Soil Biogeochem-
istry, Martin-Luther University Halle-Wittenberg, using a Trace GC
2000 gas chromatograph (GC; Thermo Fisher Scienti c, Bremen,
Germany) coupled to a Delta V Advantage isotope ratio mass

30° 0° 30°
a) b)
30° NORTH b SOUTH
4000 m Shira
- 5000 m
Maundi Crater-
Iz
August "= L TR TN Ay (0 sudan /s s
mcz . ‘
January
palia
0° Rwanda
Burundi 8
Lake Challa -
Mt. Kilimanjaro
]
o
2
3
x
s8e
ES
=
o=
&<
Swaziland §
30° A Lesotho G
N &

Fig. 1. a) Overview map of Africa depicting the study area Mt. Kilimanjaro, Tanzania. The black star shows the location of Maundi crater. Blue stars indicate locations of Lake Malawi,
Lake Tanganyika, and Lake Challa. The dashed lines represent approximate positions of the ITCZ during August and January, respectively. b) North-south pro le of the western slope
of Mt. Kilimanjaro, showing the three volcanic cones Shira, Kibo and Mawenzi as well as the main altitudinal zones, vegetation types and the Maundi crater. 1: colline (savanna)
zone; 2: submontane zone with Croton-Calodendrum forest; a: coffee-banana plantations in the submontane zone on the southern slope; b: submontane gorge forests on the
southern slope; 3: lower montane zone with Cassipourea forests on the northern slope and Agauria-Syzygium-Ocotea forests on the southern slope; 4: middle montane zone with
Cassipourea forests on the northern slope and Ocotea forests on the southern slope; 5: upper montane zone with Juniperus forests on the northern slope and Podocarpus-Ocotea
forests on the southern slope; 6: subalpine zone with Juniperus forests on the northern slope and Podocarpus forests on the southern slope; 7: subalpine zone with heathlands (Erica
bush); 8: lower alpine zone with Helichrysum cushion vegetation; 9: upper alpine and nival zone, mainly bare of vegetation (modi ed according to Hemp, 2006a). c) Relative
humidity map illustrating the characteristic altitudinal hillside RH gradients and the RH maxima in the montane zone (red double arrow) (Appelhans et al., 2015; modi ed).
Sub gures a) and b) reprinted and modi ed according to Schiiler et al. (2012). (For interpretation of the references to colour in this gure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Left: Stratigraphy of the Maundi loess-like paleosol sequence (modi ed according to Zech et al., 2012). (f)An: (fossil) dark soil horizons; B,: weathered, brown soil horizons;
Bny: weathered, dark brown soil horizons; assumed tephra layers: yellowish smeary sandy silt (presumably strongly weathered tephra layers); and position of sugar (blue dots),
methoxyl (black dots) and leaf wax (fatty acids as green dots and n-alkanes as magenta dots) samples. Middle: Total organic carbon (TOC) depth pro le. Right: Revised age-depth
model (black line) based on 11 calibrated AMS radiocarbon data (modi ed according to Schiiler et al., 2012). Red squares display the calibrated **C data with associated mea-
surement uncertainties and uncertainty band (thin red lines). (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this

article.)

spectrometer (IRMS; Thermo Fisher Scienti c, Bremen, Germany)
viaan 18O—pyrolysis reactor and a GC/TC Il interface (Thermo Fisher
Scienti ¢, Bremen, Germany). While arabinose, fucose and xylose
yielded peak areas that were high enough for robust peak in-
tegrations in the chromatograms, rhamnose was excluded from
further data evaluation due to too low peak areas. Mean standard
errors for triplicate measurements of all 38 samples are 0.90%o,
1.46%0 and 0.97%o for arabinose, fucose and xylose, respectively. The
three sugars yielded very similar results with correlation co-
ef cients ranging from 0.6 to 0.8 (p < 0.001; n % 38). In the
following, we use the weighted mean d'80 values of arabinose,
fucose and xylose and refer to as dlBOsugars, relative to Vienna

122

Standard Mean Ocean Water (VSMOW).

Laboratory work for the leaf wax analyses on 74 samples and
compound-speci ¢ d?H measurements followed standard proced-
ures at the Department of Geological Sciences, Brown University. In
brief, free lipids were extracted using accelerated solvent extraction
(Dionex ASE 200) with dichloromethane (DCM) and methanol
(MeOH, 9:1). Lipids were separated over pipette columns lled
with aminopropyl silica gel (Supelco, 45 mm). n-Alkanes were
eluted with hexane, polar lipids with DCM and MeOH (1:1), and
fatty acids with acetic acid in diethyl ether (1:19). The fatty acids
were methylated using 5% acetyl chloride in methanol of a known
isotopic composition, yielding the corresponding fatty acid methyl
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esters (FAMEs). These were recovered by liquid-liquid extraction
using hexane and further puri ed over silica columns. Quanti ca-
tion of the leaf wax-derived long-chain n-alkanes and n-fatty acids
was done on a HP 6890 GC coupled to a ame ionization detector
(Agilent, Santa Clara, CA, USA). Compound-speci ¢ d?H measure-
ments of the n-alkanes n-C,g and n-Cz; and the n-fatty acids n-Cyg
and n-Cyg (dominant peaks/compounds and considered to derive
from terrestrial higher plants) were performed on a GC-Pyrolysis-
IRMS system consisting of HP 6890 GC coupled to a Delta”YSXL
(Thermo-Quest Finnigan, Bremen, Germany). Mean standard errors
for triplicate measurements of all 74 n-alkane samples were 0.9%o
and 11%o for n-Cog and n-Czy, respectively, and 0.9%o, each, for the
fatty acids n-Cye and n-Czg measured in triplicate for 45 samples.
During the course of the measurements the HE factor stayed con-
stant. The d?H results of the n-alkanes n-Cz9 and n-Cgz; correlate
with R %2 0.6 (p < 0.001); their weighted mean values are reported
in the following as d°Hp.aikanes, relative to VSMOW. The dH results
of the fatty acids n-Cyg and n-Cyg correlate with R %20.8 (p < 0.001);
their mean values are reported as dszauy_acids, corrected for the
methyl group added during methylation and also relative to
VSMOW.

Although methoxyl groups are not speci ¢ compounds sensu
stricto, they originate mostly from lignin and/or pectin. Given that
their d°H values (®Hmethoxyr) Were found to re ect d®Hprec, d%Hme-
thoxyl Was recently suggested as a paleoclimate proxy (Anhauser
et al, 2014; Keppler et al., 2007). The respective analysis was
described previously by Greule et al. (2008). In brief, methoxyl
groups are converted to gaseous methyl iodide (CHsl) by the
addition of hydroiodic acid (HI) and heating of the samples to
130 C for 30 min. The dszemoxy. measurements for the Maundi
samples were performed using an HP 6890N GC (Agilent, Santa
Clara, CA, USA) equipped with an A200S auto-sampler (CTC Ana-
lytics, Zwingen, Switzerland), coupled to a Delta®™V*XL IRMS
(Thermo-Quest Finnigan, Bremen, Germany) via a pyrolysis reactor
and a GC Combustion Il interface (Thermo-Quest Finnigan, Bre-
men, Germany).

3. The coupled d?H-d*®0 biomarker paleohygrometer and
reconstruction of  d*¥0 and d?H of source water

The coupled d2Hn_a”(a,-,e-dmosugar approach was previously
described in detail by Zech et al. (2013) and Tuthorn et al. (2015).
Leaf water undergoes evaporation through stomata openings. This
process is associated with equilibrium and kinetic isotope effects,
which causes isotopic enrichment of leaf water (Dongmann et al.,
1974). Due to its small dimensions, the leaf water reservoir at
evaporation sites quickly reaches isotope steady-state in which the
isotopic composition of water vapor leaving the leaf surface is
identical to the isotopic composition of the ‘source’ water pumped
by plants from the ground in the course of the transpiration process
(Flanagan et al., 1991; Roden and Ehleringer, 1999). In most cases
the water used up by plants is directly linked through soil water
and shallow groundwater to the local precipitation.

If the isotope steady-state of the leaf water reservoir is assumed,
its 2H and 20 isotope composition can be then calculated using a
‘terminal lake analogue’ (cf. Zech et al., 2013 adopted from Gat and
Bowser, 1991):

dIeaf waterY dsource water bal hND* b D (1)

where Giear-water aNd Gsource-water is the isotopic composition of leaf
water and source (transpired) water, respectively, expressed in (%o),
hy is the relative humidity of the local atmosphere, normalized to
the leaf water temperature; * % (1e1/au\/)103 is the equilibrium
isotope enrichment where a;, stands for equilibrium isotope

fractionation between the liquid and gaseous phase (%o), and D is
the kinetic isotope enrichment [D*® % Ci8(1 e hy); D? % Ci(1l e
hn)] where Ci8, ¢ stand for kinetic enrichment parameters, for 180
and 2H, respectively.

When d®Hieat-water and 0*0ear-water Values are known, the d-
excess parameter for the leaf water reservoir (djeat-water) Undergoing
evaporation, de ned as d ¥2d°H e 8 $ d*0, can be calculated using
Eqg. (1):

8% ;b CZ2  83CL®

@)

dicat water ¥4 Usource water P01 hyP ;

where dsource-water 1S the d-excess of the source water. It is apparent
from Eq. (2) that the d-excess of leaf water is primarily controlled
by the relative humidity of the local atmosphere when stomata are
open and the transpiration process is in operation.

If the d-excess of leaf water is quanti ed through d?H and d*®0
measurements of relevant biomarkers and the d-excess of source
water is known or can be assumed, the relative humidity of the
local atmosphere can be estimated from Eqg. (2):

hy Y21 — Dd

= 3
2 88 15b CE

83C18

where Dd Y4 digaf-water € Jsource-water Stands for the difference of the
d-excess values of the leaf water and the source water. Although
kinetic enrichment parameters, Cy, can vary widely depending on
the aerodynamic conditions characterizing a given evaporation
process, maximum values of those parameters (25.1%o and 28.5%o
for CZ and Ci2, respectively; Merlivat, 1978) seem to be most suit-
able for leaf water evaporation (see Zech et al. (2013) for further
discussion). Equilibrium isotope enrichments, .* and 1g* as a
function of temperature can be calculated using empirical equa-
tions (Horita and Wesolowski, 1994; Majoube, 1971). It is to be
noted here that evaporation of leaf water takes place when stomata
are open i.e. during photosynthetic activity of a plant. While the
biomarkers are synthesized during day-time in C3 plants, which are
of relevance here, the relative humidity de ned by Eq. (3) (hy) isin
fact a proxy for day-time relative humidity (RHp) of the local at-
mosphere seen by transpiring plants.

Equation (3) provides a useful tool to establish relative humidity
records from sedimentary archives provided that: (i) 2H and 80
isotope composition of leaf water reservoir can be reconstructed
using the measured d values of n-alkanes and sugars and respective
biosynthetic fractionation factors ( pio), and (ii) the d-excess of local
source water (precipitation) can be evaluated. As far as point (i) is
considered, we are aware that the biosynthetic fractionation factors
for biosynthesis of n-alkanes and sugars in plants are strictly
speaking not constant, however, we consider the respective pio
values not to be substantially variable (Sternberg, 2014 vs. Zech
et al, 2014a). We therefore apply an pj, value of 160%o0 for
reconstructing d2H|eaf_Water from measured d?H of n-alkanes (Sachse
et al., 2006; Sessions et al., 1999) and an j, value of p 27%o for
reconstructing  0'®0jeat-water from measured d*¥0 of sugars
(Cernusak et al.,, 2003; Gessler et al., 2009; Schmidt et al., 2001;
Sternberg et al., 1986; Yakir and DeNiro, 1990). Note that inter-
species variation in the fractionation between leaf water and leaf
wax d?H (Kahmen et al., 2013), as well as other potentially bio-
logical processes related to their life forms can in uence the
hydrogen isotope composition of plant leaf water (Shu et al., 2008),
besides leaf water enrichment. This represents further potentially
uncertainty sources when using leaf wax dH to reconstruct leaf
water d?H (and therefore ultimately the d?H of source water, see
below).
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The reconstruction of the isotopic composition of leaf water and
the day-time relative humidity values using Equations (1)e(3) are
also based on the assumption that sugars and n-alkanes derive their
180 and 2H isotope composition from leaf water at the evaporation
sites. This is where carbohydrate metabolism and gas exchange
take place (e.g. Roden and Ehleringer, 1999; Sachse et al.,, 2012).
Although the leaf water reservoir is isotopically not-uniform
(Flanagan et al., 1991; Roden and Ehleringer, 1999; Santrucek
et al., 2007), we assume that measured d*®0g,gars and d®Hn-aikanes
values are essentially controlled by d*0 and d?H of leaf water at the
sites where it undergoes evaporation and that are described by the
‘terminal lake’ approach applied here. The standard uncertainty of
the reconstructed RHp values [Eq. (3)], derived from the uncer-
tainty propagation law and the analytical uncertainties of the
measured 0%Hn-aikanes and 0*®0gygars, varies between 3 and 20%
(Table 1). This uncertainty does not include uncertainties associ-
ated with the adopted values of the biosynthetic fractionation
factors, and the uncertainties associated with the simplifying as-
sumptions discussed above.

If not measured, the isotopic composition of the source water
can be evaluated when the slope of the local leaf water evaporation
line (LLEL) is known and the local meteoric water line is de ned by
direct measurements or can be assumed. The slope of LLEL can be
obtained from Eq. (1):

Table 1

2 2 . w2
€y &y, @ MPIpD, b C3
a8, i, A hyPilghDaig gb CE

It is worth mentioning here that, with the simplifying assump-
tions underlying Eqgs. (1) and (4), i.e. full isotope steady-state of the
leaf water reservoir undergoing evaporation and isotopic equilib-
rium at ground-level temperature between source water utilized by
plants and the local atmospheric water vapor, the slope of LLEL
depends only on equilibrium and kinetic fractionation for both
isotopes. Slight temperature dependence of the slope is hidden in
the temperature dependence of the equilibrium fractionation fac-
tors for 2H and 0. Assuming present day-time mean surface air
temperature for the elevation of Maundi site (p 14 C, cf. Appelhans
et al., 2015), the slope of LLEL calculated using Eq. (4) is equal to
2.83. Lowering this temperature by 5 C, to account for a possible
drop of surface air temperature during the glacial period (Sacred
Lake, Mt. Kenya: Loomis et al., 2012; Lake Malawi: Woltering et al.,
2011; Congo Basin: Weijers et al., 2007; Lake Tanganyika: Tierney
et al,, 2008; Burundi highlands: Bonne lle et al., 1992), increases
the slope derived from Eq. (4) to 2.94. Low LLELs slopes (~2.5 or
even lower) were measured in some eld studies, too (e.g. Allison
et al., 1985; Flanagan et al., 1991). To account for possible un-
certainties we therefore generated dZH/dmOso,_,rce water records for

(C)

1,
Seaf water 74

Weighted mean d?H values of leaf wax-derived n-alkanes (n-Czo and n-Cs;) and weighted mean d*20 values of hemicellulose-derived sugars (arabinose, fucose, and xylose).
The reported uncertainties represent the weighted mean standard uncertainties. Also calculated/reconstructed 02H/0*®0)eat-water, dEULEFIUM-EXCESS|cat-water, MEAN day-time
relative humidities (RHp), and A2H/d*® 0400 rce-water Values are displayed. The reported uncertainties of deuterium-excessiear-water and RHp represent expanded uncertainties

calculated using the uncertainty propagation law.

Measured Calculated/Reconstructed

Depth Age dHn-aikanes A" 04, gars Hiat-water d"0ear-water deuterium-excessieaf-water RHp d?Hsource-water 0" 0source-water
[cm] [ka BP] [%0] [%0] [%0] [%0] [%0] [%] [%0] [%0]
6.5 0.7 1573+ 1.0 364 +09 32 9.1 700+x7.0 58+7 41.0 7.0
12.5 1.4 1593 +1.7 342+10 0.9 7.0 55.0 £ 8.0 65+8 35.8 6.3
25.0 35 1593+ 1.1 340+09 0.8 6.8 540+70 66 +7 35.2 6.3
35.0 6.1 161.0 +1.7 326+12 11 55 45.0+9.0 70+9 324 5.9
475 7.2 170.7 £ 0.9 336+16 12.7 6.5 64.0 + 13.0 60+ 13 54.2 8.6
60.0 8.1 165.6 + 1.0 351+11 6.7 7.9 70.0 9.0 58+9 51.0 8.2
735 8.9 166.6 + 1.3 36.7+12 7.9 9.4 83.0+90 51+9 59.2 9.2
82.0 9.7 158512 357+08 18 8.5 66.0 + 6.0 60+6 40.5 6.9
91.0 10.8 155.8 + 0.7 413+13 5.0 13.9 106.0 = 11.0 40 11 58.3 9.1
98.5 116 156.0+13 382+16 4.7 10.9 82.0 £13.0 51+13 46.2 7.6
107.0 12.6 1531 +12 383+05 8.2 11.0 80.0+50 53+5 41.3 7.0
117.0 13.8 149.6 + 0.6 369+11 124 9.6 64.0 9.0 60+9 29.1 55
126.0 14.8 1580+ 15 380+04 24 10.7 84.0+30 51+3 49.1 8.0
135.0 15.9 1524 +14 375+05 9.0 10.2 73.0+4.0 56 + 4 37.0 6.5
150.0 17.7 1482+ 05 420+04 14.0 14.6 103.0 + 4.0 41+ 4 47.7 7.8
1575 18.6 147611 410+04 14.8 13.6 940+ 40 46 + 4 421 71
165.0 19.4 151.6 £ 0.7 378+09 10.0 10.5 740+x70 55+7 36.7 6.4
175.0 203 1545+ 13 413 +05 6.5 13.9 105.0 +5.0 40+5 56.1 8.9
185.0 212 154.0+0.1 420+11 7.2 14.6 110.0+9.0 38+9 58.1 9.1
225.0 294 154.7 0.4 329+12 6.4 5.8 40.0 +10.0 73+10 223 4.6
2475 33.6 1531 +17 409 +15 8.2 135 100.0 + 12.0 43 + 12 52.0 83
280.0 38.6 155.0+ 1.9 341+07 5.9 6.9 49.0+6.0 68 +6 277 53
310.0 435 159.1 1.7 37.7+06 1.0 10.4 83.0+50 51+5 49.9 8.1
361.0 521 1473 x12 352+18 151 8.0 49.0 +14.0 68 + 14 18.3 4.1
381.0 555 1469+ 21 319+07 155 4.8 230+6.0 81+6 4.2 24
418.0 61.8 1383+ 18 36.5+0.7 25.8 9.2 48.0 £ 6.0 69 +6 7.1 27
428.0 63.5 1338+13 46.7 £ 1.7 311 19.2 122.0 £ 140 31+14 40.7 6.9
4355 64.8 141.7 £ 0.9 372+10 218 10.0 58.0 + 8.0 64+8 16.3 3.9
443.0 66.0 1374 17 468 £ 2.4 26.9 19.3 127.0 £ 19.0 29 +19 475 78
453.0 67.7 1442 +10 333+13 188 6.1 30.0 + 10.0 77 +10 4.9 25
463.0 69.4 1420+ 1.0 404 +£0.7 215 13.1 83.0+50 51+5 29.8 5.6
482.0 72.6 1545+ 14 39.1+11 6.6 11.8 88.0+9.0 49 +9 47.0 7.7
503.0 76.2 148.7 04 350+07 134 78 49.0+50 68 +5 19.9 43
533.0 813 151.8 £ 0.4 379+05 9.7 10.6 75.0 4.0 55+4 374 6.5
558.0 855 156.3 £ 05 362+12 4.4 8.9 67.0 £ 10.0 59+ 10 384 6.6
588.0 90.6 158.2 + 05 36.2+ 0.6 21 9.0 70.0 5.0 58+5 421 71
625.0 96.9 153.0+05 356+16 8.4 8.4 59.0 + 13.0 63+ 13 30.1 5.6
638.5 99.2 1543+ 0.8 376+14 6.7 10.4 76.0 + 120 55+ 11 40.9 7.0
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the Maundi site using three different LLEL slopes: 2.50, 2.75 and
3.00.

The local meteoric water line (LMWL) derived for precipitation
collected on the southern slopes of Mt. Kilimanjaro is d°H ¥ 8.0 $
d*®o b 14.8 (Zech et al., 2015). The intersection of LLEL drawn
through the data point representing present-day leaf water at
Maundi site (reconstructed using the uppermost sample from
6.5 cm depth; Fig. 2; Table 1), with the LMWL noted above, should
provide a good estimation of modern source water at the site.
Analogous procedures can be repeated for all reconstructed leaf
water data points shown in Fig. 3, leading to a reconstruction of
local d?H/d*®0 source water values for the entire time span covered
by the investigated loess-like paleosol sequence. This in turn can be
linked to temporal variations of d°H and d*0 of local precipitation
at the study area.

It should be noted that the slope and intercept (d-excess) of
LMWL for Maundi site most likely have not been constant during
the time period covered by the investigated loess-like paleosol
sequence. This potentially affects both our reconstructed RHp
values and d°H/d*¥0gqurce-water records for the Maundi site. How-
ever, the variability of d-excess of precipitation recorded in
Greenland and Antarctic ice cores during the last 100 ka was not
larger than +4%. (Masson-Delmotte et al., 2005; Stenni et al., 2010).
This is much smaller compared to the standard uncertainty of the
reconstructed d-excess values of leaf water. The latter was calcu-
lated using the analytical uncertainties of the measured dlSOSugar
and d°Hn-aikane: plugged into the uncertainty propagation law. The
calculated uncertainties of the d-excess values of leaf water were in
the range from 3.4%o to 19.5%o (Table 1).

°H and 0 isotope composition of the global ocean uctuated
during the Quaternary, responding to climatically-controlled net
transfer of water between the global ocean and the cryosphere.
During glacial periods, with the global cryosphere at its maximum,
the ocean became isotopically enriched. The maximum extent of

GMWL
(global meteoric water line)
H=8-5""0+10

100 +
50 -
i 8 el
(local meteoric water ine)
9 " (Iocal leaf water evaporation line)
— #H=8.5"0+14.8 o
2 04 &
[©] x  sugar/n-alkane biomarkers
= o leaf water (reconstructed from biomarkers)
g o source water (~ precipitation)
- = VSMOW
&, -50
T biosynthetic fractionation
g n-alkanes ~ - 160%,
L hemicellulose sugars ~ +27%,
-100 +
XX % X
-150 X 2
X
XXX
T T T T T T
-10 0 10 20 30 40

5'%0 [%o VSMOW]

Fig. 3. d°H versus d*®0 diagram illustrating the coupled 0?H-aikane-0"®Osugar @pproach
to reconstruct mean day-time relative humidity values and isotopic composition of
plant source water. Data points are plotted for measured dzH",a”(a,,e/dmOSugar values
(crosses), for reconstructed 0?H/0*®0\cat water Values (open circles) and for recon-
structed d°H/0"®0gource waterrprec Values ( lled circles). Accordingly, (i) d?H/d*®Oreat.water
is calculated from the n-alkane and sugar biomarkers using biosynthetic fractionation
factors, (ii) the distance of leaf water to the local meteoric water line (LMWL) e
expressed as deuterium-excess e is used to calculate day-time air relative humidity
(RHp), and (iii) d?H/d*®0gource-water is calculated as intersect of the local leaf water
evaporation lines (LLEL) with the LMWL (modi ed according to Zech et al., 2013).

this isotope enrichment was evaluated to be around one per mil for
8o (Schrag et al., 1996, 2002). Since the zero point of the d scale
used for measurements of the isotopic composition of water is
de ned by the VSMOW standard, which is close to present-day
mean isotope composition of the global ocean, appropriate
correction is needed when isotopic composition of precipitation
(dprec) for the glacial period is reconstructed and compared with the
present-day Oprec Values. We applied the correction procedure ac-
cording to Stenni et al. (2010) which assumes that local factors can
be ignored and the d-excess of seawater is set to zero during
transitions from glacial to interglacial conditions. The seawater
d*80 record from Bintanja et al. (2005) was used. This record rep-
resents the benthic stack from Lisiecki and Raymo (2005), compiled
from 57 globally distributed marine sediment cores, corrected for
deep water temperature changes.

4. Results and discussion

4.1. The Maundi multi-proxy stable isotope records (dlsosuga,s,
dZHmethoxylv dszatty-acidSv dan-aIkanes)

The stable isotope records plotted on a time axis are illustrated
in Fig. 4. The 0*®0sqars values show great variability during the last
100 ka BP ranging from p 31.9 to p 46.8%o (Fig. 4; Table 1). While the
Holocene is characterized by a 0®Osygars minimum (p32.6
to p 36.7%0), the Younger Dryas (YD) and the Last Glacial Maximum
(LGM, from 17.5 to 26.5 ka BP, according to Schuler et al., 2012; Clark
et al, 2009; respectively) show distinct d180sugars maxima
(YD: p 38.2€41.3%0; LGM: p 37.8€42.0%0). The pre-LGM portion of
the record reveals a pronounced dlsos,_,gars minimum around 30, 38
and 56 ka BP (p 32.9%o, p 34.1%0 and p 31.9%0) and a pronounced
0*805ygars maximum around 34 ka BP (40.9%.). The most positive
0"0gygars Vvalues occur between 60 and 70 ka BP (peaks
with p 46.7%o and p 46.8%o).

The dZHmethOXw record (Fig. 4), ranging from 160.6 to  74.3%o
(excluding the uppermost data point), has the most positive values
between 60 and 73 ka BP ( 106.9 to  74.3%0). Although much less
pronounced, the YD and the LGM are also characterized by elevated
dszethoxyl values (YD: 1201 to  116.1%; LGM: 1155
to 108.4%o). dszethoxw shows only minor variability between 17.5
and 40 ka and a pronounced negative shift for the youngest part of
the sequence comprising the modern topsoil ( 224%o; cf. Fig. 4). In
contrast to the older sections of the core, the bulk of the topsoil
consists mainly of organic matter (TOC > 30%, whereas most other
section show TOC between 5 and 10%; cf. Fig. 2) and potentially
includes a large fraction of methoxyl groups e.g. from wood lignin
(with more negative dZHmethoxw values). Under tropical conditions
these components might be readily available for decomposition by
wood rooting fungi. However, the reasons for the observed large
shift of the dszethoxyI of the topsoil and the higher range shown in
the Maundi dZHmethoxw values (~80%o; cf. Fig. 4) compared to the
0PHtatty-acia and 02Hn.aikane records (~40%o) are currently unclear. In
contrast to leaf waxes, which are known to record only a fraction of
the leaf water evapotranspirative enrichment (cf. Section 4.3;
Gamarra et al., 2016), a higher sensitivity of the methoxyl groups
could possibly explain the larger variability.

The dszany_acid values range from 1613 to 126.1%o (Fig. 4)
resembling well the variability of d2H,1,a|kz,\ne values ranging
from 170.7 to 133.9%o (Fig. 4; Table 1). There is a good overall
agreement between the n-alkanes and the fatty acids (R ¥4 0.7;
p < 0.001). Both records reveal pronounced d?H minima during the
early Holocene, slight maxima during the YD and the LGM, little
variability during the pre-LGM period and, like the 0*®0g,gar and the
dszethoxyl records, more positive values between 60 and 70 ka BP.

The uppermost sample of the Maundi loess-like paleosol
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Fig. 4. The stable isotope records of Maundi comprising d*®Ogygars, d°H, vt 02Hratty-acigs and d?Hn-an results and comparison with other equatorial East African 0%Heat-wax

records. ) from Tierney et al. (2011), 2) from Tierney et al. (2008), 3 from Konecky et al. (2011). Running means are applied to the original data (7-point, 3-point and 5-point
averaging for Lake Challa, Lake Tanganyika and Lake Malawi, respectively) in order to enhance the comparability to the Maundi record. The blue bar highlights the time period
of the African Humid Period (AHP, from 5 to 15 ka BP; Junginger et al., 2014), the yellow bars highlight the time periods of the Last Glacial Maximum (LGM, from 17.5 to 26.5 ka BP;
according to Clark et al., 2009; Schiiler et al., 2012) and the Younger Dryas (YD, from 10.3 to 12.9 ka BP). According to Rasmussen et al. (2014) the YD is de ned from 11.7 to 12.9 ka
b2k in the Greenland ice cores. However, we suggest that considering the age uncertainties of the Maundi paleosol sequence and possible atmospheric and/or oceanic tele-
connective time lags, the Maundi dwosuga, maximum (10.8 ka cal BP according to the age-depth model) very likely corresponds with the YD. We therefore chose a wider age range of
10.3e12.9 ka BP for de ning and depicting the YD in Figs. 4e6. (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this

article.)

sequence, re ecting the modern topsoil, yielded dZHfatty_acid and
0?Hp-aikane values of  151%o and  156%o, respectively (Fig. 4). For
comparison, Peterse et al. (2009) reported on 0%Hiear-wax Values
of 133%o for topsoils at this altitude on the southern slopes of Mt.
Kilimanjaro and Zech et al. (2015) reported on 0?Hp-aikanes Values
of ~  140%. for topsoils from the same transect and altitude. Given
their similarity, the Maundi d®Hiatty-acid @nd 0%Hn_aikane records can
both be interpreted as re ecting Maundi 0Hjeat.wax record.

4.2. Comparison of the Maundi d2H|eaf_WE\>< records with other
equatorial East African PHieat-wax records

Compared to other equatorial East African d?Hjeat-wax records,
the Maundi record is characterized by overall more negative d2H|eaf_
wax values (Fig. 4). The mean d®Hratty-acid and 0°Hn-aikane Values for
Maundi are 145% and 153%o, respectively, whereas mean
d2H|eaf.Wax values for Lake Challa (Tierney et al., 2011), Lake Tan-
ganyika (Tierney et al., 2008) and Lake Malawi (Konecky et al.,
2011) are  105%o, 104% and 108%o, respectively. This can be
attributed to differences in elevation of those sites: Maundi is
located at 2780 m a.s.l., whereas Lake Challa, Lake Tanganyika and
Lake Malawi are located at 880 m a.s.l., 773 m a.s.l. and 474 m as.l.,
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respectively. This corresponds to a total difference of ~47%o for
~2100 m, and thus to a d2H|eaf_Wax lapse rate of 22.4%o km 1 which
is in good agreement with reported d2Hprec lapse rates ranging from
~-10-40%0 km ! according to Araguas-Araguas et al. (2000). For Mt.
Cameroon and Mt. Kilimanjaro, Gon antini et al. (2001) and Zech
et al. (2015) found dZHprec lapse rates of 14.1%. km 1 (entire
altitude span of ca. 4000 m) and  14.9%. km * (above ca. 2000 m
a.s.l.), respectively.

Apart from this overall offset, which is well understood, the
Maundi d2H|eaf_WaX record has one striking feature in common with
Lake Challa and Lake Tanganyika d2H|eaf_WaX records, namely a
pronounced 0?Hieat-wax Minimum during the early Holocene as part
of the AHP. While this also occurs further north at the Horn of Africa
(Tierney and deMenocal, 2013), it is much less pronounced in Lake
Malawi and even reversed further south in the catchment of the
Zambezi River (Schefuf3 et al., 2011). This discrepancy dividing
central tropical from southern tropical East Africa, has been
referred to as the ‘meteorological equator’ or the ‘climate hinge
zone’ (e.g. Gasse, 2000; Gasse et al., 2008; Konecky et al., 2011, and
references therein), which is represented by a lateral boundary
broadly between the Lakes Tanganyika and Malawi. This zone
separates the northern equatorial region and the proposed anti-
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phase changes in the south, both insolation-driven paleo-
precipitation regimes (e.g. Patridge et al., 1997; Barker et al., 2002).
Higher amplitude in the Lake Tanganyika d2H|eaf_Wax variability
since ~10 ka BP compared to those of Lake Challa and Maundi might
indicate a feedback mechanism associated with a variable Lake Kivu
(1460 m as.l.) discharge (Cohen et al., 1997; Felton et al., 2007).
Accordingly, higher precipitation amounts might result in more
terrestrial organic material formed at higher elevations being
transported from the Lake Kivu catchment via the Ruzizi River into
Lake Tanganyika, thus leading to more negative d2H|e;,\f,\,\,a,< values in
the sediments of this lake. However, it is challenging to derive more
detailed paleoclimate implications from the Maundi d2H|eaf_WaX
records alone due to the large number of processes in uencing
them: e.g. moisture transport history (Konecky et al., 2011; Tierney
et al., 2011), precipitation amount (Scheful3 et al., 2011, 2005;
Tierney et al., 2008; Tierney and deMenocal, 2013) and leaf water
enrichment caused by evapotranspiration (Kahmen et al., 2013;
Tierney et al., 2010). Therefore, the coupled d?Hn-aiane-0"*Osugar
approach seems to be a valuable tool for (i) quantifying this leaf
water enrichment effect and (ii) getting the relative day-time hu-
midity and the isotopic composition of plant source water as new
paleoclimate proxies.

4.3. Day-time relative humidity history at Maundi
The reconstructed d-excess values of leaf water for the Maundi

pro le range from 127 to 23%o (Table 1), with the lowest value
recorded at ca. 66 ka and the highest at ca. 55 ka. Changes of RHp

calculated for
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mirror the changes of the d-excesSieaf-waterr The biomarker-based
day-time relative humidity record [RHp; derived from Eq. (3)]
from the Maundi paleosol sequence reveals large variability for the
last ~100 ka BP. RHp ranges from 29% to 81% (Fig. 5). The modern
topsoil sample (6.5 cm depth) yields an RHp value of 58% (£3.7%;
Table 1). For comparison, Pepin et al. (2010) reported for this
elevation on the southern slopes of Mt. Kilimanjaro, a higher mean
annual free-air relative humidity of approximately 65%. The
measured ground-level mean annual relative humidity values are
reported to be much higher, between 88% and 96% (Duane et al,,
2008; Appelhans et al., 2015; cf. Fig. 1c). This apparent discrep-
ancy is addressed below.

The proposed coupled ‘0?Hp.aikane-0*®Osugar paleohygrometer’ is
prone to uncertainties resulting from analytical uncertainties of
0®Hn-alkane and d®0gqar measurements (Fig. 4) and the un-
certainties of 0?Hn_aikane and 0*¥0gygar biosynthetic fractionation
factors. Although we consider the temperature dependence of the
biosynthetic fractionation factors to be negligible (Zech et al,
2014a), it is very likely that an pj, value of p 27%o for reconstruct-
ing d%80)eat-water from arabinose and xylose underestimates the true

pio Value (cf. Zech et al., 2014b, and discussion therein). A slightly
higher pjo value of p 29%0 would increase the reconstructed RHp for
the uppermost sample of Maundi from 58% to 66%. Similarly, an
increase of i, for deuterium by 10%o0 (from 160%. to  170%o)
would lead to a corresponding increase of RHp by 6%. Therefore, the
reconstructed RHp values should be considered as minimum esti-
mates based on these considerations.

On the other hand, it might be worth trying to account for
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Fig. 5. Reconstructed day-time relative humidity record (RHp) for the Maundi paleosol sequence. Error bars indicate expanded uncertainties derived from the uncertainty

propagation law. Also pollen records for Maundi site are shown (Schuler et al., 2012).
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variable contributions of grass-derived biomarkers, because it is
reported that grass-derived n-alkane and sugar biomarkers are not
(fully) sensitive for recording the evapotranspirative enrichment
signal of leaf water (Helliker and Ehleringer, 2002; Mclnerney et al.,
2011). This effect can be presumably explained with the grass leaf
growth from a basal intercalary meristem, where leaf water
enrichment is diluted by non-enriched stem water. Based on nd-
ings of Helliker and Ehleringer (2002) we assumed that 35% of the
leaf water enrichment is lost during hemicellulose sugar biosyn-
thesis; and based on ndings of Gamarra et al. (2016) and Kahmen
et al. (2013) we assumed that 50% of the leaf water enrichment is
lost/not seen during n-alkane biosynthesis of leaves. Assuming
furthermore that the Poaceae pollen concentration (Fig. 5) corre-
sponds to the Poaceae biomarker contribution (which is surely not
correct but may serve as rough approximation and is without
alternative at the current state of knowledge), an isotope mass
balance calculation can be applied. The thus “corrected” RHp record
(albeit underlying many assumptions and uncertainties) yields on
average 6.9% lower RHp values (Fig. 5, grey dotted line, maximum
offset 17.2% around 85 ka BP) than the uncorrected RHp record.
Nevertheless, these consideration and results overall corroborate
the robustness of our paleohygrometer approach and even amplify
most of the uncorrected RHp variability (Fig. 5).

Furthermore, as discussed above, the proposed paleohygr-
ometer is a proxy for mean day-time values of air relative humidity,
i.e. when stomata are open, the transpiration process is at its
maximum and biomarker synthesis takes place (e.g. Tuthorn et al.,
2015). The relative humidity of air on the slopes of Mt Kilimanjaro
exhibits strong altitudinal gradients with the maximum coinciding
well with the altitudinal precipitation maximum (Fig. 1c). Also, it is
subject to pronounced seasonal as well as diurnal variability
(Appelhans et al., 2015; Duane et al., 2008; Pepin et al., 2010). While
the seasonal variability of relative humidity is controlled by the
migration of the ITCZ, the strong diurnal variability of this param-
eter at Maundi site is caused by speci c circulation patterns of the
local atmosphere, with upslope moisture transport during the day
and downslope transport and drying at night (see Fig. 11 in Pepin
et al,, 2010). We suggest that the Maundi RHp record depicted in
Fig. 5 re ects the long-term variability of mean day-time values of
air relative humidity.

Finally, the apparent offset between the reconstructed RHp
values and the ground-level instrumental data, seen at Maundi site,
may largely stem from the fact that when biomarkers are bio-
synthesized predominantly within the canopy (Zech et al., 2015)
they will record canopy-level rather than ground-level relative
humidity values. As demonstrated by Graham et al. (2014) the
differences in morning-time (9 am.el2 p.m.) relative humidity
recorded in tropical forest at ground-level (0e5 m), and at canopy-
level (>5 m), may easily reach 20%. This would imply grasses to
record the higher ground-level relative humidity as opposed to
trees, which incorporate the lower canopy-level relative humidity
values. This effect points in the same direction as the correction
made above (due to relatively insensitive grasses concerning
recording leaf water evapotranspirative enrichment). Considering
high uncertainties associated to this correction, a further adjust-
ment seems not to be needed or is already covered.

The most outstanding feature of the lower part of the Maundi
RHp record shown in Fig. 5 is the reduction of this parameter during
the period from ca. 70 to 60 ka BP. This extreme drought period is
corroborated by the absence of pollen, which is interpreted in
terms of poor pollen preservation due to dry conditions (Schuler
et al, 2012). Within dating uncertainties, this pronounced
drought period might correspond to low stands of Lake Malawi
(Scholz et al,, 2007) and Lake Challa (Moernaut et al., 2010).

Although the resolution of Maundi RHp, record is relatively low
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from 60 to 25 ka BP, the recorded variability of this parameter is
also corroborated by the Maundi pollen results (Fig. 5). The two
pronounced RHp maxima around ~55 and during the pre-LGM
around ~30 ka BP coincide with Poaceae minima, whereas humid-
indicating taxa of the Erica belt, the Afromontane forest and fern
and fungi spores reveal maxima. By contrast, the onset of the LGM
is characterized by a marked decline of the latter taxa and a marked
increase of the Poaceae taxa, in line with RHp minima; a rst one
from ~22 to 20 ka BP and a second one around ~17.5 ka BP (Fig. 5).
The rst minimum coincides with a lake level drop of Lake Tan-
ganyika of 300 m at around 21 ka BP (Gasse et al., 1989) or at
least ~ 260 m during the LGM (32-14 ka BP; McGlue et al., 2007),
while Lake Victoria was nearly desiccated at that time (Talbot and
Livingstone, 1989). Within dating uncertainties of the investi-
gated loess-like paleosol sequence, the second arid spell is consis-
tent with one of the most extreme lake-level low stands reported
for Lake Challa, dated to ~17.0€16.4/16.9e16.3 ka BP (Moernaut
et al., 2010; Verschuren et al., 2009).

A late glacial shift to more humid conditions is evident both in
the reconstructed Maundi RHp record and the pollen spectra. This
shift is in agreement with the onset of the AHP and equatorial East
African lake transgressions (Gasse, 2000; Junginger et al., 2014; and
references therein) as well as rainfall modeling results (Otto-
Bliesner et al.,, 2014). A pronounced arid spell during the YD is
only visible in the RHp record, not in pollen, which partly suffers
from pollen preservation in the upper part of the investigated loess-
like paleosol sequence. Such pronounced arid climatic conditions
during the YD seem to have been a widespread phenomenon in
East Africa (Gasse et al., 2008) and were for instance reported for
the close-by sedimentary record of Lake Challa (Tierney et al., 2011;
Verschuren et al., 2009).

The reconstructed RHp values increase during the Holocene and
reach a maximum during the middle Holocene. This is in accord
with pollen results showing a Poaceae maximum and still moderate
abundance of Erica and Afromontane forest taxa during the early
Holocene. Only during the middle and the late Holocene, when the
AHP ended, the RHp record stays still high and the Afromontane
forest, fern and fungi taxa reach their maximum indicating very
humid conditions. The same Holocene climate history is recorded
in the WeruWeru pollen study site, located in the montane forest at
an elevation of 2650 m on the southern slopes of Mt. Kilimanjaro.
According to Schiler (2013), drought tolerant Cassipourea forests
prevailed here during the early Holocene. Over the course of the
Holocene montane forest taxa typical for the wetter southern
slopes, which also form the forests today, became more abundant
(Schuler, 2013). Lake levels in equatorial East African, reached their
maximum during the early Holocene and dropped over the course
of the Holocene (Gasse, 2000; Junginger et al., 2014; and references
therein). This apparent discrepancy is addressed in Section 4.5.

The uppermost sample, representing the modern topsoil, sug-
gests again more arid climatic condition (Fig. 5). This is well in
agreement with climate and environmental observations indi-
cating considerably decreasing amounts of precipitation and rela-
tive humidity on Mt. Kilimanjaro during the last century (Hemp,
2005; Molg et al., 2009).

4.4. Reconstructed PH/A*80ource-water and its paleoclimate
implications

Apart from reconstructing mean day-time relative humidity, the
coupled 0%Hy_aikane-0*®Osugar approach allows also the assessment
of dH and d*80 values of water used up by plants being the source
of biomarkers analysed in this study (cf. Fig. 3). In order to address
potential uncertainty of the reconstructed d2H/d*®O0source-water



C. Manuscript 3: Hepp et al. (2017)

126

values associated with the slope of the local leaf water evaporation
line (LLEL), we used three different values of this slope: 2.50, 2.75
and 3.00. The values of d?H/d*80goyrce-water reported in Table 1 were
derived with the slope of LLEL equal to 2.75. The reconstructed
Maundi d?H/d*80gource-water records are shown in Fig. 6. For com-
parison, the gure depicts also the RHp record and the d?H/d*80c,.
water record.

The modern topsoil sample of Maundi yields dZHsource_‘,\,ater and
0'80source-water Values of  41%o and  7%o, respectively using a LLEL
slope of 2.75 (Fig. 6; Table 1). A direct comparison with present-day
isotope precipitation signal at this site cannot be made due to the
lack of data. Modern d?H/d*®Opre; values recorded on south-
western slopes of Mt. Kilimanjaro at the elevation of 2800 m
a.s.l., approximately 30 km to the west of Maundi, are signi cantly
less negative: ~ 22%o and ~ 5%, respectively (Zech et al., 2015).
This apparent offset may stem from local differences in altitude
gradient of dZH/dmOprec, induced by differences in atmospheric
circulation and/or local moisture recycling (cf. discussion in Section
4.3). It is worth noting that the vertical extent of the montane
rainforest belt on the south-eastern slopes of Mt. Kilimanjaro is

Maundi §'°O,

source-water

/ Maundi §'°0,

J. Hepp et al. / Quaternary International 438 (2017) 116e130

signi cantly smaller than that observed at southern and south-
western slopes (Hemp and Beck, 2001), which may result in a
lower degree of moisture recycling and a higher dzH/dmOprec alti-
tude gradient at the Maundi location.

It is also apparent from Fig. 6 that the reconstructed Maundi
02H/d*8040urce-water records do not closely resemble the corre-
sponding d?H/0*80jear.water records (and thus the biomarker re-
cords). The entire dlBOSOL.me,‘,\,ater record has a weak negative
correlation with 0*80gygars (R %2 0.26; p ¥20.001); the correlation is
positive for 0°Hsource-water aNd 0%Hy-aikanes: Yet the coef cient of
correlation is also quite low (R % 0.26; p < 0.001). This suggests that
changes in 0*®0gygar and 0?Hiear.wax records are to some extent
decoupled from changes in d?H/d*®0pre; at least in those cases
where paleohumidity, and thus the isotopic enrichment of leaf
water, is highly variable.

4.5. Controls on paleohumidity and PH/A®0 of paleoprecipitation
on the southeastern slopes of Mt. Kilimanjaro
The Maundi shows some broad

paleohumidity record

leaf-water
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Fig. 6. Climatic records reconstructed for Maundi site. Left: Mean day-time relative air humidity (RHp). Error bars indicate expanded uncertainties derived from the uncertainty
propagation law. The grey dotted line depicts a “corrected” RHp record, that accounts for vegetation changes (contribution of grass-derived n-alkane and sugar biomarkers, see text
Section 4.3 for details). Middle: Record of 0*®040urce-water reconstructed using local leaf water evaporation line slope (LLEL) of 2.75 (blue and black error bars represent the con dence
interval calculated using LLEL slopes of 2.50 and 3.00, respectively) and d*80 values of leaf water. The d*®0source-water CUrve corrected for ice-volume effect is also shown (in grey).
0*®0jeaf-water is Shown in green. Right: Record of 0%Hsource-water F€constructed for a LLEL slope of 2.75 (blue and black error bars represent LLEL slopes of 2.50 and 3.00, respectively),
corrected for ice-volume effect. d°H eat-water IS ShOWn in green. (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this

article.)
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similarities to previously published regional paleoprecipitation
records (East African lake-level history and local pollen records; cf.
Section 4.3). This suggests that one important factor for Maundi
RHp record is the overall regional moisture availability that is
associated with the precipitation provided by the East African
monsoon system. However, as mentioned above, discrepancies
appear between Maundi RHp record and the lake stand record. Lake
level high-stands during the early Holocene are followed by lake
level regressions during the late Holocene, whereas Maundi RHp
values reach their maximum only in the middle Holocene, in line
with the pollen records from the same site (Schiller et al., 2012) and
the WeruWeru study site at 2650 m a.s.l. (Schiler, 2013). This
apparent discrepancy can be reconciled by taking into account local
factors. Molg et al. (2009) speculated that the altitudinal belt of
maximum precipitation, which is located at present at about
~2200 ma.s.l. on the southern slopes of Mt. Kilimanjaro, might have
migrated vertically in the past. We propose that this belt, and thus
also the belt of maximum RHp, migrated uphill along the slopes of
Mt. Kilimanjaro in direction to the Maundi study site at ~2780 m
a.s.l. over the course of the Holocene. The vertical migration of the
belt could be controlled by increasing moisture availability and also
by variable inversion e a concept described by Augstein et al. (1974)
as ‘trade wind inversion’ for the Atlantic Ocean. During the early
Holocene, the trade wind inversion of the southeast trades was
presumably strongly developed due to the 30 N summer insolation
maximum and thus enhanced latent heat transfer into the higher
atmospheric layers in the northern African tropics. As a conse-
quence of the well-developed trade wind inversion during the early
Holocene, the diurnal thermal circulation on Mt. Kilimanjaro, and
thus also the cloud formation in the subalpine zone where the
Maundi study site is located, was suppressed (cf. Fig. 11 in Pepin
et al., 2010). However, the shifts in the Maundi RHp record does
not follow the maxima in equatorial or the Northern Hemisphere
summer insolation. The prominent drought period (ca. 70-60 ka BP,
Fig. 5) cannot be explained via orbital forcing either and its cause
remains unclear.

Concerning the factors controlling variability of d?H/d*®0 of
paleoprecipitation, a straightforward application of the ‘amount
effect’, as we know it from modern precipitation, may not be
applicable for the Maundi precipitation record. Apart from the fact
that a long-term/interannual isotope ‘amount effect’ in tropical
precipitation is by no means clear from the instrumental data
(Rozanski et al., 1996), an apparent positive correlation of RHp re-
cord with d2H/d*®0gource-water is Visible in the presented data (Fig. 6,
R ¥ 0.60; p < 0.001). This effect could be generated by the local
vegetation, particularly the montane rainforest. The isotopic
composition of transpired moisture is similar to that of plant source
water under steady-state conditions (e.g. Bariac et al, 1991;
Flanagan et al., 1991), thus being isotopically much heavier that
the vapor of marine origin. Along the southern slopes of Mt. Kili-
manjaro, d2Hprec has a local maximum in the montane rainforest at
about 20002200 m a.s.l. (Zech et al., 2015). This maximum can be
interpreted in terms of an increasing proportion of transpired, i.e.
isotopically enriched moisture. At Mt. Kilimanjaro, the montane
rainforest is an important atmospheric moisture source under
present climatic conditions (Pepin et al., 2010), and we suggest it
contributed also in the past to the precipitation at Maundi site, with
the importance varying in accordance with the uctuation of its
size and vertical extent. This could explain that maxima of the
reconstructed RHp record generally coincide with an increase in
Afromontane pollen taxa and more isotopically enriched source
water (precipitation). During arid periods the Afromontane forest
belt descended and/or diminished, which resulted in more isoto-
pically depleted precipitation at the Maundi site. A rough
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assessment based on modern dszrec transect presented in Fig. 3b
of Zech et al. (2015) shows that this local effect could be in the order
of 20%0 and 2.5%o for dszrec and dlgoprec, respectively.

Apart from the local effect associated with montane rainforest,
changes in the isotopic composition of precipitation at Maundi site
could be also in uenced by regional effects associated with the
regional biosphere as an important factor controlling moisture
recycling over the East African continent. Dry conditions at the
vicinity of Maundi site, as well as further south and southeast of Mt.
Kilimanjaro, towards the coast of the Indian Ocean, most probably
resulted in scarce vegetation and consequently a reduced source of
isotopically heavy water vapor for the regional atmosphere. This
would mean that even reduced precipitation during dry periods
might lead to higher effective rainout of moist air masses of marine
origin and the resulting depletion of heavy isotope content in
precipitation falling on the southern and eastern slopes of Mt.
Kilimanjaro. The importance of the biosphere-modulated recycling
of water for continental water balance is clearly seen in present-day
Europe. The gradient of dH/d*®0pec across the European continent
during summer is nowadays signi cantly weaker than it would be
without the transpiration ux operated on continental scale
(Rozanski et al., 1982). Similar modulation of the extent of conti-
nental effect in d?H/d*0pe, in response to varying biospheric
feedback, can be expected along the passage of East African
monsoon all the way to the Maundi site.

5. Conclusions

The Maundi loess-like paleosol sequence provides a valuable
paleoclimate/environmental archive roughly comprising the last
100 ka. We summarize our results as follows:

The records of dlsosugarSv dZHmethoxylx dZHfatty»acids and d2Hn»aIkanes
reveal similar patterns. The periods from ~70 to 60 ka, the LGM
and YD are characterized by relatively positive d values, whereas
during the Holocene relatively negative d values occurred. The
important differences comprise higher variability of the
dlE’OSIJgar record, timing of the Holocene minima, and larger
uctuations in dszethoxw values, as well as a shift to very
negative values in the modern topsoil.
Comparison of the Maundi d2H|eaf_Wax record with other avail-
able equatorial East African d2H|eaf_\,\,a>< records (Lake Challa, Lake
Tanganyika) shows that they all reveal distinct 0%Hieaf-wax
minima within the AHP, but the pattern, timing and amplitude
are somewhat different. The most striking difference among
them is a clear regional ‘altitude effect’ resulting in the Maundi
d2H|eaf.Wax record being shifted to more negative d values with
respect to those recorded in lake sediments.
The various in uences on d2H|eaf,Wax records from East Africa
(e.g. moisture transport history, precipitation amount, evapo-
transpirative enrichment) challenge a straightforward inter-
pretation in terms of paleoclimate. We suggest that the coupled
d?Hn-alkane-0*®Osugar approach could provide more robust prox-
ies, namely the day-time relative humidity (RHp) and the iso-
topic composition of plant source water (0°H/0*®0source-water), by
accounting for the leaf water enrichment.
The reconstructed day-time relative humidity record for Maundi
site is generally in agreement with the Maundi pollen results
(Schiler et al., 2012), suggesting arid climatic conditions from
~70 to 60 ka, during the LGM and the YD, whereas the pre-LGM,
the Late Glacial and the middle and late Holocene were char-
acterized by more humid climatic conditions. Apart from the
overall regional moisture availability, we suggest that the
intensi cation/weakening of the trade wind inversion, which
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affects the diurnal montane atmospheric circulation on the
slopes of Mt. Kilimanjaro, is a local process, which may in uence
changes of relative humidity recorded at the Maundi study site.
The results of the coupled dan_a|ka,-,e—d1805ugar approach pre-
sented here caution against directly interpreting d2H|eaf_Wax (as
well as d%®0g,gar) records as proxies of 02Hprec (0*Opreo).
Changes in relative humidity and the resulting variations in
isotopic evapotranspirative enrichment of leaf water (Fig. 6) can
mask changes of d®Hprec (0*¥0prec)-

Strong positive correlation between RHp and d2H/d*®0gource-wa-
ter, ODserved at the Maundi site on millennial time scale (Fig. 6),
suggests that a straightforward application of the ‘amount ef-
fect’, as we know it from modern precipitation, cannot explain
the reconstructed isotopic composition of local precipitation.
Effects associated with the impact of local and regional
biosphere on the isotopic composition of atmospheric moisture
and precipitation need to be called on to understand d?H/
dlsosc,urce_\,\,mr records on millennial time scale. They involve
expansion/shrinking or complete disappearance of montane
rainforest on the southeastern slopes of Mt. Kilimanjaro as well
as expansion/shrinking of regional vegetation cover in response
to climatic changes in the region.

Clearly, further work is needed to improve our understanding of
isotope biomarkers records preserved in continental archive. This is
particularly true for the East African region.
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One of the most important and at the same time most challenging issues in paleolimnological research is
the differentiation between terrestrial and aquatic sedimentary organic matter (OM). We therefore inves-
tigated the relative abundance of the sugars fucose (fuc), arabinose (ara) and xylose (xyl) from various
terrestrial and aquatic plants, as well as from algal samples. Algae were characterized by a higher abun-
dance of fucose than vascular plants. Our results and a compilation of data from the literature suggest
that fuc/(ara + xyl) and (fuc + xyl)/ara ratios may serve as complementary proxies in paleolimnological
studies for distinguishing between terrestrial and aquatic sedimentary OM.

2016 Elsevier Ltd. All rights reserved.

1. Introduction

Lake sediments are valuable, often continuous and potentially
high resolution, archives for studying past environmental and cli-
mate changes. This is highlighted by methods developed during
the last few decades based on compound specic 0 and 2H
results from hemicellulose/polysaccharide derived sugars and from
leaf wax/aquatic plant derived n-alkanes, respectively (e.g. Rach
etal., 2014; Zech et al., 2014b ). Thereby, often one of the most cru-
cial questions and challenges ( Meyers and Ishiwatari, 1993 ) is to
identify whether the origin of the sedimentary organic matter
(OM) is allochthonous (terrestrial) or autochthonous (aquatic).
The issue is typically addressed by way of different approaches
and proxies in paleolimnological studies.

For instance, the C/N ratio of sedimentary total OM is frequently
used to distinguish between algal and land derived material. This

Corresponding author at: Chair of Geomorphology and BayCEER, University of
Bayreuth, Universitatsstrasse 30, D-95440 Bayreuth, Germany. Tel.: +49 921 55
2172.

E-mail address: johannes-hepp@gmx.de (J. Hepp).

http://dx.doi.org/10.1016/j.orggeochem.2016.05.012
0146-6380/ 2016 Elsevier Ltd. All rights reserved.

proxy is based on the notion that land plants generally show mark-
edly higher C/N values than lacustrine plants ( Meyers and
Ishiwatari, 1993 ). Further differentiation between input of C 3 vs.
C, land plants is possible on the basis of the stable carbon isotopic
composition ( d*3C; Meyers, 1994; Meyers and Lallier-Verges,
1999). However, both d*3C and C/N values of terrestrial OM are
affected by mineralization and degradation, resulting in more pos-
itive d*3C values and lower C/N ratio (e.g. Zech et al., 2007). The lat-
ter could lead to a misinterpretation of soil OM transported by soil
erosion into lacustrine systems as being aquatic-derived sedimen-
tary OM. Similarly, other studies have demonstrated that the
hydrogen index and oxygen index (HI, Ol; derived from Rock-
Eval analysis) may provide valuable information about the origin

of sedimentary OM ( Talbot and Livingstone, 1989; Meyers and
Lallier-Verges, 1999; Migler et al., 2010 ). However, the indices
are strongly affected by oxidation of the sedimentary OM and in
addition strongly depend on the quality of terrestrial OM (waxy
OM vs. cellulose rich OM; Luniger and Schwark, 2002 ). Additional
information and clari cation about terrestrial vs. aquatic OM origin

may be provided by lipid biomarkers. This is realized mainly by
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Table 1

Samples and concentrations of fucose (fuc), arabinose (ara) and xylose (xyl), sum of sugars (ara + fuc + xyl) and fuc/(ara + xyl) ratio. Median values of

each group are given in the respective group row.

Sample Name Study site/origin Fucose Arabinose Xylose Sum of sugars Fuc/(ara + xyl)
(ara + fuc + xyl)

(mglg sample) (mglg sample) (mglg sample) (mglg sample)
Terrestrial plants 0.54 26.20 21.75 50.42 0.01
BS_Acer Maple Lake Bichlersee 1.58 31.85 43.73 7717 0.02
BS_Buche Beech Lake Bichlersee 0.00 32.93 66.98 99.91 0.00
BS_Fichte Spurce Lake Bichlersee 0.41 30.77 21.75 52.93 0.01
BS_Grasl Grass unspec. Lake Bichlersee 0.00 268.45 512.35 780.81 0.00
BS_Gras2 Grass unspec. Lake Bichlersee 0.00 31.80 105.99 137.79 0.00
BS_Tanne Pine Lake Bichlersee 0.59 34.59 19.71 54.90 0.01
GM6 Leaves sample (under water) Lake Gemiindener Maar 1.58 55.40 62.01 119.00 0.01
GM8 Leaves sample (shore area) Lake Gemiindener Maar 0.47 2213 27.82 50.42 0.01
B1 Blackberry Lake Holzmaar 0.54 10.49 10.68 21.71 0.02
B2 Blackberry Lake Holzmaar 0.38 10.28 12.77 23.42 0.01
B3 Blackberry Lake Holzmaar 1.02 20.43 26.05 47.50 0.02
B7 Blackberry Lake Holzmaar 017 9.57 19.20 28.95 0.00
B8 Blackberry Lake Holzmaar 0.64 12.07 14.47 27.18 0.02
HG1 Rose hip Lake Holzmaar 0.90 15.23 7.90 24.02 0.03
HG2 Rose hip Lake Holzmaar 0.87 26.20 19.99 47.06 0.01
Emergent plants 0.00 54.33 98.35 144.73 0.00
BS1 Reed Lake Bichlersee 0.00 179.24 608.63 787.87 0.00
BS4 Juncus Lake Bichlersee 0.00 39.16 88.34 127.51 0.00
BS5 Carexroots Lake Bichlersee 0.00 55.07 72.45 127.52 0.00
BS6 Carexleafs Lake Bichlersee 0.00 22.10 31.94 54.04 0.00
BS9 Emergent plant unspec. Lake Bichlersee 1.02 22.77 12.12 35.91 0.03
GM2 Cane green Lake Gemiindener Maar 0.00 232.45 452.81 685.25 0.00
GM3 Cane dead Lake Gemiindener Maar 0.00 192.54 445.21 637.75 0.00
GMm4 Iris pseudacorusgreen Lake Gemundener Maar 0.00 17.35 37.50 54.84 0.00
GMs Iris pseudacorusdeath Lake Gemiindener Maar 0.00 57.25 136.54 193.79 0.00
HM_S1 Reed Lake Holzmaar 0.00 20.81 38.56 59.37 0.00
HM_S2 Reed Lake Holzmaar 0.00 23.70 57.70 81.40 0.00
HM_S3 Reed Lake Holzmaar 0.00 53.58 108.36 161.94 0.00
P3 Reed Pond near Rosenheim 0.00 108.91 390.74 499.66 0.00
PS5 Carex Pond near Rosenheim 0.00 98.59 195.72 294.31 0.00
Mosses 0.54 17.66 18.45 36.65 0.02
BS7 Moss unspec. Lake Bichlersee 0.28 18.45 20.48 39.21 0.01
P2 Moss unspec. Pond near Rosenheim 0.81 16.86 16.41 34.08 0.02
Submerged aquatic plants 0.65 12.10 12.47 25.31 0.02
BS10 Water lily Lake Bichlersee 0.46 15.79 43.00 59.25 0.01
BS11 Submerse plant unspec. Lake Bichlersee 1.66 1111 10.17 22.95 0.08
GM1 Submerse plant unspec. Lake Gemundener Maar 0.42 27.09 33.92 61.43 0.01
GM7 Water lily Lake Gemiindener Maar 0.46 11.93 62.04 74.43 0.01
HF1 Submerse plant unspec. Lake Hofstatter See 0.11 24.92 29.62 54.66 0.00
AL1 Stoneworts Lake Holzmaar 0.84 12.27 6.55 19.65 0.03
AL2 Stoneworts Lake Holzmaar 173 14.33 11.62 27.68 0.05
AL3 Stoneworts Lake Holzmaar 1.08 9.09 4.48 14.65 0.06
PP2 Submerse root felt Lake Panch Pokhari 0.89 8.54 13.32 22.75 0.04
P4 Elodea unspec. Pond near Rosenheim 0.18 9.79 7.87 17.85 0.01
Algae 7.50 16.01 16.20 34.50 0.34
BS2 Algae Lake Bichlersee 7.50 17.91 4.15 29.56 0.34
BS3 Algae Lake Bichlersee 11.74 12.86 9.90 34.50 0.52
BS8 Algae Lake Bichlersee 1.80 16.01 16.20 34.01 0.06
PP1 Algae crust Lake Panch Pokhari 3.24 12.09 20.59 35.91 0.10
P1 Algae Pond near Rosenheim 50.77 32.02 52.73 135.53 0.60
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Table 1 (continued)

Fuc/(ara + xyl)

Sum of sugars

Xylose

Arabinose

Fucose

Study site/origin

Name

Sample

(ara + fuc + xyl)
(mg/g sample)

(mg/g sample) (mg/g sample)

(mg/g sample)

0.33
0.24
0.65
0.33
0.62
0.00
0.12
0.60

5.50
19.19

4.67

2.20
8.18
1.35
3.09
2.20
0.86
2.00
2.77

1.55
6.45
1.18
4.79
2.83
1.41
1.55
0.37

2.36
4.56
2.14
3.38
4.06
0.00
0.57
2.36

Green algae

Bot

tivated
tivated

11.25
9.08
2.26
4.12
5.50

tivated
tivated

tivated
tivated
tivated

Cul

Botryococcus braunii

Cul

Nannochloropsis limnetica
Nannochloropsis limnetica

Nano_lim16
Nano_lim2

Cul

Nano_lim9

Cul

Nannochloropsis limnetica
Pediastrum boryanum

Cul

Ped

Cul

Ped_bo

Pediastrum boryanum

Acu{(former Scene)

Cul

Acutodesmus obliquus

0.41
3.24
0.28
0.38
0.54
0.59
0.45
0.52

10.14
19.54
10.39
9.88

5.68
2.93
6.28
6.01
8.91
4.52
5.63
5.73

1.00
0.87
1.41
0.67
1.13
0.00
1.35
221

3.28
15.73
2.71
3.20
6.84
3.35
3.96
5.27

Diatoms
Fra

tivated

Cul

Fragilaria crotonensis

tivated
tivated
tivated
tivated
tivated

Cul

Gomphonema parvulum
Gomphonema parvulum
Navicula pelliculosa

Nitzschia palea

Gom

Cul

Gom6315
Nav
Nit

16.87
7.87

Cul

Cul

10.94
13.21

Cul

Pinnularia spec.
Pinnularia spec.

Pin

o

tivated

Cul

Pin6315
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investigating the chain length of n-alkanes, n-alkanoic acids and n-
alkanols (Rieley et al., 1991; Bourbonniere and Meyers, 1996;
Ficken et al., 1998, 2000). Furthermore, particularly in the case of
marine environments, the branched vs. isoprenoid tetraether

383 (BIT) index (Hopmans et al., 2004 ) has become a frequently used

eee tool for assessing uvial terrestrial OM input (  Schouten et al.,
2013). High BIT values (>0.8) are commonly interpreted to re ect
strong soil OM input, whereas low values are interpreted to re ect
a weaker soil OM imprint. However, it is increasingly reported that
soils and eolian sediments, especially under dry climatic condi-
tions, can have very low BIT values ( Dirghangi et al., 2013; Zech

N®g etal., 2013b). Thus, low BIT values originating from terrestrial soils

0o may be misinterpreted in terms of aquatic/marine origin. This
short introduction and overview reveals that every terrestrial vs.
aquatic proxy approach has advantages, but also disadvantages
and limitations. Therefore, it seems advisable to address the ques-
tion of terrestrial vs. aquatic sedimentary OM with multi-proxy
approaches.

53 In previous studies we found that the hemicellulose-derived

® oo neutral sugars arabinose (ara) and xylose (xyl) strongly predomi-
nate over fucose (fuc) in terrestrial soils and sediments (e.g. Zech
et al., 2013a). By contrast, we found fuc to occur in similar abun-
dance to ara and xyl in lacustrine sediments ( Zech et al., 2014b;
Hepp et al., 2015). We have therefore investigated and reviewed
here neutral sugar patterns of various terrestrial and aquatic

R plants, including mosses as well as algal species. We aimed to

S o answer the question whether the sugar biomarker patterns and
particularly sugar biomarker ratios, such as for instance fuc/(ara
+ xyl), may serve as proxies for terrestrial vs. aquatic origin of sed-
imentary OM input.

©y© 2. Material and methods

o o«
2.1. Sample description

The terrestrial and aquatic plant and algal samples were col-

lected from different sites/lakes. These are ( Table 1) Lake
Bichlersee in the Valley Inn [47 40%33.58°N; 12 7°.9.50°F; 961 m
above sea level (a.s.l.)] Lake Hofstatter See about 9 km northeast

293 of Rosenheim (47 54%.82°N; 12 10%26.94°E; 483 m a.s.l.), a pond

ST T near Rosenheim (47 51%36.26°N; 12 8%35.58°F; 470 m a.s.l.), Lake

3 g é Gemindener Maar and Lake Holzmaar in the Western Eifel
(50 10%39.85°N; 6 50°2.91°E; 406m a.s.l. and 50 793.10°N;
6 52%2.31°E; 430 m a.s.l., respectively) and Lake Panch Pokhari
in the Helambu Himal, Nepal (28 290.90°N; 85 43%.01°E;
4050 m a.s.l.).

cE é Additionally, eleven common freshwater green algae and dia-

233 toms were cultivated and harvested in the laboratory of the Chair

88 § of Animal Ecology |, University of Bayreuth. All were obtained from

i z § the SAG Culture Collection of Algae at Gottingen University. The

EE 'g green algae Nannochloropsis limnetica (SAG 18.99), Pediastrum bor-

§§85§ yanum (SAG 85.81) were cultivated on Basal Medium, Botryococcus

§ § E} braunii (SAG 807-1) was cultured on MIEB12 Medium, and Acu-

o0 o todesmus obliquus (SAG 276-3a) was cultivated on Z-Medium at a
concentration of  0.25. The diatoms Gomphonema parvulum (SAG
1032-1), Navicula pelliculosa (SAG 1050-3), Nitzschia palea (SAG
1052-3a), Pinnularia spec. (SAG 2386), Skeletonema subsalsum
(SAG 8.94) and Stephano discusminutulus (SAG 49.91) were culti-
vated on bacillariophycean medium, as was Fragilaria crotonensis
(SAG 28.96) but with an added vitamin mix. For detailed informa-
tion on the culture media, see the list of culture media of the SAG

el (http://www.uni-goettingen.de/en/list-of-media-and-recipes/

- % e 186449.html ). After harvesting, the algae were freeze dried (Christ

S5 BETA-RVC & ALPHA 2-4; Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) and stored dry until analysis.
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2.2. Sugar biomarker analysis

Analysis were carried out according to Zech and Glaser
(2009) . This method allows sugar quanti cation and simultane-
ously d*®0 analysis of the sugars. In brief, myoinositol was
added rst as internal standard. Then, the sugars were released
hydrolytically from the samples using 4 M tri uoroacetic acid
(TFA) for 4h at 105 C as described by Amelung et al. (1996) .
The extracted sugars were cleaned over glass ber Iters and
puried using XAD and Dowex columns. After freezing and
freeze-drying, derivatization was carried out with methylboronic
acid (MBA; Knapp, 1979). Prior to derivatization, 3-O-
methylglucose in dry pyridine was added to the samples as a
second internal standard. Measurements of the individual sugars
were performed at the Institute of Agronomy and Nutritional
Sciences, Soil Biogeochemistry,

Martin-Luther University Halle-Wittenberg using gas chromato
graphy—pyrolysis—isotope ratio mass spectrometry (GC-Py—
IRMS) with a Trace GC 2000 gas chromatograph (Thermo Fisher
Scienti ¢, Bremen, Germany) coupled to a Delta V Advantage
isotope ratio mass spectrometer (Thermo Fisher Scientic, Bre-
men, Germany) via an *®O-pyrolysis reactor and a GC/TC IlI
interface (Thermo Fisher Scientic, Bremen, Germany). The
monosaccharides were quanti ed using the myoinositol and 3-
O-methylglucose internal standards.

This study
o 100
[ ] Terrestrial plants
[ ] Emergent plants
a A Mosses
* Submerged aquatic plants
* Algae (lakes)
* Green agae (laboratory)
* Diatoms (laboratory)
<
<
.
%
©
3
402

{—vasctiar plant
o and/or moss
origin/

100

Algae and zooplankton (literature)

* Diatoms (Hecky et al., 1973)

> Diatoms (Handa and Mizuno, 1973)

* Diatoms (D'Souza et al., 2005)

* Macroalgae (D'Souza et al., 2005)

X Zooplankton (Hicks et al., 1994)

D Phytoplankton (Biersmith and Benner, 1998)
23] Phytoplankton (Hicks et al., 1994)

100

Fig. 1. Ternary diagrams depicting the relative abundance of arabinose, xylose and fucose. (a) Results from this study; (b) results of compiled terrestrial
et al. (2008), Zech et al. (2012, 2014a) and Prietzel et al. (2013) ; (c) results from a compilation of algal and zooplankton data from

(1973), Hicks et al. (1994), Biersmith and Benner (1998)
(2013), Zech et al. (2013a, 2014b) and unpublished data.
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3. Results

The relative abundances of ara, fuc and xyl in the samples are
illustrated in a ternary diagram ( Fig. 1a). The terrestrial and aquatic
plants, including mosses, plotted close to the ara axis, whereas the
algae and diatom samples plotted farther from the ara axis. This
reveals that algae contain a higher relative amount of fuc than
the vascular plants and mosses. According to Table 1, the algae
here were characterized by fuc/(ara+ xyl) ratio values >0.10
(except for samples Ped and BS8), whereas the vascular plant
and moss samples were characterized by fuc/(ara + xyl) values
<0.08. This nding suggests that the fuc/(ara + xyl) ratio may serve
as a proxy for algal vs. vascular plant/moss origin of sedimentary
OM.

The total sugar concentration (sum of ara, xyl and fuc) for the
samples ranged ( Table 1) from 2.26 mg/g sample (Ped, i.e. P. borya-
num cultivated in the laboratory) to 787.87 mg/g sample (BS1, i.e.
reed from Lake Bichlersee). Median total sugar concentration for
grouped samples increased in the order green algae (laboratory)
< diatoms (laboratory) < submerged aquatic plants < algae (lakes)
< mosses < terrestrial plants < emergent plants ( Fig. 2a).

4. Discussion

Our nding that ara and xyl predominate strongly over fuc in
vascular plants and mosses con rms data ( Fig. 1b) from D’Souza

Terrestrial plants (literature)
Vascular plant litter (Zech et al., 2012)
Vascular stem material* (Zech et al., 2014a)
Vascular plant material (Prietzel et al., 2013)
Vascular plants (Jia et al, 2008)
Vascular plants (D'Souza et al,, 2005)
Mosses (Jia et al., 2008)
Mosses (Prietzel et al., 2013)

O

>r0000+

* fucose peaks too small for evaluation

Soils and sediments (literature)
L Alpine Histotsol/Leptosol Oa horizons (Prietzel et al., 2013)
+ Eutric Cambisol topsoil (Bock et al., 2007)
[ ] Tumara loess/paleosol samples (Zech et al., 2013a)
A Gemiindener Maar lacustrine sediment samples (unpublished data)
* Panch Pokhari lacustrine sediment samples (Zech et al., 2014b)

and D’'Souza et al. (2005); (d) results from compiled soil and sediment data from

plant data from Jia
Handa and Mizuno (1973), Hecky et al.
Bock et al. (2007), Prietzel et al
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a This study
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200 —
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0 — i — 36.65 ﬁ 25.31 —— 345 5498 10.14
Terrestrial plants Emergent plants Mosses  Submerged aquatic plants  Algae (lakes) Green algae (laboratory) Diatoms (laboratory)

b Terrestrial plants (literature)

Sum of sugars (ara+fuc+xyl)
(mg/g sample)
D
o
o

| Bt s +
45.89 — 25.45 + 71.15 —52.13

200 —
T ST ST [ [ T
Vascular plant litter ~ Vascular plant material ~ Vascular stem material*  Vascular plants Sphagnum Mosses
(Zech et al., 2012) (Prietzel et al., 2013) (Zech et al., 2014a) (Jia et al., 2008) (Jiaetal., 2008)  (Prietzel et al., 2013)
c Aquatic Ol’g anisms ("teratu re) (* fucose peaks too small for evaluation)
800 —

% 600 —
o
S~
.
5 E
= § 400 —
2 12 1 1
S -
[ =2
k]
g 200 —
3
n -

0o — — 5,048 —53 — 251

Diatoms Zooplankton Phytoplankton
(Hecky et al., 1973) (Hicks et al., 1994) (Hicks et al., 1994)
Fig. 2. Box plots of sugar concentration (sum of arabinose, fucose, and xylose). Bold numbers above the box plot represent the numbers of samples summarized i n a group;
numbers next to the box plot represent the median value for the group. (a) Results from own data set; (b) results from compiled terrestrial plant data fr om Jia et al. (2008),

Zech et al. (2012, 2014a) and Prietzel et al., 2013 ); (c) results from compiled aquatic organism data from Hecky et al. (1973) and Hicks et al. (1994) .

et al. (2005), Jia et al. (2008), Zech et al. (2012, 2014a) and Prietzel effects when interpreting sedimentary sugar biomarker results.
et al. (2013) . Similarly, most of the published sugar biomarker data After deposition in soils and sediments, plant- and algal-derived
for algae (except for two macroalgae), as well as zooplankton sugars are partly mineralized. At the same time, soil microorgan-
(Fig. 1c), show higher relative amounts of fuc ( Handa and isms biosynthesize sugars. Both processes may lead to post-
Mizuno, 1973; Hecky et al., 1973; Hicks et al., 1994; Biersmith depositional alteration of the sugar biomarker patterns of soils
and Benner, 1998; D’'Souza et al., 2005). and sediments ( Oades, 1984; Glaser et al., 2000; Ogier et al.,
While the above compilation corroborates the proposed fuc/ 2001). Fig. 1d shows soil and sediment data available from the lit-
(ara + xyl) proxy, it may still be necessary to consider degradation erature (Bock et al., 2007; Prietzel et al., 2013; Zech et al., 2013a,
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2014b) and our own unpublished data from the Lake Gemiindener
Maar. The Lake Panch Pokhari sugar pattern agrees well with the
pattern reported by Ogier et al. (2001) , measured on a sediment
core from the eutrophic Lake Aydat. Accordingly, although the pre-
dominance of ara and xyl over fuc originating from plant material
still exists in soils, it is slightly extenuated. These shifts could be
partly explained by ndings from Basler et al. (2015) indicating
that ara is much more affected by microbial production than xyl.
On the other hand, soil microorganisms seem to produce notable
amounts of fuc (cf. review from  Gunina and Kuzyakov, 2015 ). Nev-
ertheless, the ternary diagram in  Fig. 1d depicts that the soils can
still be distinguished from lacustrine sediments on the basis of
the sugar biomarker patterns.

It is noteworthy that the sediment samples from Gemiindener
Maar plot between the sediment samples from Lake Panch
Pokhari and the soil samples. Both lakes are characterized by very
small catchments ( Sirocko et al., 2013; Zech et al., 2014b ). How-
ever, while Lake Panch Pokhari is in a high alpine and sparsely
vegetated environment and its sediment is very rich in diatoms
(Krstic et al., 2012), the catchment of Gemundener Maar is den-
sely vegetated with broadleaf trees. Hence, leaf litter input into
Gemiindener Maar presumably clearly dominates autochthonous
OM production and explains the strong terrestrial signal for this
dataset.

Our own dataset, the terrestrial plant data, as well as algae and
zooplankton data from the literature ( Fig. la—c), suggest that the
ratio fuc/(ara +xyl) is a valuable proxy for algal OM [fuc/(ara
+ xyl) >0.10] vs. vascular plant/moss OM [fuc/(ara + xyl) 6 0.10].
Additionally, the compiled soil and sediment data (  Fig. 1d) indicate
that the ratio (fuc + xyl)/ara can help distinguish between terres-
trial and aquatic sedimentary OM input. In the case of Lake
Gemiindener Maar, it can be concluded that fuc and xyl are primar-
ily of aquatic origin, whereas ara is primarily of terrestrial origin.
Moreover, the developed sugar biomarker ratios can help answer
the question whether the sedimentary biomarkers are of auto-
chthonous or allochthonous origin, when interpreted with com-
pound specic d*®0 results.

The sugar concentration values for our own data set ( Fig. 2a) are
well within the range reported ( Fig. 2b and c). The low sugar con-
centrations of lab-grown green algae and diatoms might be partly
an underestimation of natural conditions.  Bigogno et al. (2002) and
Krienitz and Wirth (2006) found that harvesting algae in the log
phase of growth, as well as specic cultural conditions, can also
negatively in uence algal fatty acid production. Despite limitations
in the presented sugar biomarker proxies, such as different sugar
concentrations characterizing different sugar sources (algal vs. ter-
restrial), a multi-proxy biomarker approach (suggested by e.g.
Bechtel and Schubert (2009) for lake particulate organic matter)
including our sugar biomarkers would provide more details on
sedimentary OM sources.

5. Conclusions

The results show that the relative abundance of fucose vs. ara-
binose and xylose [fuc/(ara + xyl)] is much higher in algae and zoo-
plankton than in vascular plants and mosses. In the course of
mineralization and/or degradation by soil microorganisms, the ini-
tial sugar patterns of plants may be altered. Nevertheless, the com-
pilation of literature data suggests that lacustrine sediments and
terrestrial soils can be readily distinguished using a ternary dia-
gram with the relative abundances of fucose, arabinose and xylose.
Accordingly, increased abundance of arabinose in lake sediments
indicates an input of terrestrial plant material, whereas fucose
and xylose are primarily of aquatic origin. We therefore, in addition
to the fuc/(ara + xyl) ratio, propose the sugar biomarker ratio
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(fuc + xyl)/ara as a proxy for aquatic vs. terrestrial origin of sedi-
mentary OM in paleolimnological studies. Ideally, both sugar ratio
proxies should be used within multi-proxy approaches.
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Abstract. Causes of the Late Glacial to Early Holocene tran- ects 2H and 180 of precipitation (primarily temperature-
sition phase and particularly the Younger Dryas period, i.e.dependent) modi ed by evapotranspirative enrichment of
the major last cold spell in central Europe during the Lateleaf water due to transpiration. Based on the notion that the
Glacial, are considered to be keys for understanding rapidevapotranspirative enrichment depends primarily on relative
natural climate change in the past. The sediments from maanumidity (RH), we apply a previously introduced “coupled
lakes in the Eifel, Germany, have turned out to be valuable 2Hp-alkane 1805ugar paleohygrometer approach” to recon-
archives for recording such paleoenvironmental changes. struct the deuterium excess of leaf water and in turn Late
For this study, we investigated a Late Glacial to Early Glacial-Early Holocene RH changes from our Gemiindener
Holocene sediment core that was retrieved from the GemiinMaar record.
dener Maar in the Western Eifel, Germany. We analysed the Our results do not provide evidence for overall markedly
hydrogen (2H) and oxygen (180) stable isotope compo- dry climatic conditions having prevailed during the Younger
sition of leaf-wax-derived lipid biomarkersi{alkanes Gz Dryas. Rather, a two-phasing of the Younger Dryas is sup-
and Gg) and a hemicellulose-derived sugar biomarker (ara-ported, with moderate wet conditions at the Allerad level
binose), respectively. BottfHn-akaneand 1805ugarare sug- during the rst half and drier conditions during the second
gested to re ect mainly leaf water of vegetation growing half of the Younger Dryas. Moreover, our results suggest that
in the catchment of the Gemiindener Maar. Leaf water rethe amplitude of RH changes during the Early Holocene was

Published by Copernicus Publications on behalf of the European Geosciences Union.
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more pronounced than during the Younger Dryas. This in-tation ( 18Oprec) as well as by evapotranspirati¥80 enrich-
cluded the occurrence of a “Preboreal Humid Phase”. Onament (Tuthorn et al., 2014; Zech et al., 2013b, 2014b). More-
possible explanation for this unexpected nding could be thatover, it was suggested that the coupling &f and 10 re-
solar activity is a hitherto underestimated driver of central sults can help to disentangléH/ 18Oprec changes and vari-
European RH changes in the past. able?H="80\eatake-watereNrichment (Henderson et al., 2010;
Hepp et al., 2015, 2017; Tuthorn et al., 2015; Voelker et
al., 2014, 2015; Zech et al., 2013a). For instance, Voelker
1 Introduction et al. (2014) presented a framework for usirfgl and 180
of tree-ring cellulose in order to infer relative air humidity
In order to evaluate the relevance of man-made climatgRH). Tuthorn et al. (2015) validated a previously suggested
change in the future, it is of great importance to study and“coupled 2Hp-alkane 1803ugarpaleohygrometer approach”.
understand large and rapid climate uctuations in the past.Accordingly, the application of that approach to an Argen-
Many studies have focused on the Late Glacial to Earlytinian topsoil transect yielded a highly signi cant correla-
Holocene transition phase, a period with various exprestion of actual and biomarker-based reconstructed RH val-
sions in temperature, atmospheric circulation and hydrol-ues R D 0:79, p < 0:001, n D 20). Both approaches were
ogy worldwide (Alley, 2000; Brauer et al., 2008; Denton et successfully applied to loess—paleosol sequences (Hepp et
al., 2010; Partin et al., 2015; Wagner et al., 1999). Expla-al., 2017; Zech et al., 2013a) and subfossil wood (Voelker
nation for the Younger Dryas (YD) period, i.e. the major et al., 2015). By contrast, the application of the coupled
last cold spell in central Europe during the Late Glacial just 2Hp-alkane 18Os,ugarpaleohygrometer approach to a lacus-
before the onset of the Holocene warm period (Denton etrine archive is still missing.
al., 2010; Heiri et al., 2014, Isarin and Bohncke, 1999), has Within this study, we aimed at applying the coupled
long been considered crucial for understanding rapid natu- 2Hp-alkane 18Os,ug,arpaleohygrometer approach to the Late
ral climate change in the past (Alley, 2000). The sedimentsGlacial-Early Holocene sediment cores of the Gemindener
from maar lakes in the Eifel, Germany, have turned out toMaar. More speci cally, we addressed the following objec-
be valuable archives for paleoenvironmental reconstructiortives: (i) source identi cation of the sedimentary organic
by providing high-resolution palynological, sedimentologi- matter and the investigatedalkanes and sugars (aquatic vs.
cal and geochemical records for climate, vegetation and landterrestrial), (ii) reconstructing leaf water isotope composition
scape history (Brauer et al., 2008; Brunck et al., 2015; Littbased on compound-speci @H and 180 values of then-
et al.,, 2003; Litt and Stebich, 1999; Sirocko et al., 2013; alkane and sugar biomarkers, (iii) reconstructing RH changes
Zolitschka, 1998). using the coupled®Hn.aikane- 2Osugarpaleohygrometer ap-
Lacustrine sedimentary lipid biomarkers such ms  proach, and (iv) inferring implications for central European
alkanes, originating either from leaf waxes of higher terres-paleoclimate history from the established Gemiindener Maar
trial plants (Eglinton and Hamilton, 1967) or from aquatic RH record.
organisms (Volkman et al., 2:5398), and especially their hy-
drogen isotope compositionqHieaf-waxn-alkand, are widely .
accepted as paleoclimate proxies (Huang et al., 2004; MUgIe% Material and methods
et al., 2008; Sachse et al., 2004, 2012; Sauer et al., 2001).
has been demonstrated thaH eaf-waxr-alkaneis Well corre-
lated with the hydrogen isotope composition of precipitation The Gemiindener Maar is located in the Eifel volcanic
( 2Hprec) (e.g. Hou et al., 2008; Rao et al., 2009). Similar elds in western Germany at an altitude of 407 ma.s.l.
to the well-known ice-core and speleothem records (Alley, (50 10%39.853N, 6 50°12.912F; Fig. 1a and b; Sirocko et
2000; Luetscher et al., 2015; Rasmussen et al., 2014), laal., 2013). The maar was formed during a phreatomagmatic
custrine 2Hieat-waenalkanefecords are therefore increasingly explosion within the local Devonian siltstone (greywacke)
used to reconstruc€H of past precipitation and thus for de- around 20-25ka (Buichel, 1993). The lake is 39 m deep at
riving paleoclimatic information (cf. Araguas-Araguas et al., its maximum and has a diameter of roughly 300 m. Due to
2000; Dansgaard, 1964; Rozanski et al., 1993). However, thés formation conditions the lake is almost circular with a
alteration of 2Hpreceither through evapotranspiratit en- lake surface area of 7500Fmand is surrounded by a small
richment of leaf or lake water can challenge a robﬁletpreC catchment (Fig. 1b), with an area of 430 009 (Bcharf and
reconstruction (e.g. Migler et al., 2008; Zech et al., 2015).Menn, 1992). The lake is fed by precipitation and groundwa-
Apart from 2Hp_akane the oxygen isotope composition of ter (no surface in ow and out ow present). The sediments
hemicellulose- or polysaccharide-derived suga@qugaa are, accordingly, not affected by uvial sediment input. The
was established as a tool in paleoclimate research during rezatchment area is furthermore steep and densely vegetated
cent years (Zech et al., 2011, 2013a, 2014a). Analogous twvith broadleaved trees (Fig. 1c). The investigated samples
2Hp-alkane 18Osugaris affected by the isotope composition were taken from the 8 m Gemiindener Maar core (GM1),
of source water, which is closely related to the local precipi-which was taken at approximately 20 m water depth near the

5.1 The Gemiindener Maar and sampling
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centre of the maar (Fig. 1b) with a Livingston piston corer
(UWITEC, Mondsee, Austria). The GM1 core was retrieved
from a terrace on the steep slope of the maar exactly in a fan
of an underwater erosion gully structure. The core is part of
the Eifel Laminated Sediment Archive Project of the Insti-
tute for Geoscience at Johannes Gutenberg University Mainz
(Sirocko et al., 2013, 2016).

2.2 Bulk analysis and pollen analysis

Bulk analyses were carried out on 112 samples, covering a
section of 606 to 727 cm depth of the Gemiindener Maar
GML1 core. Total carbon (TC) and nitrogen (N), bulk carbon
isotope composition £3Crc), and nitrogen isotope com-
position (1°N) were determined at the Institute of Agron-
omy and Nutritional Sciences, Soil Biogeochemistry, Mar-
tin Luther University Halle-Wittenberg, using EuroVector
EA 3000 elemental analyser (Hekatech, Wegberg, Germany)
coupled via a Con o lll Interface to a Delta V Advantage
isotope ratio mass spectrometer (IRMS; both from Thermo
Fisher Scienti ¢, Bremen, Germany). Additionally, total or-
ganic carbon (TOC) and bulkl3C of the total organic car-
bon ( 13CTOC) were assessed after removal of carbonate with
32 % hydrochloric acid (HCI) fumigation followed by a neu-
tralisation step with moist sodium hydroxide, both for 24 h
under 60 C and vacuum conditions. This allows calculating
TOC=N atomic ratios. Laboratory standards from the Inter-
national Atomic Energy Agency (IAEA) as well as from the
United States Geological Survey (USGS) with known total
carbon, nitrogen3C and 15N contents (IAEA N2, IAEA
CH6, IAEA NO3, IAEA CH7, IAEA 305A, USGS 41) were
used for calibration. Th&C and!®N contents are expressed
in the common notation as relative to an international stan-
dard ( 13C: Vienna Pee Dee Belemnite, VPDBEN: atmo-
spheric ¥, air).

For pollen analysis, 16 samples were investigated cover-
ing the relevant depth section. Each sample covered a depth
range of 1 cm. Preparation was conducted by Frank Dreher
according to standard procedures at the laboratory of the
Group of Climate and Sediments, Institute of Geosciences,
Johannes Gutenberg University of Mainz, using potassium
hydroxide, HCI and hydro uoric acid (Sirocko et al., 2016).
Afterwards, acetic acid and a mixture of acetic anhydride and
sulfuric acid (9V1) were used for acetolysis. The samples

715

were then centrifuged at 3000 t0_3500 rpm for 5 min and thenFigure 1. (a) Location of the Gemindener Maar in the Eifel
sieved over a 200 and a 10 um sieve. Afterwards, thesample,%gion in Germany (generated using OpenStreetMap home-

were xed with anhydrous glycerol for reliable identi cation,

page, ©OpenStreetMap contributors, https://www.openstreetmap.

and a maximum magni cation of 600 was used for counting org, last access: 15 August 2016b) Digital terrain model and
the remains. Pollen results are reported in relative percentdrainage system of the immediate surroundings of the Gemiindener

ages (%).

www.clim-past.net/15/713/2019/

Maar, with maar borders according to Biichel (1994) representing
the size of the crater. In addition, the core position is displayed
(GM1; 50 10%39.858N, 6 50°.2.919F) along with the short core
named GMf (not part of this study) marked as ELSA drill sites.
Both cores are part of the Eifel Laminated Sediment Archive Project
(ELSA project).(c) Photo of Gemiindener Maar showing the steep
and densely forested catchment (by Michael Zech, reproduced with
his permission).

Clim. Past, 15, 713-733, 2019
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2.3 Age control 2.4 Biomarker and compound-speci c isotope analysis

The investigated sediments are partially laminated. The rstFOr 2H analyses oh-alkanes as well as!80 analyses of

tie po_mt to e_stabllsh a chronol_ogy for the Gempndener I\/I"’l"’"sugars, 59 samples were prepared from 607 to 694 cm depth
core is a radiocarbon-dated piece of charcoal in 727 cm cor

. . . f th U M M1 N h
depth, which dates to 13 800110acal BP (Fig. 2d). This Bf the Gemiindener Maar G core, in order to cover the

age is derived from &'C age of 11 950 65a BP as part of core section with already high TOC content and the Late

. . . Glacial to Holocene transition (Figs. 2 and 3m)Alkanes
the Supplement of Sirocko et al. (2013), calibrated using Cal- f

. L . ere extracted from 1 to 6 g freeze-dried and ground sam-
Pal software (Weninger and Joris, 2008) calculated with theW X 9 ‘ ! grou

N - ples by microwave extraction at 10G for 1 h, using 15 mL
,I[nFCtallftﬁa“br?SO': Calirc\:/e (Reimer et il"tﬁoggbjhe gngﬁr'of solvent (dichloromethane and methanol, at a ratio\df)9
tainty ot the calibraled™ age represents the 65 » probabll . regytant total lipid extracts were separated over amino-
ity range. The second tie point is the clearly visible Laacher

. opyl silica gel (Supelco 45um) lled pipette columns.
See Tephra between 673 and 680 cm core depth (Fig. 2a arﬁon-polar compounds (including-alkanes) were eluted
d). The latter can be used as chronologlcal _marker due to thﬁlith n-hexane. The fraction was spiked with a known amount
varve-counted age of 12880aBP in the adjacent Meerfeldef; 5 -androstanone, used as an internal standard. Identi -
Maar (Brauer et al., 1999). The onset of the Younger Dryascation and quanti cation was carried out on an Agilent MS

period was set to 12680 aBP (varve-counted in Meerfelder, : . : . .
Maar sediments; Brauer et al., 1999; Litt et al., 2009) iden-5975 (El) interfaced with an Agilent 7890 GC equipped with

tied at a depth of 670cm in the GM1 core due to a clear a 30m fused silica capillary column (HPS-MS 0.25 mm i.d.,

colour change (Fig. 2a and d). The onset of _the Prebore ti]sgplr: Smﬂtgézk?f:jé Z?d3;u:s.p2:tarsr?;|:lzzss I\?nggtazalioupnir
(Holocene) was found to Qate to 11 590aBE in Meerfelderand the temperature program was 1min at G0from 50
M_aar by varve cour_1t|r_lg (Litt et al., _2009). This was used to t0 200 C at 30 Cmin L, from 200 to 320C at 7 C min L,
W|ggI¢-match the d|st|r_10t chang_e_s in the pc_)llen_spectra (de'and 5min at 320C. Data recording comprised the total ion
creasmgPoaceae peaklngArtem|5|g |nprea5|ngP|pusand count (scan mode froon=z40 to 600) and single-ion mon-
Betulg Fig. 2b and C.)’ the clea_r rise in TOC _(F'g' 3a) and itoring (M=2z57, 71, 85 and 99). Concentrations were calcu-
zjheeptcr? l?;gcgzggiégl%a%:)éﬂzg; ‘t’\éelrjeré%%r;gaeld(gtoﬁii%glated relative to the internal sta_\ndard and to an ('ax_ternal s_tan-
transition is commonly well recorded in maar sediments from3&rd 0-Ca1 to n-Cap alkane mixture, Supelco), injected in
different concentrations (40, 4, 1, 0.4 ng ).

theh Eifel trtegloné e clefrlcq%r;%gil[? c:errozlggr; gg(\)/gflll_.?ts Prior to compound-speci c isotope analyses, thalkanes
pollen pattern (Brauer etal., , Lletal, ' Lt vere further puri ed. The non-polar fractions were passed

and Stebich, 1999), dated to 11 600 a BP, e.g. in Holzmaar, b¥J : . :
o . ; . ver a pipette column lled with activated AgNOmpreg-
a combination of varve counting adiC dating (Zolitschka, nated gilf::a gel and a pipette column "e% Withpze%lite

1998). The last time marker used to constrain the age mOde(IGeokIeen) After drvi ! :

: . - . ying, the zeolite was removed using hy-
is the middle of the sharp increase@urylus(hazel) pollen : : N s
at 622cm depth (Fig. 2b, ¢ and d). We used this sharp in_dro uoric acid and then-alkanes were recovered by liquid

~.__liquid extraction with hexane. The puri ed-alkane frac-
crease as a marker for the Preboreal to Boreal transitiong '\ oo’ on o ired for their compound-speci ¢ stable hy-

which is varve-counted by Litt et al. (2009) to 10 740aBP in drogen isotope composition?H). The measurements were

the Meerfelder Maar sediments. The qﬁset of 60 years to- th%erformed at the Institute of Geography, University of Bern
varve-counted Holzmaar record of Zolitschka (1998), as it IS0 an IsoPrime 100 IRMS coupled to an Agilent 7890A

presented by Litt et al. (2009), is within the uncertainty of GC via a GC5 pyrolysis or combustion interface operat-

placing the onset of the Preboreal in the Gemundener Maairng in pyrolysis modus with a Cr (ChromeHD) reactor at

Coryluscurve. 1000 C. Samples were injected with a split-splitless injec-

The investigated core section from 607 to 694 cm deptht . . -
: . The GC d with 30 m fused sil olum
therefore covers the time betweeril3 150 and 10 140 a BP, (Ici|rP5-l\jS 0 Sgﬁ;?r?rzzefﬂavn:leter 0 25[:1Sm InS”II tlﬁizlfnel;s)n

e. the A”fetrhﬂ d,Bthe ch)uq?her Dryadst, tr;ﬁ Plr)gboreil, andFFhe ;e"l'he precision was checked by co-analysing a standard alkane
gm;'(?g Z € boreal, W{ ;ega;r_ 0 i ?_ 'om?r ebrst( '9. ?mixture (-C27, n-Cag, N-C33) with known isotope composi-

and d). Assuming constan sedimentation rates between thig, , (Arndt Schimmelmann, University of Indiana), injected
markers, an average resolution of 51 aéntan be calcu-

. . . twice every six runs. The samples were analysed in three rep-
lated; the minimum and maximum resolution are 19 and y P Y P

. etitions (except from the samples in 622 and 672 cm depth),
124acm?, respectively. The part above the Laacher See : .

’ ) th I I I tter th %o.
Tephra reveals a lower mean resolution (55 a &nthan the and the analytical precision was generally better than 5%»

) The stable hydrogen isotope compositions are given in the
section below (30a le)' notation (2Hn.a|kan9 versus Vienna Standard Mean Ocean
Water (VSMOW). The Ig-correction factor was checked ev-
ery 2 days and stayed stable over the course of measurements
at 3.14. The 2Hp.alkane Values refer to the area-weighted
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Figure 2. (a) Photo of the investigated GM1 core section, with regard to the biomarkers (607 to 694 cm depth), displaying the position of the
Laacher See Tephra (LST), varve-counted to 12 880 a BP in the adjacent Meerfelder Maar (cf. Brauer et a{h)198%ed pollen zones
according to Brauer et al. (1999) and Litt et al. (200®).Pollen pro les of pollen groups, which were used for de ning the pollen zones.
Pollen analysis was carried out by Frank Dreher (Johannes Gutenberg University of N@irfye—depth model of the full investigated

GM1 section (606 to 727 cm depth) consisting of*€-dated piece of charcoal, the LST and the onsets of the Younger Dryas, Preboreal
and Boreal (Holocene). Additionally, the biomarker sampling points are displayed (black points). The error baté@fabe and the LST
represent the uncertainty of the calibration (68 % probability range) and the error during of the varve cousfiag Brauer et al., 1999),
respectively.

Figure 3. (a) Depth pro les of total organic carbon (TOC{p) total nitrogen (N),(c) bulk stable nitrogen isotope composition-{N),

(d) stable carbon isotope composition of total carbon (TC) and T3¢, 13Croc) and(e) carbon to nitrogen atomic ratio (TGH).

The vertical line in(e) indicates a TOEN atomic ratio threshold of 10 (Meyers, 2003). AL: Allerad; YD: Younger Dryas; PB: Preboreal;
BO: Boreal.
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mean of the 2H values ofn-alkanes with 27 and 29 carbon the baseline for our calculations. The quite similar LMWLs
atoms (-Cz7, n-Cpg) because of their relatively high abun- for Trier ( 2HprecD 7:81 0:08 80peC5:06 0:60) and
dance in the samples (Fig. 4a). Koblenz (szrecD 7:80 007 18Oprecc 2:68 0:53) as
The sample preparation for 80 analyses of well as the GMWL are additionally displayed in Fig. 5 for
hemicellulose- or polysaccharide-derived sugars fol-comparison. The local precipitation is the source for soil wa-
lowed standard procedures at the Institute of Agronomy ander and shallow groundwater, which in turn acts as source
Nutritional Sciences, Soil Biogeochemistry, Martin Luther water for plants. During daytime, however, leaf water is typi-
University Halle-Wittenberg, according to the method cally2H- and®0-enriched compared to the source water due
of Zech and Glaser (2009). The monosaccharide sugart evapotranspiration through the stomata (Fig. 5; Allison et
were hydrolytically extracted from samples containing al., 1985; Bariac et al., 1994; Walker and Brunel, 1990). The
approximately 10mg total organic carbon with 10 mL of leaf water reservoir at the evaporative sites quickly achieves
4M triuoroacetic acid at 105C for 4h, applying the steady-state conditions (Allison et al., 1985; Bariac et al.,
method described by Amelung et al. (1996). After ltration 1994; Gat et al., 2007; Walker and Brunel, 1990). Thus, the
over glass bre lters, the extracted sugars were cleanedisotope composition of the transpired water vapour is equal
using XAD-7 (to remove humic-like substances) and to the isotope composition of the source water utilised by the
Dowex 50WX8 columns (to remove interfering cations). plants during the transpiration process. The evaporative en-
Afterwards, the puried samples were freeze-dried andrichment of leaf water under steady-state conditions can be
derivatised by adding methylboronic acid (4 mg in 400 pL described via a Craig—Gordon model (e.g. Flanagan et al.,
pyridine) for 1 h at 60C. 1991; Roden and Ehleringer, 1999) by the following expres-
The compound-speci c 180 measurements were per- sion (e.g. Barbour et al., 2004):
formed using a Trace GC 2000 coupled to a Delta V Ad- e
vantage IRMS via af®0-pyrolysis reactor (GC IsoLink) e sC" C"«C(a s ") = Q)
and a ConFlo IV interface (all devices from Thermo Fisher &
Scienti ¢, Bremen, Germany). Each sample was measuredvhere ¢, s and , are the hydrogen and oxygen isotope
in threefold repetition, embedded in-between co-derivatiseccompositions of leaf water at the evaporative sites, in source
sugar standards at various concentrations and knd®@ water and in atmospheric water vapour, respectivélyis
values. The 180 values of the samples are expressedrio- the equilibrium enrichment expressed as (1= |=y) 10°
tation ( *80suga) versus VSMOW. The measured®Osygar ~ Where |-y is the equilibrium fractionation between liquid
values were corrected for drift, amount and area depenand vapour in %o; andy is the kinetic fractionation parame-
dency and also for the hydrolytically introduced oxygen ters for water vapour diffusion from intracellular air space
atoms that form carbonyl groups with the C1 atoms of thethrough the stomata and the boundary layer, bothZfér
sugar molecules (Zech and Glaser, 2009). Mean standard eand 180, respectively; ané.=g is the ratio of atmospheric
rors for the triplicate measurements of all 59 samples arevapour pressure to intracellular vapour pressure. When leaf
0.6 %o, 0.7 %0 and 0.7 %o for arabinose, fucose and xylosetemperature is equal to air temperature, ¢geq ratio rep-
respectively. The'80g,garvalues refer to thel®O values of  resents the RH of the local atmosphere. If the plant source
the monosaccharides arabinose, fucose and xylose (Fig. 4bvater and the local atmospheric water vapour are in isotopic
Rhamnose areas, or concentrations, were too low for reliablequilibrium, the term, scan approximated by" . Thus,
isotope measurements in most samples. Eq. (1) can be reduced to

e sC" C"% (1 RH): 2)
2.5 Conceptual framework of the coupled
Hn-alkane— ®Osugar paleohygrometer approach The kinetic fractionation parameter$) are typically re-
2 18 _lated to stomatal and boundary layer resistances with respect
The coupled “Hn-alkane- “Osugar paleohygrometer ap Jo water ux (Farquhar et al., 1989). Since direct measure-
proach was described in detail by Tuthorn et al. (2015) an ments of those plant physiological parameters can be hardl
Zech et al. (2013a). The most fundamental assumption of the - P physiolog P N ay
; . - assessed in a paleo application, we used the kinetic enrich-
approach is that the isotope composition of leaf water can befnent arameteiG. instead. derived from a more generalised
reconstructed by applying biosynthetic fractionation factors P ok ’ ore g L
2 18 8 form of the Craig—Gordon model, for describing the kinetic
on the measured“Hp-aikane and **Ogygar values (Fig. 5). . . 18 .
. . isotope enrichment fofH and 180, which leads to Eq. (3)
The concept is furthermore based on the observation that th?Crai and Gordon, 1965; Gat and Bowser, 1991):
isotope composition of global precipitation plots typically 9 ! ’ ' '
close to the global meteoric water line (GMWL2HprecD e sC" CCc (1 RH): (3)
8 180p,ecc 10; Dansgaard, 1964). In Germany, a local me-
teoric water line (LMWlgermany Slightly deviating from  In a 2H- 80 diagram, the hydrogen and oxygen isotope
GMWL was described by Stumpp et al. (2014?}(|precD composition of leaf and source water can be described as
7:72 0:13 80,C4:90 0:01;Fig. 5), whichwe used as a local deuteriumd) exces® 2H 7:72 180 (Stumpp
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Figure 4. (a) Depth pro les of compound-speci ¢ stable hydrogen isotope composition of the individual alke@es and n-Cog and

the weighted mean @Hn_amané. (b) Compound-speci ¢ stable oxygen composition of the individual sugars arabinose, xylose and fucose

( 1805ugaa. Error bars show analytical standard errors; bold lines show three-point moving avédd®=pth pro le of Poaceaepollen.
Additionally, the resampled data points (black points) used for the grass correction procedures (Egs. 10 and 11) are displayed. In addition,
the GM1 core picture with the age markers used is displayed. AL: Allergd; LST: Laacher See Tephra; YD: Younger Dryas; PB: Preboreal;
BO: Boreal.

et al., 2014) in one equation by using the slope of thetion deD 2He 7:72 180, the ds can also be approxi-
LMWL Germany (EQ. 4). This approach is comparable to the mated from thed excess of the LMWEermany(D 4:9). Ac-
d excess de nition from Dansgaard (1964), who used thecordingly, Eq. (4) can be rearranged in order to calculate the
equationd D 2H 8 180 for a measure of the parallel de- RH of the local atmosphere normalised to leaf temperature
viation between a given point in théH— 180 diagram from  as given by Eq. (5) (Hepp et al., 2017; Tuthorn et al., 2015;
the GMWL. Zech et al., 2013a):

1d )
", 772" gCCZ T72 Cl8
wherede andds are thed excess values of the leaf water at here 1d is the distance betweeds and ds, calculated
the evaporative sites and the source water, respectively, angs 1d D d ds. Equilibrium fractionation parameters (
the equilibrium [, and"¢) and kinetic enrichment param-  and", ) are derived from empirical equations of Horita and
eters Cﬁ and C&B) are expressed for both isotopes. From Wesolowski (1994), with mean daytime growth-period tem-
Egs. (1) to (4) the primary control of RH on the isotope perature of 14.8C (from 06:00 to 19:00 CET and April to
composition of the leaf water is demonstrated when stom-October, derived from the Nurburg-Barweiler station, ap-
ata are open through transpirationdifcan be derived from  prox. 25km northeast of Gemiindener Maar; hourly data
compound-speci ¢ 2H and 180 measurements of the- from 1995 to 2015 from Deutscher Wetterdienst, 2016).
alkane and sugar biomarkers, which deri¢éle and 80, Equilibrium fractionation factors equal 83.8 %0 and 10.15 %o
values for the purpose of calculating values via the equa- for 2H and 180, respectively. The kinetic fractionation pa-

de dsC ", 7:72"4CCZ 772CH® (1 RH); 4 RH 1 (5)
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rameters ¢Z andC28) for 2H and'80 are setto 25.1%. and  the Allergd, Preboreal and Boreal likely re ect warmer con-
28.5 %o, respectively, according to Merlivat (1978), who re- ditions being favourable for terrestrial and aquatic biomass
ported maximum values during the molecular diffusion pro- production, whereas lower TOC values during the Younger
cess of water through a stagnant boundary layer. The assumpryas likely re ect less favourable conditions for biomass
tion that maximum kinetic fractionation occurs seems to beproduction and possibly increasing minerogenic sedimen-
most suitable for sedimentological application where a signatation. Interestingly, the Late Glacial-Early Holocene TOC
averaging over decades can be assumed (see above and distterns seem not to be the same for all maar lakes, because
cussion in Zech et al., 2013a). It should also be noted'ihat the Meerfelder Maar shows a clear TOC two-phasing dur-
values of broadleaf trees and shrubs over broad climatic coning the Younger Dryas (Brauer et al., 1999) and the Holz-
ditions are well within the range of tr@f and C&S values maar is lacking an Allerad TOC maximum (Lucke et al.,
used, revealing 23.9 %o (0:9) and 26.7 %o ( 1:0) for 2H  2003). The 1°N values of the Gemiindener Maar record
and 180, respectively (derived from the Supplement of Cer- range from 0%o to 5 %o, showing the maximum and min-
nusak et al., 2016). imum within the Allerad period. 33Ctc and 3Croc re-

The numerator of Eq. (5) describes the parallel distanceveal values between 31 %o, and 17 %. and 36 %o, and
between thel excesses of LMWL and leaf water at the evap- 24 %o, respectively. While13Crc shows maximum values
orative sites, which is converted into RH values, while the at 703 cm depth, *3Croc is decreasing continuously from
denominator is a combination of the slopes of LMWL and the beginning to the end of the Allerad, followed by increas-
the local evaporation line (LEL). This means in turn that the ing values during the Younger Dryas and the Preboreal and
quanti cation with Eq. (5) is done by obtaining the distance Boreal, interrupted by a short decrease around the begin-
between the source water points, calculated via the intersectsing of the Holocene.3Cy¢ clearly shows the presence of
between the individual LELs and the LMWlermany and the  carbonate between 690 and 727 cm depth with less negative
leaf water points. The underlying slope of those LELs can 13Ct¢ values compared tot3Croc values. TOGN atomic
be derived from Eq. (6) via the Craig—Gordon model usingratios range from 6 to 19 with the end of the Allergd reveal-
the same assumptions as outlined above in a rearranged foring increasing ratios, while the late Younger Dryas shows
(Eq. 6; Zech et al., 2013a). When using the fractionation pa-slightly decreasing ratios and the Preboreal is marked by the
rameters from above, the slope of the LEL is constant ovehighest ratios.
time, independent of RH and equal t02:8 (Eq. 6). This The source of organic matter in lacustrine sediments of
agrees well with eld and laboratory studies (Allison et al., small lakes, as one of the most crucial questions and chal-
1985; Bariac et al., 1994; Gat et al., 2007; Tipple et al., 2013;lenges when interpreting organic proxies from lacustrine
Walker and Brunel, 1990). sedimentary records (Meyers and Ishiwatari, 1993), can ei-
ther be autochthonous (aquatic origin) or allochthonous (ter-
restrial origin). The TOEN ratio and 13C values are the
most common proxies for sedimentary source determina-
tion. While non-vascular aquatic organisms often revedl C

In order to provide an uncertainty interval in terms of atomic ratios between 4 and 10 (due to low amounts of cellu-
measurement precision covering the Gemiindener Maar Ribse and lignin), vascular plants commonly showNGtomic
record, we calculated an error propagationdgnvalues ac-  ratios of 20 and higher (Meyers and Ishiwatari, 1993). Ac-
cording to Eq. (7), by using the analytical standard errorscording to Meyers (2003), a TGSl atomic ratio of 10 is
(SEs). Maximum and minimum values were then applied tooften used as threshold for identifying aquatic versus ter-
Eq. (5) resulting in a lower and upper RH limit (blue-shaded restrial input (Fig. 3e). Accordingly, the input from terres-
area in Fig. 7a). trial organic matter increased during the Allergd, decreased

q slightly during the Younger Dryas and was highest during the
SEdeD  SE 2Hp-aikane 2c772 SE 180gygar 2 7 Holocene. The Gemiindener MadfCroc values (Fig. 3d)
are well within the range of £land plants and lacustrine
algae (Meyers and Lallier-Vergés, 1999); evidence for the
occurrence of ¢ land plants is missing. Overall, no clear
additional information about the sedimentary organic mat-
ter origin of the Gemundener Maar sediments can be in-
ferred neither from 13Croc alone (cf. Liicke et al., 2003) nor
For basic sedimentological characterisation, TOC, NN, by combining *3Croc with TOC=N ratios (cf. Meyers and

13Crc and 13Croc values as well as the TGS atomic  Lallier-Vergés, 1999). When considering that botiCroc

ratios (Fig. 3a to e) are displayed from 605 to 727 cm depth.and TOGN values of terrestrial organic matter are addition-
TOC values range from 0.6% to 19.7%. N ranges fromally affected by mineralisation and degradation, resulting in
0.1% to 1.4 % and correlates highly signi cantly with TOC more positive 13Croc values and lower TOEN ratios (e.g.
(r D 0:99,p < 0:001,n D 110). Higher TOC contents during Zech et al., 2007), a straightforward interpretation of those

2 " 2

Se D e S 2 c Ck
18 18 " 18

€ S 18 c Ck

(6)

3 Results and discussion

3.1 Source identi cation of bulk organic matter and of
the investigated n-alkane and sugar biomarkers
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Figure 5. Conceptual framework of the couple@Hn.aikane~ *8Osugarpaleohygrometer approach displayed 80— 2H diagram show-

ing the measured-alkanes (weighted mean 0fCy7 andn-Cpg) and sugar (arabinose) biomarkers (black crosses), the reconstructed leaf
water (open circles), the global meteoric water line (GMWL, green line), and the local meteoric water lines of Germanyd, ¥k

black line), Trier (LWMLgyier, Yellow line) and Koblenz (LWMlikgplenz blue line). The black arrows indicate natural processes of evap-
otranspirative enrichment of leaf water along local evaporation lines (LELS), biosynthetic fractionation during biomarker synthesis and the
temperature effect on the source water isotope compositigmécipitation). Grey lines indicate the parallel distance between the individual
reconstructed evaporative site leaf water points and the LMW/hany expressed ad D 24 7:72 180. The difference between thke
excesses of the leaf water and source water can serve as proxy for mean daytime vegetation period relative hugjidigd(Béuble

arrow).

proxies seems to be challenging. Similarly°N has been  2013b, 2014b). With regard to timealkane biomarkers, high
investigated as proxy for sedimentary organic matter originamounts of the chain lengthsCy7 and n-Cyg are charac-
(Meyers and Ishiwatari, 1993; Meyers and Lallier-Vergés, teristic of the Gemiindener Maar sediments. Such patterns
1999; Wolfe et al., 1999). However, numerous processes thatre typical of epicuticular leaf wax layers of higher terres-
may have an in uence, like nitrogen uptake by plants, var-trial plants (e.g. Eglinton and Hamilton, 1967). With regard
ious nitrogen sources, discrimination during denitri cation to the sugar biomarkers, they were previously studied in de-
and diagenesis, complicate the use BN as a direct source tail by Hepp et al. (2016). According to the authors' own
determination proxy. results and a compilation from the literature (including, e.g.,

Despite the uncertainties presented above, concerning théia etal., 2008; Prietzel et al., 2013; Zech et al., 2012, 2014b),
origin of bulk sedimentary organic matter in the Gemiindenermelatively high amounts of arabinose are a good indicator of
Maar, the origin of the sedimentary biomarkers, namely  a primarily terrestrial origin (higher vascular plants) of the
alkanes and sugars, needs to be addressed. This is crucitigars. This interpretation is in agreement with the Gemiin-
because aquatic biomarkers incorporate the isotope composilener Maar being a small lake with densely forested steep
tion of lake water, whereas terrestrial biomarkers incorporatecrater walls (Fig. 1c). We therefore conclude and suggest
the isotope composition of leaf water (Huang et al., 2004;that arabinose as well asCy7 and n-Cyg in our Gemiin-
Kahmen et al., 2013; Mugler et al., 2008; Sachse et al., 2004dener Maar record are primarily of terrestrial rather than
2012; Sauer et al., 2001; Tuthorn et al., 2014; Zech et al.,
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aquatic origin and thus re ecH= 180\eat.waterrather than
21— 18
H= “°Ojake-wat " "
are-water 180I D ( 18Oarabinose %i%)=(lC %i%=1000) (8)
3.2 Reconstructing leaf water isotope composition Hy D ( 2Hn»a|kane "gio):(lc "t2>io:1000) 9)

2 18
based on  “Hn-akane and  *Osugar From the study of tree rings, it is known that stem cellu-

The 2H depth proles reveal variations of 222 %o to lose does not show the full leaf waf&¥O enrichment signal.
134%0 and 220%. to 147 %o for n-Co7 and n-Cyg, Barbour and Farquhar (2000) related this signal dampening
respectively (Fig. 4a). Their?H patterns correlate highly to the proportion of unenriched source water contributing to
signi cantly with each other (D 0:7, p< 0:001,nD 59).  the local synthesis watepf) and to the proportion of ex-
Weighted mean 2H values were calculated using the rel- changeable oxygen during cellulose synthegis)( The lat-
ative amounts ofi-Cp7 and n-Cog. The Younger Dryas is  ter is often assumed to be rather constant around 0.40, as
characterised by the most negativH values (mean of €stimated from leaf and wood cellulosetafcalyptus globu-
193 %o), whereas the Allergd, the Preboreal and the Bolusand values compiled from the literature (Cernusak et al.,
real yielded less negative values ¥82%., 178% and  2005), meaning that around 40 % of the oxygens in the stem
171 %o, respectively). Still, the Holocene part also revealscellulose exchanged. Already Helliker and Ehleringer (2002)
two pronounced 2H minima. Overall, our Gemiindener compared the signal transfer from leaf water to the cellulose
Maar 2Hn-alkane resembles very well thezH n-Cyg record of tree stems with the Signal transfer occurring in grasses.
of Rach et al. (2014) for Meerfelder Maar close by. And Liu et al. (2016) reported signal dampening in the range
The 180 values for arabinose, xylose and fucose rangebetween 34 % and 53 % for the @rassCleistogenes squar-
from 28 %o to 41 %o, 26 %o to 45 %o and 27 %o to 46 %o, re- fosa
spectively (Fig. 4b). They reveal similar trends overall (arabi- Figure 4c illustrates thaPoaceaepollen concentrations
nose vs. XleSG’. D 0:7, p< 0:001,n D 59; arabinose vs. fu- ranged between 11 % and 33 % during the Allergd and the
coser D 0:8,p < 0:001,n D 59; xylose vs. fucose: D 0:8, Younger Dryas in the Gemiindener Maar record. Hence, a
p < 0:001,n D 59). All sugar records show a clear shift to correction for the!®0 signal dampening may be required in
more positive values at the Younger Dryas—Holocene tranorder to take these vegetation changes into consideration. A
sition. While xylose and fucose exhibit a change 08 %o respective correction procedure based on mass balance con-
and 7 %, arabinose!80 values show a less pronounced Siderations is given in Eq. (10) in order to adjustO; to
shift of 3% (changes are based on the me&fO val- 180/*:
ues for the Younger Dryas compared to the Preboreal/Boreal
period). Xylose is however slightly more negative through-
out the Allergd and Younger Dryas compared to arabinose
and fucose. Consistently less pronounced changes can be ob-

Served fOI’ the A”erﬂd—YOUnger DryaS tranSition Of lg %0, The Correction presented in Eq (10) |S based on assump_
1.7%0 and 0.9 %o for xylose, fucose and arabinose, respections that 40 % (0.4) of the leaf water enrichment is lost dur-
tively (based on the meart®0 values for the Allerad com-  ing hemicellulose biosynthesis of grass leaves, which is well
pared to the Younger Dryas). A distinct minimum during the within the range of values presented in the literature for cel-
early Preboreal (633cm depth) characterises all tht®  |yjose synthesis in tree rings and grasses (Cernusak et al.,
sugar records. 2005; Liu et al., 2016). Furthermore, tReaceagoollen con-

The isotope compositions of leaf wan-alkanes and  centration in percentage is used to calculate the fraction of
leaf (hemi-)celluloses from higher plants are known to benon-grassy pollent qon-grasse® (100  Poaceay=100) cor-
strongly related to the water in which they are biosynthe-responding to the non-grassy biomarker contribution, which
sised. They basically re ect the isotope composition of leaf may serve as a rough approximation. For a paleo applica-
water during photosynthetic activity (Barbour and Farquhar.tion, 180, remains a priori unknown. Therefore, the inter-
2000; Cernusak et al., 2005; Kahmen et al., 2013; Sachsgept between the individual LELs (Eq. 6) and the LMWL
et al.,, 2012). Hence, the isotope signature of the paleo leagt Germany were used to generaf®Os values. Note that
water, 180y and 2Hj, respectively, can be reconstructed by the signal dampening effect described here for cellulose syn-
using biosynthetic fractionation factors (Fig. 5; Egs. 8 andthesis is likely not fully applicable to our approach using
9). For this purpose, fractionation factors 0160 %o for the  the sugar biomarker arabinose. In fact, pentoses like arabi-
n-alkanesn-Ca7 andn-Cag ("5, Sachse et al., 2012; Ses- nose are biosynthesised via decarboxylation of the carbon at
sions et al., 1999) an@27 %o for the hemicellulose sugar position six (C6) from glucose (Altermatt and Neish, 1956;
arabinose'¢8; Cernusak et al., 2003; Schmidt et al., 2001; Burget et al., 2003; Harper and Bar-Peled, 2002). Water-
Sternberg et al., 1986; Yakir and DeNiro, 1990) seem to bengyse et al. (2013) showed that the oxygens at C6 position
appropriate (Egs. 8 and 9). in glucose moieties are most strongly affected by the ex-

change with a local water medium of 80 %, as indicated by

n .
lBOI# D 180I lBOs fnon-grasse€ (1 0:4)

(0}
fron-grasses(1  0:4) C 180: (10)
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heterotrophic cellulose synthesis. Thus, arabinose has lost a Using the Gemiindener Madrvalues as input for Eq. (5),
strongly exchanged (dampened) oxygen and the remaininfRH values during daytime and vegetation period gRHan
pentose shows le$80 signal dampening. be calculated (scenario 1 in Table 1). Reconstructed,RH
With regard to thégio value of 160 %o, this biosynthetic values range from 32 % to 82% (Fig. 6b). The error bars
fractionation factor is con rmed by climate chamber studies covering the Gemundener Maar RHecord, calculated us-
of dicotyledonous plants (Kahmen et al., 2011, 2013; Tippleing pooledd, standard errors ranging from 3.2 %o to 44.4 %o
et al., 2015). However, the latter studies also reveal a rangaccording Eq. (7), resultin an RH uncertainty range of 1.7 %
of  35%o, interpreted as species-speci ¢ effects dunmg to 23.4%. The Rig, record shows quite large variability
alkane biosynthesis. The difference between dicotyledonousvith no clear trend during the Allergd and the rst half of
and monocotyledonousz®lants is much more pronounced the Younger Dryas. The late Younger Dryas and the early
the regarding the degree to which the leaf water isotope enand the middle Preboreal are characterised by lower RH
richment is transferred into leaf-alkanes (Gamarra et al., values. By contrast, the middle Preboreal reveals the most
2016; Kahmen et al., 2013). While dicotyledonous plantspronounced RH maximum. The mean reconstructegyRH
show signal transfer rates of 96 % on average (Kahmen evalue is 53% (mean Rig upper limitD 45 %; mean Rig,
al., 2013), a larger range of between 38 % and 61 % is foundower limit D 62 %; see Sect. 2.5). For comparison, the mod-
for monocotyledonous plants (Gamarra et al., 2016). The latern RHyy, value (06:00 to 19:00 CET from April to October)
ter implies that 39 % to 62 % of tHe leaf water enrichment  from the adjacent meteorological station Niirburg-Barweiler
is not recorded by tha-alkanes of grasses. Hence, like for (approx. 25km northeast of Gemiindener Maar (GM); hourly
180, a correction may be requested to account for grassedata from 1995 to 2015 from Deutscher Wetterdienst, 2016)

derivedn-alkanes: is 67 % (Fig. 6b). In addition, the range of the reconstructed
n . RHgy values of 50 % agrees well with the modern gMari-
2H*D  2H  %Hs  frongrasseE (1 0:5) ability of 45 %, within a range of 48 % to 93 % (de nition and
o meteorological station details as above). As proposed, in the
f non- (1 05) C 2Hg (12) ; i i ;
non-grasses S previous chapter, three correction scenarios can be applied

when reconstructing, and RHyy values in order to account
where 2H, are the grass-correctedH, values. The 2Hs  for 2H and*®0 signal dampening occurring in grasses.
values and the non-grassy pollen fraction are de ned as in Accordingly, the full correction for grass-derived alkane
Eg. (10). The mass balance correction presented in Eq. (114nd sugar biomarkers (scenario 4 in Table 1) results in
is based on assumptions that only 50 % of the leaf water en0.0% to 6.3% (mean 1.8 %) lower R{ivalues (RH*
richment is incorporated by thealkanes during biosynthe- in Fig. 6b). This corresponds td decreases of 0.0 %. to
sis in grass leaves. 12:0%o (d* in Fig. 6a). Such small changes are still far be-

In summary, the discussion outlined above allows recondow the pooled analytical standard errors. When only correct-
structing 2H= 80jgat.water(@nd thus RH results with Eq. 5) ing for the'80 signal dampening (scenario 3 in Table d;),
for four scenarios (see also Table 1): (i) without signal damp-values decrease by 0.0 %o t®2:7 %o, corresponding to RH
ening, (i) with grass-correctec?H values, (iii) with grass-  decreases of 0.0 % t012:0 % (d/* and RHy* in Fig. 6a and
corrected 180 values, and (iv) with grass-correcte?H and b, respectively). By contrast, when only correcting fortke

180 values. signal dampening (scenario 2 in Table 1), this leads to 0.0 %o
to 10.6 %0 more positive and 0.0 % to 5.6 % higherdgMal-
ues ¢ and RHyy in Fig. 6a and b). Overall, these results
suggest that the reconstructed ighalues are not strongly
affected by?H and'80 signal dampening of grasses.

We are aware that microclimatic conditions with higher
The biomarker-based leaf water valuesl 2H,, 180,via  RH values often develop in lower canopy levels of forests
Eqgs. 8 and 9) result il excess values of leaf wated;) (Graham et al., 2014; Parker, 1995). This may result in
ranging between 125 %o and 30 %o (Figs. 5 and 6a). This RH overestimations when applying the coupl@tn_akane-
is well within the range that can be expected. For instance, 1803ugar paleohygrometer approach. However, most leaf
Voelker et al. (2014) reported “deuterium deviations” (cal- biomass is produced at higher canopy levels, which are ex-
culated agl excess of leaf water minus 10 %o) ranging from posed to sunlight and free-air RH values. This is in agree-
0%oto 200 %o. And Mayr (2002) conducted climate cham- ment with a study of Zech et al. (2015), who investigated
ber experiments witNicia, Brassicaand Eucalyptusduring n-alkanes in soils of the tropical montane rainforest of Mt
his dissertation and measureéH and 180 of leaf water Kilimanjaro. There,n-alkanes re ect 2Hieaf-water @S calcu-

( BOjeaf.water and 18Osugars are published in Zech et al., lated from free-air RH rather than as calculated from nearly
2014b). Accordingly,d excess of leaf water ranged from saturated ground-level RH.

38%0 to 171 %o and correlates highly signi cantly with A basic assumption of our couple&Hn.a|kane— 18OSugar
RH (ranging from 21 % to 68 %). palechygrometer approach is isotopic equilibrium between

3.3 Reconstructing relative humidity based on the
coupled  2Hp_aikane— “8Osugar palechygrometer
approach
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Table 1. Scenarios 1-4 used for reconstructing deuteridyrekcess of leaf water and correspondingdgMalues in order to assess/estimate
the effect of variable grass contributions on the reconstructed Gemiindener Maar RH record (see also Fig. 6).

Scenario  Leaf water reconstructed  Equations used for leaf Resdlérgess  Relative air humidity

from n-alkane or sugar water reconstruction of leaf water as during daytime and
biomarkers input for Eq. (5) vegetation period
according Eq. (5)
1 2H,= 180, (8) and (9) d RHgy
2 2H, = 18g (8) and (9)C (11) d RHgy
3 2H,= 18g# (8)C (10) and (9) d RHg*
4 2y, = 18g* (8)C (10) and (9C (11) d/* RHg"

Figure 6. (a) Deuterium ¢l) excess depth pro les of reconstructed leaf watgi(black line): no correction for grasse; (light blue line):

2H corrected for grasses” (light red line): 180 corrected for grasseg;* (light green line): 2H and 180 corrected for grasses. The
error bars ofd) values are calculated according to Eq. () Reconstructed R¥, records. Modern RH variability during daytime and
vegetation period (RK,) is displayed as a box plot derived from the adjacent meteorological station Nurburg-Barweiler, using monthly
means from April to October between 06:00 and 19:00 CET (based on hourly data from 1995 to 2015; Deutscher Wetterdienst, 2016). The
numbers within the box plot represent the maximum, median and minimum vé)&epth pro le of Poaceagpollen. Additionally, the
resampled data points (black points) are displayed. The GM1 core picture with the used age markers are displayed on the left. AL: Allerad;
LST: Laacher See Tephra; YD: Younger Dryas; PB: Preboreal; BO: Boreal.

plant source water and water vapour. In order to test theand recalculated the RH values. This recalculation leads to
robustness of this assumption and respective effects on rean average RH change of onlyl:7 % ( 0:9), which is far
constructed RH values, we used data of Jacob and Sorbelow the analytical errors of tllbexcess of leaf water.

ntag (1991), who measured the isotope composition of pre- Finally, the stability of thed excess and slope of the
cipitation and of atmospheric water vapour in Heidelberg, LMWL germanythrough the past needs to be discussed. Ac-
Germany, during the period 1981 to 1989. The mean dif-cording to Stumpp et al. (2014), the long-tedrexcess of
ference between the annual weighted means of precipitatioprecipitation from 28 sites in Germany does not show pro-
( plant source water) and the water vapour averaged ovenounced relationships to local climate conditions of the site.
the vegetation period (April-October) was therefore calcu-All reported values are close to 10 %o, which indicates that
lated. Such derived apparent fractionatidgp amounts to  Atlantic air masses are the main moisture source for Ger-
18.3 %o and 1.57 %o on average fi and80, respectively. many (e.g. Rozanski et al., 1993). In addition, theex-

We used this'ap in Eq. (1) instead of the difference ¢ cess of precipitation from the stations Trier and Koblenz,
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Figure 7. (a) Reconstructed Gemundener Maar (GM) RHecord. The bold line shows the three-point moving average. Error bars and
the blue-shaded area indicate analytical uncertainties calculated according to error propagation(§EdntQal1314C production rate,
Greenland ice-core (GRIP, GISPﬂBe ux record (both from Muscheler et al., 2014) and South Iceland Rise planktieQdgierived

water temperatures from RAPID-12-1K (squares; 10000 to 11 800 a BP) and RAPiD-15-4P (circles; 10900 to 13200 a BP). RAPID-12-1K
and RAPID-15-4FG. bulloidesandG. in ata data from Thornalley et al. (2009) and Thornalley et al. (2010), respectively. RAPID-15-4P

N. pachydermalata from Thornalley et al. (2011). Note that each record is plotted on its own timescale (for plankteiia Mata, see
Thornalley et al., 2009, 2010; fdPBe data on GICCO05, see Rasmussen et al., ZOOéf*(bldata on IntCall3 calibration curve, see Reimer
etal., 2013; for Rlg, data on GM age—depth model, see Fig. 2d). AL: Allergd, LST: Laacher See Tephra, YD: Younger Dryas, PB: Preboreal
and BO: Boreal.

which are close to the Gemiindener Maar, reveal rather smaB.4 How dry was the Younger Dryas in western Europe?
variability on a monthly, annual and long-term basis. For

Trier monthly averaged excess values (March to October) hjle it is well known that the Younger Dryas was a cold
range from 5.3 %o t0 8.7 %. Annually weighted medm®x-  gspell occurring in the Northern Hemisphere during the Late
cess values range from 1.9%o t0 10.6 %, and the long-termgjacial (Denton et al., 2010; Heiri et al., 2014; Isarin and
weighted mean is 6.7 %o gz:z); for Koblenz thegj €XCess  Bphncke, 1999), there is much less clear evidence concern-
values range between 2.1 %o and 6.4 % and 1.4 %. and 8.7 %qng moisture supply or availability and RH changes during
and the long-term weighted mean is 4.1 %018) (derived e Younger Dryas. The Gemiindener Maarggkcord sug-

from IAEA/WMO, 201_8)-_ Finally,d excess variability i gests quite some variability but on average moderatg,RH
Greenland and Antarctic ice cores does not exceed 4 %o OVe&onditions of 56 % during the end of the Allergd and the

the timescale relevant here (Masson-Delmotte et al., 2005t half of the Younger Dryas. This is within the range of
Stennietal., 2010). In addition, paleowater samples from Eunggern RH, values (Fig. 6b). In the second half of the
rope suggest that thleexcess of precipitation was rather con- Younger Dryas, a clear Rif decrease of 11% occurred
stant throughout the past 35 000 years, which implies thatthg,:ig_ 7a). Such a two phasing of the Younger Dryas has
principle atmospheric circulation patterns over the Europeanggp suggested previously based on multiproxy climate data
continent did not .ch.ange. substantially (Rozanski, 1985). Ings, western Europe (Isarin et al., 1998). In more detalil, Is-
summary, the variations in the slope of the LMWL of Ger- 4in et al. (1998) reported a cold and humid rst phase be-
many are assumed to be rather small over longer timescale%g followed by drier and warmer conditions. It is more-
The detailed discussions in the above three sectiongyer speculated that a shift in the mean sea-ice margin dur-
agdress humerous uncertainties when using the coupleghy winter in the North Atlantic Ocean slightly to the north
“Hn-alkane- “*Osugar paleohygrometer approach. Conclu- ¢oyid have caused this two phasing. Reduced cyclonic activ-
sively, the reconstructed Ry history of the Gemiindener it and precipitation thereby primarily affected western Eu-
Maar seems, however, robust enough to infer reliable palergpe pecause this region was situated at the southern mar-
oclimatic or hydrologic conclusions. gin of the main storm tracks during the rst Younger Dryas
period (Isarin et al., 1998). The authors also presented evi-
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dence for the strengthening of the westerly winds in west-tion, n-C,3 concentrations oBetula exilisand Betula pen-
ern Europe as consequence of northward-shifted North Atdulareached 653 and even 2323 pdign that study. This is
lantic Ocean sea-ice margin during the late Younger Dryashighly relevant, because the biosynthetic fractionation factor
period. This contradicts, however, with the interpretation of of aquaticn-alkanes is much smaller than the one of terres-
the Meerfelder Maar sedimentary record. Here, the thickertrial n-alkanes. Minor changes in the contribution of terres-
varves during the early Younger Dryas (between 12 680 andrial vs. aquatim-alkanes will thus have a considerable im-
12 240 varve aBP) are used along with geochemical resultpact on the reconstructedH n-Cps record and in turn on
as indicator of stronger winter winds (Brauer et al., 2008).reconstructed RH values when applying the dual-biomarker
In line with this, Brauer et al. (1999) interpreted high bio- approach. Finally, it may worth acknowledging that Sachse
genic opal contents arféediastrumremains concentrations et al. (2004) found no signi cant correlation foPH of n-
during the early Younger Dryas as enhanced aquatic proCpz and lake water and precipitation along a European lake
ductivity due to an increased nutrient supply caused by soikurface transect.
erosion and the reworking of littoral sediments. The varve Also recently and also applying the dual-biomarker ap-
formation throughout the second Younger Dryas period (beproach, Muschitiello et al. (2015) studied Younger Dryas
tween 12240 and 11590 varve a BP) is interpreted to bdake sediments from Hasseldala Port in southern Sweden.
mainly controlled by snowmelt-driven surface runoff (Brauer Here, the authors used?H of n-C,; as a proxy for lake
et al.,, 1999). Moreover, the authors speculate if during thatwater and summer precipitation. The calculated difference
time the Meerbach began to drain into the Meerfelder Maarbetween terrestrial and aquaticalkane 2H values sug-
which could be possibly linked to enhanced precipitation gests more humid conditions at the beginning of the Younger
amounts. In summary, the interpretations derived from theDryas followed by a more or less steady trend towards drier
Younger Dryas sediments of the Meerfelder Maar by Brauerconditions, peaking around 11 700 a BP (Muschitiello et al.,
et al. (2008, 1999) seem neither to be in accordance with th015). Within age uncertainties, this would be in line with
results of Isarin et al. (1998) nor with the establishedgRH the Gemiindener Maar R{d minimum between 11700
record of the Gemundener Maar (Fig. 7a). and 11900aBP. Last but not least, Gazquez et al. (2018)
Recently, Rach et al. (2017) reconstructed RH changesnalysed triple oxygen and hydrogen isotopes of gypsum in
and generally dry Younger Dryas climatic conditions by in- the southern Pyrenees and thus reconstructed RH changes.
vestigating 2H of terrestrially versus aquatically derived Again, more humid conditions are reported for the beginning
alkanes (published in Rach et al., 2014) from the Meerfelderof the Younger Dryas.
Maar archive. At the current state of research, it can only In search of possible drivers or mechanisms for the ob-
be speculated about the reasons for this discrepancy, witkerved Gemiindener Maar RfHecord, we came across the
our Gemiindener Maar RH record not corroborating an overd4C production and®Be ux rates (Fig. 7b), derived from
all dry Younger Dryas. While the uncertainties of the cou- IntCall3 and the Greenland ice cores (GRIP, GISP2), re-
pled 2H;, alkane 1805uga, paleohygrometer approach were spectively (Muscheler et al., 2014). These records are com-
discussed in detail in the previous sections, in our opinion themonly interpreted in terms of solar activity (and thus insola-
most important uncertainties affecting the dual-biomarkertion) changes (Stuiver and Braziunas, 1988; Vonmoos et al.,
approach of Rach et al. (2014, 2017) are the following. First,2006) and reveal striking similarities with our Gemindener
lake water is assumed to re ectH of precipitation. Indeed, Maar RHyy, record. For instance, all three records reveal quite
Holzmaar, which seems to be comparable to the Meerfeldehigh centennial-scale variability during the Allergd and the
Maar at least for the drainage conditions via one creek, showgst half of the Younger Dryas. Generally low Ri values
a difference of 7.4 %o in2H between in ow and lake water ~during the second half of the Younger Dryas and the Early
(Sachse et al., 2004). This lake water enrichment is likelyPreboreal coincide with high solar activity, whereas the pro-
to have been variable in the past, especially when includnounced R, maximum from 11260 to 11 050aBP coin-
ing the speculation concerning the drainage of the Meerbacltides within age uncertainties with a pronounced solar ac-
during the Younger Dryas (Brauer et al., 1999). Second, tivity minimum (Fig. 7). We dub this wet period the “Pre-
Cosis interpreted to be of aquatic origin (froRotamogeton  boreal Humid Phase”, which should not be confused with
and used for reconstructin(jH|ake_water However, there is  the Preboreal Oscillation (Bjorck et al., 1997). The Prebo-
increasing evidence that-Cp3 is also of terrestrial origin  real Oscillation is a short cold event recorded in Greenland
(Rao et al., 2014). For instance, Aichner et al. (2018) haveice cores 11400ka (Rasmussen et al., 2007) and led to
recently shown for a lake in Poland th&C,3 shows a vari- more arid conditions at least in the Netherlands according
able mixture of aquatic and terrestrial origin in those Lateto palynological results (Bos et al., 2007; van der Plicht et
Glacial and Early Holocene sediments. And birch as a pi-al., 2004). These pollen records also show the existence of
oneering and one of the dominant tree species during Lata pronounced humid phase thereafter, thus corroborating the
Glacial reforestation of central Europe is known to producePreboreal Humid Phase. Widespread glacial advances in the
considerable amounts of mid-chairalkanes (Tarasov etal., Alps are also attributed to the Preboreal Oscillation (Moran
2013). Although they are not included in the latter publica- et al., 2017). However, given the dating uncertainties they
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may actually rather re ect increased precipitation during the discussion. A correction for the signal dampening of leaf
Preboreal Humid Phase. water 2H=180 enrichment occurring in grasses is possible
It should be emphasised, that the described similarities bebut seems negligible in the case of the Gemundener Maar
tween the Gemiindener Maar RHecord and the solar ac- record.
tivity records do not allow an a priori causality interpretation.  The detailed discussion of possible uncertainties of the
It is widely accepted that the Younger Dryas and the Prebo-applied coupled 2Hp-alkane 1803ugar paleohygrometer ap-
real Oscillation are related to freshwater forcing in the North proach suggests that robust RH reconstructions are possible
Atlantic (e.g. Fisher et al., 2002; Murton et al., 2010; Muschi- for the Gemiindener Maar record. The reconstructed RH val-
tiello et al., 2015). However, the causes and mechanisms rases refer to daytime and vegetation period ¢RH
sponsible for climate and environmental changes during the The established Gemiindener Maar RIrecord supports
rest of the Holocene remain vague, and more research includa two phasing of the Younger Dryas with moderate wet con-
ing paleoclimate modelling is clearly needed and encourageditions at Allergd level during the rst half and drier con-
to investigate the possible in uence of solar activity (Renssenditions during the second half of the Younger Dryas. Over-
et al., 2007; Rind, 2002). We propose that both the North At-all, dry climatic conditions characterising the Younger Dryas
lantic Ocean temperature and solar activity (the latter trigger-could not be corroborated. Unexpectedly, the amplitude of
ing solar insolation) were the two main drivers for theH RHgy changes during the Early Holocene was more pro-
variability in central Europe. A key example might be the nounced than during the Younger Dryas and includes a pro-
Preboreal Humid Phase. It can be expected that the Nortlhounced Preboreal Humid Phase occurring frorhl 260 to
Atlantic Ocean, the main moisture source for central Europe 11 050 a BP. We propose North Atlantic Ocean temperature
already had considerably higher temperatures during the Preand solar activity (and thus insolation) as the main drivers for
boreal Humid Phase compared to the Younger Dryas, as inditate Glacial-Early Holocene RH changes in central Europe
cated by a consistent 2 Cincrease in MgCa temperatures and encourage respective paleoclimate modelling studies in
derived from planktonic foraminifera3loborotalia in ata, order to validate or falsify our proposition.
Globorotalia bulloidesandNeogloboquadrina pachyderma
in a marine sediment core south of Iceland (Fig. 7b, Thornal-
Iey et al., 2009, 2010, 2011)_ This led to an enhanced moisData availability. The data are available in the Supplement, in-
ture content of the atmosphere. When these wet air masse#uding sampling depth, calculated ages, measufet}. aianeand
were transported onto continental Europe, where low so- — Osugar Values, recgnstrlugctedzH: 180eat.wates d excess of
lar insolation inhibited warming up and drying of these air '€af water, Ridy, and “H= ““Osource-watevalues.
masses, pronounced humid climate conditions were estab-

lished.
Supplement. The supplement related to this article is available

online at: https://doi.org/10.5194/cp-15-713-2019-supplement.
4 Conclusions
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Tab. S1: Weighted mean ’H valuesof leaf wax-derived n -alkanes (n-Cy;and n-C,g) and %0 valuesof hemicellulose-derivedsugar (arabinose).
The reported standard errors representthe analytical uncertainties. Also calculated/reconstructed P+ }80|Ea(4water, d-excessof leaf water, mean
daytime vegetationperiod relative humidities (RHg,), and P+ ?SOSDU,CE,Wa(e, valuesare displayed. The reported uncertainties of d-excessand RH

represent expanded uncertainties calculated using the uncertainty propagation law.

Measured Calculated/Reconstructed

Depth Age /an -alkane llsosugar /ZH leaf-water /lsoleaf-waler d-excess of leaf watei RHdV /2H source-water /lsoscurce-waler
[cm] [a BP] >A@ >A@ >A@ >A@ >A@ [%] >A@ >A@
607.5 10139 -163.7+ 3.3 36.1+ 0.9 -4.4 8.9 <73+ 25 59+ 13 -49 -7
608.5 10180 -156.8+ 2.7 36.6+ 1.2 3.9 9.3 -68+ 21 61+ 11 -38 -6
609.5 10222 -159.0+ 0.5 37.8+ 0.7 1.2 105 -80+ 4 55+ 2 -48 -7
611.5 10305 -205.3+ 1.8 30.7+ 0.5 -53.9 3.6 -81+ 14 54+ 7 -104 -14
612.5 10346 -205.4+ 1.9 36.4+ 0.1 -54.1 9.2 -125+ 15 32+ 8 -129 -17
615.5 10470 -146.0+ 1.4 38.8+ 0.3 16.6 115 -72+ 11 59+ 6 -28 -4
617.5 10553 -170.9+ 0.9 38.2+ 0.9 -13.0 10.9 97+ 7 46+ 4 -72 -10
619.5 10636 -159.2+ 1.2 37.3+ 0.2 0.9 10.0 17+ 9 57+ 5 -46 -7
620.5 10678 -173.7+ 1.4 40.6+ 0.5 -16.3 13.2 -118+ 11 35+ 6 -87 -12
622.5 10761 -200.1+ 0.0 35.3+ 0.2 -47.7 8.1 -110+ 0 39+ 0 -114 -15
623.5 10802 -194.9+ 2.1 37.9+ 1.0 -41.5 10.7 -124+ 16 32+ 9 -115 -16
624.5 10844 -202.8+ 1.7 36.8+ 0.4 -50.9 9.5 -125+ 13 32+ 7 -125 -17
625.5 10885 -166.8+ 1.8 37.1+ 0.4 -8.0 9.8 -84+ 14 53+ 7 -59 -8
626.5 10927 -174.6+ 2.4 374+ 05 -17.4 10.1 96+ 19 47+ 10 -75 -10
627.5 10968 -179.2+ 2.2 36.7+ 1.0 -22.9 9.5 -96+ 17 47+ 9 -81 -11
628.5 11010 -171.6+ 0.6 36.6+ 1.0 -13.8 9.4 -86+ 5 52+ 2 -66 -9
629.5 11051 -170.4+ 0.2 324+ 2.7 -12.4 53 53+ 3 69+ 2 -46 -7
630.5 11092 -173.0% 1.3 325+ 0.6 -15.4 53 -57+ 10 68+ 5 -51 -7
631.5 11134 -170.2+ 1.1 341+ 0.4 -12.1 6.9 -65+ 9 63+ 5 -52 -7
632.5 11175 -169.0+ 2.7 34.1+ 0.2 -10.7 6.9 -64+ 21 64+ 11 -50 -7
633.5 11217 -174.8+ 2.2 28.6+ 0.6 -17.7 1.6 -30+ 17 82+ 9 -38 -6
634.5 11258 -169.2+ 0.8 34.2+ 0.6 -11.0 7.0 -65+ 6 63+ 3 -51 -7
635.5 11300 -189.2+ 2.5 36.3+ 1.6 -34.8 9.1 -105+ 19 42+ 10 -98 -13
636.5 11341 -177.5% 2.0 35.6+ 0.4 -20.9 8.4 -86+ 15 52+ 8 -73 -10
637.5 11383 -170.1+ 3.9 38.0+ 1.5 -12.0 10.7 -95+ 30 47+ 16 -69 -10
639.5 11466 -172.5+ 1.9 40.1+ 1.4 -14.8 12.8 -113+ 15 38+ 8 -83 -11
640.5 11507 -165.1+ 4.2 36.6+ 0.3 -6.0 9.3 -78+ 32 56+ 17 -54 -8
641.5 11549 -181.7+ 1.2 33.1+ 0.7 -25.8 5.9 72+ 9 60+ 5 -70 -10
643.5 11630 -202.3+ 2.0 32.1+ 0.2 -50.4 4.9 -88+ 15 51+ 8 -104 -14
644.5 11669 -181.1+ 1.6 344+ 0.3 -25.1 7.2 -81+ 12 55+ 6 -74 -10
645.5 11709 -199.1+ 0.9 334+ 04 -46.6 6.2 94+ 7 48+ 4 -104 -14
647.5 11788 -200.4+ 3.3 35.7+ 0.5 -48.1 8.5 -114+ 25 37+ 13 -116 -16
648.5 11828 -193.5+ 0.8 34.2+ 0.2 -39.9 7.0 -94+ 6 48+ 3 -97 -13
649.5 11867 -212.3+ 2.6 346+ 0.3 -62.3 7.4 -119+ 20 35+ 10 -134 -18
651.5 11947 -186.7+ 1.8 33.0+ 0.2 -31.8 5.8 77+ 14 57+ 7 -79 -11
652.5 11986 -188.8+ 1.3 30.9+ 0.4 -34.3 3.8 -64 + 10 64+ 5 -74 -10
653.5 12026 -186.3+ 1.4 325+ 0.5 -31.3 5.4 <73+ 11 59+ 6 -76 -10
656.5 12145 -196.4+ 0.6 33.8+ 0.7 -43.4 6.6 95+ 5 48+ 2 -101 -14
657.5 12185 -167.2+ 5.8 34.3+ 0.4 -8.6 7.1 -63+ 44 64+ 23 -48 -7
659.5 12264 -201.2+ 0.6 32.7+ 0.7 -49.0 55 92+ 5 49+ 3 -105 -14
660.5 12303 -191.6+ 1.1 28.1+ 0.8 -37.6 1.0 -46+ 8 73+ 4 -67 -9
661.5 12343 -210.7+ 1.9 32.0+ 0.7 -60.4 4.8 -98+ 15 46+ 8 -119 -16
663.5 12422 -197.5+ 0.7 33.0+ 0.5 -44.6 5.9 -90+ 6 50+ 3 -99 -13
664.5 12462 -189.2+ 4.9 34.1+ 0.7 -34.8 6.9 -88+ 38 51+ 20 -88 -12
665.5 12502 -171.2+ 4.6 33.2+ 0.1 -13.3 6.0 -60+ 35 66+ 19 -50 -7
667.5 12581 -185.8+ 1.1 349+ 0.4 -30.8 7.7 -90+ 9 50+ 5 -85 -12
668.5 12621 -216.0+ 2.9 33.6+ 0.1 -66.6 6.4 -116+ 22 36+ 12 -136 -18
669.5 12660 -173.6+ 1.4 30.7+ 0.0 -16.2 3.6 44+ 11 74+ 6 -44 -6
671.5 12766 -172.7+ 1.5 33.1+ 0.4 -15.1 6.0 -61+ 11 65+ 6 -53 -8
672.5 12823 -192.5+ 0.0 325+ 0.8 -38.7 53 -80+ 1 55+ 0 -87 -12
673.5 LST nd. * nd nd #* nd n.d. n.d. n.d. + n.d. nd. £ nd. n.d. n.d.
679.5 LST nd. * nd. nd £ nd n.d. nd. n.d. + nd nd. * n.d. n.d. n.d.
681.5 12919 -176.8+ 1.8 35.7+ 0.4 -20.0 8.5 -85+ 14 52+ 8 -72 -10
682.5 12938 -175.0+ 2.3 334+ 04 -17.8 6.2 -66 + 17 63+ 9 -59 -8
683.5 12957 -177.0% 2.4 348+ 1.1 -20.2 7.6 <79+ 18 56+ 10 -68 -9
685.5 12996 -179.6+ 1.5 354+ 0.1 -23.3 8.2 -86+ 12 52+ 6 -76 -10
687.5 13035 -221.3+ 2.3 33.2+ 0.3 -73.0 6.0 -120+ 18 34+ 9 -144 -19
688.5 13054 -184.3+ 2.3 35.0+ 0.5 -28.9 7.8 -89+ 18 50+ 9 -83 -11
689.5 13074 -177.1+ 3.4 29.5+ 0.6 -20.3 24 -39+ 26 77+ 14 -46 -7
692.5 13132 -182.3+ 2.4 345+ 0.6 -26.6 73 -83+ 19 54+ 10 -77 -11
693.5 13151 -169.0+ 3.0 35.9+ 0.1 -10.7 8.6 -77+ 23 57+ 12 -58 -8

n.d. = not determined; LST = Laacher See Tephra
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Abstract

During the Iat decade, compoundpecific ¥H analyses of leaf wasterivedn-alkane biomarkers became

a popular tool in paleoclimate and particularly paleolimnological research. More recentlifioadty
compoundspecific WPO analyses of plantlerived sugar biomarkers emerged as paleoclimate proxy. By
applying both tools to the Late Glacial to Early Holocene sedimentary archive of Lake Bergsee, Black Forest,

Germany, we aimed at contributing to the paleoclimate reconstructib@entral Europe.

A prerequigie for the interpretation of ’Hand WOrecords obtained from sedimentary biomarkers is the
knowledge about the primarily terrestrial or aquatic origin of the investigated biomarkers. Thehany
n-alkanes of Lake Bergseaeflect the vegetation history as derived from pollen results and can be
attributed with reasonable certainty to terrestrial sources/plants. Similarly, the high relative abundance
of fucose stongly suggests a primarily aquatic origin of the sugar biensaily contrast, the origin of the
mid-chainn-alkanen-Gysis prone to large uncertainty because it can be produced in high amounts by both
terrestrial plants such as birch and aquatic organisms. Moreover, a straightforward interpretation of the
terrestrial Vibh.akaneand theaquatic WPOsugarecords of Lake Bergsee is challenging due to unknow degrees

of evapo(transpi)rative enrichment of leaf and lake water, respectively.

Finally, we tested the applicability of tlecently proposedZ pbimmarkerapo E} Z[ v SZ Z }u %0
WHhakane - WOsugar %0 %0 E} Z[ * %o}es] 0 3}}oe (JE E }ve3Ep 3]vP & o §]A
evaporation. Our discussion concering possible uncertainties advices, however, caution. In the case of Lake
Bergsee, we refraiftom applying the ‘duabiomarker approach' because (i) lake water enrichment cannot

be excluded but is rather very likely, (iGs is no robust aquatic biomarker and (i§Z Z%xvalue of
aquaticn-alkanes is an issue of major uncertainty. Mihanges in the contribution afquatic versus

terrestrial n-Gys are likely to have a significant influence on til record on-Gs. We also refrain from

applying the — } U %o BHh.aidiMe - WEOsugar approach’, because neither a relialjyire terrestrial nor a
reliablepure <p $]%, wv %@ coupling is possible based on the source identification results for Lake

Bergsee.
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1 Introduction

The analyses of lipid biomarkers became a popular tool in paleaamviental and-climate researcle.g.
Sachse et al. 2012; Diefendorf and Freimuth 20b&)aleolimnological studiefr instance, tle hydrogen
isotopic compositiorirom aquaticderived lipidg <p $]?Hvomshort- and midchainn-alkanes anah-
alkanoic acidsjrom lacustrine sedimentary archivese usedfor reconstructing the hydrogeisotope
composition of lake watef¥Haxewater) 2and consequentlyprecipitation (e.g. Jacob et al. 2007; Seki et al.
2011; Rach et al. 2014; Muschklto et al. 2015) Due tolake evaporation, &ke water can beome
isotopically enriched, thuseakening the direct link to the precipitation sigrielou et al. 2008; Hepp et
al. 2015) Alternatively, leaf waxderivedlipid biomarkers(e.g. longchainn-alkanesand n-alkanoic)are
extraded from lacustrine sediments and measured in order to obtain terrestdalpoundspecifc H
values(e.g.Sachse et al. 2006; Rao et al. 20I4)osevalues in turn reflect the isotope composition of leaf
water from higher terrestrial plants grown in the catchment, which can be related to precipitation
modified by leaf watefH enrichment caused by evapotransgtion (Kahmen et al. 2013; Zech et al. 2015)
The extent of leaf and lake water evapo(transpi)rative enrichment is mainly drivealdiive humidity
normalized to leaf temperaturéas e.g. reviewed b@ernusak et al. 201&ndinflow (input) toevaporation
ratio as well as relative humidity normalized to lake temperaierg. review bysibson et al. 2016yVhen
leaf/lake water enrichment cavot beruled out, theinterpretationof iH,.akanebasedclimate proxiehave

to remainoften qualtativ. Comparable to theviH,.akane COMpoundspecific oxygen stable isotopetfO)
analysisof individual sugar biomarkemsffer insight iio the isotopic composition of precipitatiofZech
and Glaser 2009; Zech et al. 2014¥hen the sugars originate from aquatic sources, they reflect lake
water and can thus be interpreted either in terms of reflectivfO of past precipitation or as
precipitation/evaporationproxy due to lake water evaporativ€O enrichment(Hepp et al. 2015)When
sugars originate prierily from terrestrial sources,they reflect precipitation modified by
evapdransprative enrichment ofeaf water(Tuthorn et al. 2014; Zech et al. 2014E)erecently proposed
coupling } ( Ath-akaneresultswith WOsugarresults(Zech et al. 2013futhorn et al. 2015; Hepp et al. 2017)
as well aghe [ p-womarkerapproach[(using the difference betweeterrestrial and aquaticn-alkane
ViH values Rach et al. 201%ave the potential to overcomthe above mentionedimitation/uncertainty
caused byunknown evapo(transpi)rativeenrichment using single WHh.akane and WQOsugar records
Moreover,such coupled approachedlow relative humidity reconstructiosyandmay thus contribute to

respective quantitative paleoclimate resear@ley and Hre2018 Gazquez et al. 2018)

With our study we aimed at carbuting to the Late Glacial Early Holocene paleoclimate reconstruction

of Central Europe by investigatititge sedimentary archive of Lake Bergsee in the Black Forest, Germany.

3
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More specificallywe present (i) sedimentary bulkotal organic carbon/nibgen, W*C and WN) and
biomarker(n-alkanes and sugargyoxiesand discuss their potentiéimitations for source identification,
~]PHMkane v ¥Dsugarrecordsand discuss their potentiéiimitations for reconstructing paleoclimatic
conditons v ~]]]* e Hee S§Z % }S vS] olo]Ju]d 3]}ve }( %o %o olfidmdrkes Z
%% E} Z[ VvV IHhikd%o o¥Osue %% E} Z[ 8} JuE > 1. EP. E }E

2 Material & Methods

2.1Lake Bergsee

Lake Bergsee-60£RAO[ii[[ U 0 6if sidateddE 382 m as.l. on the foothill of the southern Black
Forest Baden Wirrtemberg, GermaiiBecker et al. 2006 around 2 km north of Bad Sacking@ig. 1A
Themodernlakeis maximum335 mlong and250 m wide, representing the small lake surface anith
maximum water depth of 13 m. The naturehtctment area is rather small with.062 kn#, restricted to
the surrouncded slopes which are densly coverd by forest vegetafidre lake has no natal inflow andis
only fed by precipitation and groundwatefhe creek Seebachle is the natural outlet of the |I&ace
1802/1803 the water level of Lake Bergsee is controlled viacmnection to the closdy creek
Schopfenbach, which eniged thecatchment area by 10 kri (Becker et al. 2006¥he lake is located in a
basin formed by the Riss glacier, embeded in the crystalline basement of maiffeynian gneisses
(Becker and Angelstein 2004; Becker et al. 20D6)ailed pollen profiles of Lake Bergsee sediraamne
published byBecker et al(2006) up to the maximum depth of 20.7m (coveringapproximatly the last
30,000 3. Addtionally, the authors show chironomid assemblages and geochemical ré3ufisatOualid
et al. (2017) interpreted pollen results froma master coresection between1571 and 28% cm
(corresponding to mage interval between 1200 and 45000a calBP)based on anost recenttwin coring
campaign in November 201Bollen analysishoweverwas already performed until master core depth
of 1350 cm.

1A
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Fig.1: A) Maps depicting the Lake Bergsee location in Europe and in the Southern Black Forest Region.

Blue shaded areas show the glacier extend during the Last Glacial Maxfoumermore, the actual

bathymetric map of Lake Bergsee is shown, highlighting the coring position with a red dot. B) Lake Bergsee

Late Glacial/Holocene agiepth model, comprising th¥C datesbtained byDupratOualid et al(2017)
shown in blue, the Laacher S€ephra is marked with a light blue cross and the orange anealk Snewly
added*C agesbtainedfrom microfossis found during thecore samplingcampaignfor this study, see
Tab. 1

Mean annual precipation over theLake Bergsee is 1159 mm. Typicdlie January is the coldest month
within the year,revealinga meanair temperature of 0.9°C. July is in average the watmasnth with
19.2°C Data are means of the measuring period between 1981 to 2010 fronaghemeteorological
station Bad Sackingeat 339 m a.s.Deutscher Wetterdienst)

2.2 Core detailssamplingstrategyand agedepth model

Iv §Z YuEe+ }( $Past%l@Eipl Termingtv v pE } %eoresivérg retrieved(BER 131 &
BER 132), close to the Livingston piston core BL2B&fcker et al(2006) as overlapping twin cores
(DupratOualid et al. 2017)Coring was arried out with a lvingston pistoncorer (UWITEC, Mondsee,

Austria)from a floating platformThemaster corewith 2850 cm lengthwas established usingagnetic

5
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123  susceptibility measurements and higbsolution core imagindDupratOualid et al. 2017)The most
124  recent cored Lake Bergsee sediments coaggroximaely the last45,000 a, as derived from the age
125 depth model(DupratOualid et al. 2017)

126  The samplemvestigatedn this studyoriginatefrom a1.50m long part of BER 1®Lrepresenting anaster
127  coresection betweenl455 and 165 cm depth Samplesvere taken in 1 cm resolution. Aftesampling,
128 the sediments were driedt 40°C andhomogenizedgrinded) before further analysis. All laboratory work
129 and measurements were doreg the Martin-LutherUniversity HalléVittenberg, Institue of Agronomy

130 and Nutritional Science&roup of Soil Bgeochemistry

131 Fordetailedinformation about the agelepth model the reader is refered DupratOualid et al(2017)
132 Within this study the agelepth model was refied by “C analysis 0 macrofossil§ound duringcore
133 sampling(Tab.1). Radiocarbon analysis and calibration was carriedrotite Laboratory for the Analysis
134 of Radiocarbon at the Universityf Bern, using accelerator mass spectrometrin summary, the
135 investigated core section is basamh 5 1“Cmarcofossidates and2 of wood/needleand woodmaterialin
136 1461.7 and 1563 cm composite deffbupratOualid et al. 2017gand represents théate Glacial tdzarly
137  Holocene transition16,000 to 10750 acal BPFig. 1B.

138 Tab. 1. New microfossil radiocarbon data obtaineftom Lake Bergsesediment coreBER 131.

139

140

141 2.3 Bulk sedimentary analysis

142  An EuroVector EA 3000 elemental analyzer (Hekatech, Wegberg, Germany) coupled via a Conflo Il
143 Interface to a Delta V Advantage isotope ratio mass spectrometer (IRMB;from Thermo Fisher

144  Scientiic, Bremen, Germanyvas usedor the analysis of total carbon (TC), total nitrogen (TN), carbon
145  1¢}8}%  Ju%}¥EdIvv-w]SELIP v 1+}5}% SN} %ei} edlibfanon-standardmaterials
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from the International Atomic Energy Agency (IABAJ United States Geological Surv@ySGS) with
known total carbon, nitrogentC and'®N contentswere used(IAEA N2, IAEA CH6, IAEA NO3, IAEA CH7,
IAEA 305A, USGS)4The isotope compositions are expressed relative to an international standard in the

c}uu}v -motation (e.g.Coplen, 2011*3C: Vienna Pee Dee Belemnite, VPENg; atmospheric  Air).

2.4 Biomarker and compoundpecificisotope analysis
Free lipids were extracte?¥4 husinga soxhlet systenfBehr LabofTechnik, R 106 S),stantly rinsed by
solvent (dichloromethane:methandh a ratio of 9:1). After evaporation of the solvenby a rotary
evaporabr, the total lipid extrat was dissolvedagainand transfered to a pipette column fled with
UJv}% E}% Co <]o] P o ~Thpeho ddfeyeht 8dlventsuefdcreasing polarity r-hexane
dichloromethane:methanol in aatio of 1:1 diethyl ether + acetic acid in a ratio ©f19)were usedto
successivelglute the fractiongnonpolar fraction, including 4alkanes; more polar fraction, including e.g.
alcohols; acidsrom the pipette columnQuantification ofn-alkanes was performedmoa G52010 series
gas chromatograpkquipped with a flame ionization detector (0D Shimadzu, Kyoto, JapaiAG -Cyo
saturatedn-alkane standard mixture (Supelco 4948%in three different concentrations (10, 50 and 100
pa/ml) was co-analyzedin each batch several times, aned as quantification standds via linear
calibration Thecompoundspecific iHh.akane @analysisvas realized on @race GC 200fbupled to a Delta
V Advantage IRMS \adH-pyrolysis reacto(GC IsoLinkand aConFldVinterface @ll devices fronThermo
Fisher S] v§]. U & u vU.Thé&raact@@ temperature was set tagl25°C.Samples were injected
with asplit/splitless injector, operating in splitless modée pecision was checked laystandard alkane
mixture (N-Gyz, N-Gg, N-Gsz) with known isotoe composition A. Schimmelmann, University of Indidneo
injectedin three different concentrationafter nine sampleruns. The samples were analyzed in thriee
ninefold repetition and } v o @H vesults foranalyical uncertainty (standard deviation) $§ € §Z v ii:
are shown because a higher uncertainty is typically indicativeléar concentrations (= measurement
areas) and/or not baseline separated peakéie H*-correction factor was checkeat least before and
after a sample batch and stayed stable throughout the measurement period. The stable hydrogen isotope

compositions are given in thenotation versus Vienna Standard Mean Ocean Water (VSMOW).

The sugar biomarker extraction followedetprocedure described Bech ad Glase(2009) Briefly, from
the grinded samples themonosaccharidesvere released hydrolytically using 4 tkfluoroacetic acid at
105°C for 4 HAmelng et al.,1996) The solution was cleaned ovelass fibre filters, XAD columns and
finally over DOWEX 50WX8 columns. After fredizng, the samples weresplit for (i) methyloxime

7
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177  trimethylsilytderivatisation methodAndrews 1989)which enables the quantification of a large range of

178  sugars and(ii) methylboronic acidMBA)derivatizationprocedure for 1 h at 60°Knapp 1979)which

179 ensuresthat the investigated arabinod@ara) xylose(xyl), fucosgfuc)and rhamnosérham)yieldonly one

180 peak in tle VPO chromatogramgGross and Glaser 200Quantificationof the monosaccharides ara, fuc

181 galactose(gal) glucose(glu) mannose(man) rham ribose (rib) and xyl were realized on a&GGFID

182  (Shimadzu, Kyoto, JaparCompoundspecific WQsugar measurements were performedith the MBA

183  derivatizedsampleson aTrace GC 200fbupled to a Delta V Advantage IRMSaridfO-pyrolysis reactor

184 (GC IsoLinkand aConFlo Ninterface @ll devices fronThermo Fisher § v3]. U @& u vU.Th&u vCe
185 samples were measured in threefold repetition.-@rivatizedsugar standard batches are measured in

186  between, containingra,fuc, xyl, and rharinvarious }v v3@E $]}ve } (éOwpie(Zech and Glas

187 2009) dZ ®@ values of the samples wenkift- and amounicorrected and a correction for the

188 hydrolytically introduced oxygen atoms on the carbonyl group at the C1 position of the sugar molecules
189 was applied(Zech and Glaser 2009%tandard uncertainties (deviations) fat leasttriplicate sample

190 measurementgexceptedof 11 samples from which only duplicate measurements are availabkedn

191 averagel.4,1.4,1.6: (}E (€& 130)fuc(n = 126@ndxyl(n = 124)respectively*uP E+ E KO o]vP w
192 standard deviations higher than 6 A E }u]3s (& } u in(gueEeHor(E because sugar

193 concentration (= measurement area) was typically too low for robust evalug@gpecially fomost of the

194 rham peaks, which were finally excluded fromfurther data evaluation dZ ®®@ values of the

195 monosaccharides are/E % E *+ ]v -hatatjon wersus the VSMOW

196

197 3 Results & Discussion

198 3.1 Sourceidentification of bulk sedimentary organiamatter

199 The TC contestof the investigated Lake Bergsee sediment section range between 4 andRg§%2\).
200 The TN record highly resembliae TC depth variations?(# 0.92, p < 0.001, n = 149) and is therefore not
201 displayed inFig. 2 In order toinfer information about the source of the sedimentary organic matter,
202 proxies derived from bul&nalyss canpotentially be used, i.e. TC to TN ratio (TC/Ti®Gc v N (Fig.
203 2B to D. The TC/TN ratio range between 7 and 16, with a slightly increasing trend from the top to the
204  bottom of the sectionkig. B). Using a threshold ofL2 as indicator for terrestrlanput (Prahl et al. 1980)
205 no disinctive source can be identified sintke bulk sedimentary TC/TN ratios plot all close ta 12
206  Moreover,the TC/TN proxghould not be oveinterpreted, becausamineralization and degradatioare
207  well known toresults invery low TC/TN valuesf terrestrial soils, too(Zech et al. 2007).ake Bergsee

208  WGcrangesfrom -30 to-i7: (Fig. £) More positivevaluesthan -24: in the lower part ofthe core
8
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cannot be explained with terrestriak@lants as only sedimentary carbon source. Given that plabt
contribution can be exclude(Dupra-Oualid et al. 2017)this points either taallochthonous (aeolian) or
autochthonousanorganic carbonate, or to autochthonous organic (aquatic) matter contributing t6HEC.

WN valuesrange betweeni v 8:U A]§Z ul]vlpu pE]VP SEig. DAl thi%e E]}
minimum, which coveya commsite depthof 1505to 1535 cm does not perfectly match thBglling(BL)

and Allergd (AL)FC maximumit could beinterpreted to reflect increased biomass production including
N-fixation, be it aquatic oterrestrial. Moreovernumerousfurther factorssuch as e.g. denitrification and
mineralisation caninfluence both terrestrial and lacustrine Ju v§ @I values (Meyers and
Ishiwatari 193; Zech et al. 2011aHence, arobust }uE ] v ](] $]}v ®Nwalupsseems to

be challenging Conclusivelya straightforward source identification of thébulk organic matter isot

achevable for Lake Bergsédmsed on the her presentedbulk proxies (Fig.ARto D)

Fig.2: Depth functions of Lake Bergseee d U « d IdEU ¥NyE) totah-alkane concentration,

F) Rq (according toFicken et al. 2000)G) n-alkane ratio §-Gi+n-Gsg)/(n-Gr+n-Gyg), H) total sugar
concentration, and I) tree and shrub vs. herb and grass pollen g1t = sum of broadleaf trees and
shrubs vs. herbs and grasses, orange = sum of broadleaf and coniferous trees and shrubs vs. herbs and
grasses, orange minus green = coniferous proportion). Pollen segeté taken fromDupratOualid et al.

(2017). Background colors show time perio@icording td.itt et al. 2001)PB = Preboreal, YD = Younger

9
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Dryas, AL = Allergd, OD = Older Dryas, BLiad@3@ILD = Oldest Dryas, MD = Meiendorf, P@&miglacial
LST = Laacher See Tephra.

3.2 Source identification oh-alkane and sugar biomarkers

The totaln-alkane concentratiomshown inFg. Z range between 4 and 175 pug/g ageherally reféct the
TCdepth profile In order to assess aquatic vs. terrestnaélkane input B, values were calculated
according toFicken et al(2000) P = (-G + nN-Gs)/(N-Goz + N-Gos + N-Goo + N-Gsr). The Py index was
establishedto distinguishbetween submergedand floating vsemergent and terrestrial plant-alkane
input. The Lake BergseegPecordshowsvalues ranggfrom 0.1 to 0.6 Fig. 4).Below 1550 cm depth,
Paq values < 0.4 suggest a predominant inpunheflkanes that derived from emergent plants. One might
be tempted to interpret the R valuesof >0.4above 150 cm depth in terms od predominat input of
aquaticderivedn-alkanes This is based on the finding that higher terrestrial plants prodaog-chain n
alkanesin order to build up the epicuticular wax lay@glinon and Hamilton 1967)By contrast, short
chain n-alkanesare often associated with algaéGelpi et al. 1970and mid-chain n-alkanesare often
assuned to originate from submerged macrophyt@scken et al. 2000However, wte that Aichner et al.
(2018)recentlystressel that Paqis no robust proxy for aquatic influx in lake sediments fidanth Poland
Rather, thesedimentarymid-chainn-alkanesn-Gs andn-Gs originateeither from a mixture of aquatic and
terrestrial sources (during Allergahd the Younger Dryas onset)ane predominantlyof terrestrial origin
(during Younger Dryas and Early Holocef®yen that e.gBetulaasone of the mairmpioneering specie
during Late Glacial reforestatiat Lake Bergse@®upratOualid et al. 20174swellknown to produce quite
considerdle amounts oin-Gs and n-Gs (Tarasov et al. 2013; van den Bos et al. 200@)recommend
caution when interpreting B, values from sedimentary archivels the case ofake Bergseave consider
the respectiveinterpretation to be not robust. Moreover, litter degradatioby soil microorganismis
reported to cause changes bbth mid-chainand longchan n-alkanes patterns(Tu et al. 2011; Zech et al.

2011b) Hence, soil erosion from theatchmentshouldbe considered when interpreting.£values, too.

Longchainn-alkanes are furthermore usedn chemotaxonomic studies in order to distinguish between
different vegetation typesThis is basedn the observation that in grass and herbaceglant material
the n-G; andn-Gishomologues areften dominating, wiereastrees and shrubeften show higler relative
concentrations oh-Gy andn-Gg (Maffei 1996; Zech et al. 2009)e used here the ratio{Gsi+n-Gss)/(n-
Grtn-Gy), which range between 0.2 and 1Ed. Z5).This approach is comparablettoe oneof Schwark

et al. (2002) who usedthe n-Gy7, n-Gg and n-Gs; alkane distributionand pollento reconstructthe Late

10
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Glacial reforestationaround Lake SteiBlingenWhile (n-Gitn-Gss)/(n-G+n-Gyg) values > 1 can be
interpreted in terms ofenhanced inpubf grassderived leaf materia(below 1570 cm depth)values< 1
suggest increased input dfee- and shrubderived litter (above 1570 cmdepth). The respective
interpretation isoverallin agreement with the pollenecord ofLake Bergsed-{g. 2; DupratOualid et al.
2017)and corroborates that the investigated lofainn-alkanes are primarily of terrestrial origivet,
there seemdo be a time lag between thenfG:+n-G)/(n-G+n-CGeg) ratio and the pollerrecord. The n-
alkane ratiodeclines most pronouncedly already during the Meiendorf Interstadibereaghe tree and
shrub pollen increasestarts at the end of Meiendorfcompae Fig. Z vs.l). Possibly this minor
discrepancy can be explained wihrubpollination ratehaving started with a delay compared to shrub

spreading

Total sugar concentratiafor Lake Bergsee range between 4 and 57 mgig. () and reveal a highly
significant correlation with TC%(= 0.88, p < 0.001, n = 12&ecently,an approachwas proposedfor
distinguisling between aquatiosersusterrestrial sedimendry inputbased orthe relative abundances of
the sugar biomarkerara, fuc and xyHepp et al. 2016Accordingly, fuc/(ara+xyl) ratios rangibgtween

0.4 and 4.8or the LakeBergsee record are clearly indicative for a primaaiyaticorigin of the sugars

Fig. 3furthermore illustrates this interpretation in a ternary diagram where the relative abundances of
ara, fuc and xyl for Lake Bergsee are compared with soil and seditata from the literatureaccording
Hepp et al(2016).
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Fig.3: Ternary diagranfrom Hepp et al(2016)depicting the relative abundansef ara, xyl and fuéor
LakeBergsee sediment sampléhis study)and comparativesoil and sediment data compiled from the
literature (Bock et al. 2007; Prietzel et al. 2013; Zech et al. 2013, 2014b; Hepp et al. 2018)

Summing up this subchapter, the lenbainn-alkanesn-Gz, n-Gge and n-Gs: of the Lake Bergsee record
are mainly of terrestrial origin, theugar biomarkers ara, fuc and xyl are primarily of aquatic origin, and
the mid-chain n-alkanesn-Gs and n-Gss in all likelihood represent a mixture of aquatic and terrestrial

sources.

3.3 Lake Bergseefth-akanerecord andits paleoclimaticinterpretation

d Z 2Hvvalues of the investigatentalkanes range betweer215 to-i67: U217 to-16 8 : LR22 to-

i16:U214t0-if6: v-214t0-iid: (}E:y, N-Go, N-Gy, N-Gs andn-Cs, respectively (FigtA). The

n-Go andn-Gs; recordsshow very similantH values By contrastn-G; yielded on average throughout the
12
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290 recordby=i6: U}E % }wHSadues This could bexplainedwith the different taxonomicorigin of
291 the alkane homologued.eaf waxderived longchainn-alkanes are bigynthesized in the leaves of higher
292 terrestrial plants, thus using mainly leaf water as hydrogen source, as e.g. revieBadlise et a(2012)
293 dZ & (}E&E U v}3 }voC 3Z %0 VS «}UuE A 3HEihe Morée\E]hé leafwater E E 3 E
294  evaporative enrichment plays an important rqléahmen et al. 20)3As outlined above, rgsses (e.g.
295 Poaceagare often characterized by highest relative abundancas@fi. At the same time, grasterived
296 n-alkanes(Fig. 2Gare known to be less sensitive recorders of leaf water enrichment compared to
297 alkanes fron other higher terrestrial plantéMclnerney et al. 2011; Kahmen et al. 20I@)e H offset
298  betweenn-G:andn-Gyisindeedlargest during the Oldest Dryas and the early Older DryhsnBetulg
299 which is known to produce high amounts Gy (e.g. Tarasov et al. 2013hows the highestpollen
300 concentration(compareFig. /A andB)andPoaceagollen concentration is decreasiiupratOualid et
301 al. 2017)

302

303 Fig.4: ¢ Ah-akanerecords (N-Gs, n-Gs, N-Gyz, N-Gy and n-Gsy), B) Betulapollen record(DupratOualid et
304 al. 2017)and C)WrOsugar records (ara, fuc, xylpf Lake BergseeBackground colors shovinte periods
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according toLitt et al.(2001) PB = Preboreal, YD = Younger Dryas, AL = Allergd, OD = Older Dryas, BL =

Bglling, OLD = Oldest Dryas, MD eiévidorf, PG PleniglacialLST = Laacher See Tephra

As outlined in section 3.2;Gsin our Lake Bergsee record is most likely a mixture of terrestrial and aquatic
sources. The proposed partly aquatic origim@®s can helpexplairingthe often more positiveiH values

of -Gz compared to the primarily terrestrial loaghainn-alkanes (Fig. 4A)Vhile for longchainn-alkanes

an biosynthetic fractionation factor fuio) of -i01: v * « n Sessions et al. 1999; Sachse et al.
2006), data fromPotamogetorand surface sediments suggest #psfractionation factor of82 to-6 6 :

for n-Gs (Aichner et al. 2010)Accordingly, more positivefH values ofn-Gs during the Pleniglacial,
Meiendorf and Preboreal of Lake Bergsee suggest a partly aquatic origiHfwhereas the absence of

an offset betweenwH of n-G3 andthe longchainn-alkanes during the Bagllin@lder Dryas, Allergd and
Younger Dryagointsto aprimarily terrestrial origin oh-Gs. Therefore,5Z ]E& § o]vl ?H gadluesy w
of -Gz and WHakewater (Aichner et al. 2010; Sachse et al. 20d&)not be applied here.

In Fig. 5the n-Gs WH recordof Lake Bergeeis shown along wittthe n-Gs VtH record from Lake
Meerfelder Maar(Rach et al. 2014»r comparison Within age uncertainties, the-Gs Hrecord ofLake
Bergseeesembles well the record from Lake Meerfelder Maar (5Agvs. B), which spans the time period
from 11,000 to 13,100 a varve BRach et al. @4) Then-Gs ¥H recordfrom Lake Meerfelder Maais
interpreted to reflect lake water and thusocal precipitation. The lower ¥H values ofn-Gs during the
Younger Dryaaretherefore associated with lower regional air temperatures and by chajgetof the
moisture source associated with the freshwater input to the North Atlantic Ocean as wéthashanges
in moisture source temperature and transport histgRach et al. 2014)mportantly, for Lake Meefelder
Maar the authors assumed the lake water enrichment was of minor importafoe.Lake Bergsee,
however,lake water enrichment during drier periods very likely because the lake haracterized by
the absence ofininflowing creek (section 2)1Fig. 5 also compardke n-Go \iH record of Lake Bergsee
with the n-G H recordfrom Lake Meerfelder MaafFig. & vs. D)Also these both records resemble
each other fairly well, excepor larger fluctuations occurring in the Lake Meerfelder Maar record during

the Preboreal.

AHUU]VP pu%U §Z }A }uso]v ]* U ?HyaiFeddrd ok Like Bergste emnnot be
interpreted in a straightforward way. As illustrated in Hd, the main influening factors which are
difficult to be disentangled angthichcaus WH variationsare: (i) W, *}Jp@E A § E ~C 0} 0 % E
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335
336

337

338
339
340
341
342

343

344
345
346
347
348
349

350
351

changesii) variable®H leaf/lake water enrichmentand (jii) variable contributions of aquatic versus

terrestrialn-Ga.

Fig.5: Comparison between Ale n-Gs ViHrecord of Lake BergsemdB)the n-Gs ViH record fromLake
Meerfelder Maar(Rach et al. 2014)nd comparison betweelC)the n-Gy iH record of Lake Bergsead
D) the n-Gy VtH record from Lake Meerfelder MagRach et al. 2014Background colors show time
periodsaccording td.itt et al( 2001} PB = Preboreal, YD = Younger Dryas Alerzd, OD = Older Dryas,
BL = Bglling, OLD = Oldest Dryas, MD = MeiendorfPRsBiglacialLST = Laacher See Tephra

3.4 Lake Bergseet®Osugarrecord andits paleoclimatic interpretation

TZ %0 valuesof ara, fuc and xyl ramgfrom +14.4 to +37.6 , +14.3 to +39.1 and +9.6 to +40.9 ,
respectively and resembe each otherwell (Fig4Q. All three sugas are primarily of aquatic origifsee
discussion in sectioB.2). Hence,the WOsgar record of Lake Bergseean be interpreted in terms of
reflecing Z vP « VO }P4ME A 5§ E ~C 0} 0 % EBQ keswatky enrickmentd e
illustrated in Fig4Q.

The lake water enrichment cée directly linked to relative humidity when the lake input to evaporation

ratio canbe robustly defned (e.g. as terminal lake situation, input = evaation; Gat 1971) Thisholds,
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352 however,not valid for Lake Bergsee, due to the absence of a natural inflowing creek (see section 2.1)
353 Thereforechanges ithe precipitation amount heeto be taken into accountoo (see section 3.25ibson

354 et al. 2016)Given that theWwOvariabil] SC }( % E ]%0]3 3]}v ~C »yp[E 0CA S EER & 5Z v 6
355 during the Late Glaciolocene transitionfvon Grafenstein et al. 1998; Mayer and Schwark 1,999t

356 of thevariability of the WOsugarecord of Lake Bergseean be attributed towvariablelake water enrichment.

357 /v }E& & §} Z]PZol@Zsrecdrfo/Lakg Besgsealculatedas weighted mean)is showrnin

358  Fig.6in comparison tdhe WOcamonaterecordfrom Lake SteiRRlingeMayer and Schwark 199@pd the

359 3 0 P u®astacrecord from Holloch Cav@Vurth et al. 2004X dZ} e E %O récordsare

360 interpreted toreflectthe local precipitation history. Lake Stei3lingen is primarily fed by ground water via
361 submerged springgEusterhues et al. 2002and the ¢ & }v $¥Owalues thus reflect mainly

362  precipitation. It is obvious that thewfOs.g.r0f Lake Bergseshows oppositetrends and a much higher

363 amplitudethan the precipitation records (Fig. 8he Younger DryaBreboreal transitiomevealsa shift of

364 around 5: towards more positive WeOugar Values (Fig. 9A). Thisis in well in agreement with a

365 & }VeSEHFBkewa *Z]1(8 }( E}uv 0: (EdazirrCenttdlePolands inferred from the

366 sedimentary celluloséRozanski et al. 2010)
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367

368
369
370

371
372
373
374
375
376
377
378
379
380
381
382
383

Fig.6: Ju% E]e}v  §ABQgareanrdfrom Lake Bergseand WOcamonae records fromB) Lake
SteiRlinger(Mayer and Schwark 1998hd C) Hélloch cave stalagm{i#/urth et al. 2004)d Z ®@ scale
C is doubled compared to A and B due to a better visibility of the trends.

iXA Z-fdlo El E %% E} Z[ +« }v § EE Wiahe@cddsE potentiapt $]
and limitations
The duatbiomarker approach was introduced by Rach et al. (2014, 2017) and uses the difference between
§ EE *3E] 0 A EHelane vValpeStotedaraguaid. The basic assumption is that the ledigainn-
alkanes such as-Gyg are of terrestri 0 }E]P]v v 2Hbof (@af Water (precipitation altered by leaf
water 2H enrichment), whereas-Gs 1+ }( <«<p 8] }E]P]v 24 ofGakéovates that is notH-
vVE] Z C A %}E 3]}v ~ 3H otecipit@iond. Whenwoil aridke water enrichment are
nedigibleU * liedesiraquaic values can be transferred into quantitative relative humidity val{iRRech et
al. 2017) Given that neither soil nor lake watéf enrichment can be excluded for every study site, this
representsone potential uncertainy of the duatbiomarker approach (FidZ). Especially lake water
enrichment cannot be ruled out under dry and/or warm climatic conditi¢see Fig.8 in Hou et al. 2008)

When lake water is/was affected By V@E] Zu vS§ ]v $Z eriat5.héc \@IIES)Are no longer a
17
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384  robust proxy for leaf water evapotranspirative enrichmernother uncertainty concerns the hydrogen
385 fractionation duringn- ol v 1}« C v §%o){Fig.JXThere is increasing evidence that this fractionation
386 is not constant between different species/organistegy. review fronPedentchouk and Zhou, 2018)his

387 Z}o ¢ *% ] 00C §E fuio valES. WhilesNusghitiello et al. (2015) and Rach et al. (2014) assume
388 3$Z 8§ <u%BJ]exeu oo & SZ v %, BEdENse34EJ(2006), Jacob et al(2007) andSeki et al.

389 (201) seta<p $]%ioequalto § & E <&@ blox et al. (2008how a case in which<pu 3 J%io¥s

390 o EBP €& §5Z v &ifEass (b, ahatlacob et al(2007) called their difference beteen the

391 § EE ~3FKEAGy and aquatic WHnakanoic (Gie) ] Thwar They furthermore only mention the

392 fractionation factor betweeniHh.akanoic (Ge) and source(lake)water to be-i61:X ,}JA A E&iHpSZ X
393 betweens E E “Bliddne0VW Iearwater can be assumed to be close to that value, which is only slightly
394 larger than the commonly assumeti60% for terrestriah-alkanes(see section 3.3Sessions et al. 1999;
395 Freimuth et al. 2017)Finally, the paradigmatic source identificatwiithe n-alkanes (longhainn-alkanes

396 originate from terrestrial plants whereas mahain n-alkanes such as-Gs originate from aquatic

397 organisms) may not always hold true (setions3.2 and 3.3). As mentioned above, also Aichner et al.
398 (2018) recentf emphasized that-Gsin a lacustrine sedimentary record from Poland is either completely
399 or at least partly of terrestrial origin. Given the abeadiscussed uncertainties, particularly including our
400 interpretation thatn-Gsin Lake Bergseis a mixture of aquatic and terrestrial sources, we consider the
401 duak J}u Gl & %% E} Z §} v} E} e S$HiGuandbetom] andorefrain fronEa w

402 respective application.
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403
404

405
406
407
408
409
410
411
412
413
414
415

416
417
418

Fig. 7. ~ Z u §] ] PE u ]JooueS @icharker sgproZZji ¢} E J]vS E% E S]vP §Z
SA v § EE +3E] o AHEaresutts, d&doptad fronSachse et a(2006 andRach et al.
(2017) Uncertainties of the approach are marked with question marks and addressed in more detail in the
text: 1 = it is assumed thaBHsoil waterreflects EHprecipitaiion, 2 = it is assumed that lake wafét enrichment
] vi8} MEU i A E} pes IviAo P Zigvalus sl aduallylacking,x4 = ruitainn-

alkanes (&) are no exclusive aquatic biomarkers.

3.6 Zoupled Hn-aikane- WeOsugar %o %o E ¥ paential and limitations

A fundamental issudor this approachis againthe question whether theinvestigatedsedimentary
biomarkers aregrimarily ofautochthonousor of allochthonous originThe concepfor coupling Hn-aikane
A1 3 POwga results(Fig. § was originally developefibr terrestrial biomarkers(Zech et al. 2013)ut was
adopted later on also for aquatliomarkers(Heppet al. 2015)

When %0 %0 C]VP §Z2H,Jy%80sugvapproach the following assumptions have to meade: (i)
lake/leaf water vH/ WO values v E }VeSEU PHralkE }u  WDsugar valuesby applying

constant biosynthetic fractionation factors. (ii) Lake/leaf water evapo(transpi)rative enrichment occur
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419 along a local evaporation line, and the slope for such a line can be derived from a simplifie@@dzig

420 model.(iii) The iH | WO valuesof plant/lake source watereflect precipitation, which typically plots along
421 a welldefined meteoric water line. The intersect between the local evaporation line throughout an
422 individual leaf/lake water point and the meteoric water thus allow the recarton of VH | WOsource water

423  ~ @H | WOyrecipitation)- As such, theoupled wH- WO approach is @romising tool to disentangle between
424  the leaflake water evapo(transpi)rative enrichment and the precipitation signal incorporated in the

425  biomarkers.

426 In the case ofterrestrial biomarkers the reconstructed iH | WQOearwater can be used for calculating
427  deuteriumexcess of leaf watemheseleuteriumexcess valuesanbe converted into quantitative relative
428  humidity values. When aquatic biomarkers are u §} & }V «3HENEOSewMer, those valuesllow
429 reconstructing the deuteriumexcess of lake waterThose values can be used as lake water
430 evaporation/desiccation proxyit should be noted that the deuteriuraxcesscalculationsfollow the
431 formulation introduced byDansgaarq1964) dZ  } 1 %o%h-akaé WEOsugar approach wassuccessfully
432  applied toterrestrial sedimentary archigin order to derive relative humidity histor§Zech et al. 2013;
433 Hepp et al. 2017)It was furthermorevalidated using a climate transect study Bythorn et al.(2015),
434 who 00 B ae WOsgar JHU% 0]VP  Z% 0 }ZCP E Al the Gmedivedepp & pl.
435 (2015)realizedthe adoption of the coupled approachio a lacustrine sedimentary archivBased on
436 <u 8] Jlu El E+ 8Z PSZ}E+ E }JveSEP S ol A & AHIWRO%e)idHn S]}V Z]8)

437  Apart from thesepotentials $Z } 1 %0?Bh-aia WPOsugar approachhas alsdimitations'uncertainties

438 (Fig. 8) ~1]- o E <}uCE ] vs8](] S8]1}v }( §z 1}u @, 8Bd the oxygen X ~]1]e d
439 (& S8]}v 8]}v UE]VP <uP ¥g) drp-adsusiedefo be xobust and constaRbr a robust

440 deuteriumexcess of leaf water interpretation also the soil water enrichmens twa be ruled out.

441  Moreover, the slope of the local evapora line hato be approximatedWhile forleaf water this seems

442  to be a minor issue due to rather small variatiqAdlison et al. 1985; Walker and Brunel 1990; Bariac et

443  al. 1994; Mayr 2002Yhe lake water local evaporation line seem to be much more vari@ison et al.

444  2008) This was taken into consideration by Hepp et al. (2015) by making reconstructions with different

445  slopes.

446 In the case of Lake Bergseee refrain from applyinghe } p %o 02H- WO approachprimarily because
447  we have neither (i) aeliable pureaquaticcoupled viH and WO record (ii) nor aeliable pureterrestrial
448  vHand WO record.
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469
470

Fig.8 " Zu§&] ] PE U Joops3E 3]RakfiBOLgal W% E W 2] infei@@eting

terrestrial or B)aquaticderivedn-alkaneand sugar biomarkers (adopted fro#ech et al. 201andHepp

et al. 2013. Uncertainties of this approach are marked with question marks and addressed irdetaile

in the text: 1 = robust knowledge about aquatic versus terrestrial source, 2 = robust knowledge concerning
<u 8] }E 3 @BE » S vadues, 3 = while the slope of the local evaporation line is quite robust

for leaf water evapotranspative enrichment, the slope is less robust for evaporative enrichment of lake

water.

4 Conclusions
Our results and discussion on the Late Glacial to Early Holocene sedimentary record from Lake Bergsee

allow the following conclusions:

x Astraightforward souce identification of the bulk organic matter is not achievatdesed orthe
bulk % E}£] « H#CGd & UWN.

X While thelong-chainn-alkanes are primarily of terrestrial origin and refléoé vegetation history
as derived from pollen results, we suggest caution against the paradigmatic interpretation of the
mid-chainn-alkanen-Gzin terms of aquatic origin and tHeq proxy.

x The abundant occurrence of fiauggests that the sedimentary sargbiomarkers are primarily of
aquatic origin.

X A straightforward paleoclimatic interpretation of the Lake Bergs#t.-akaneand WOsygarrecords
in terms of reflecting a paleoprecipitatiosignal is hindered by unknown and likely variably

degrees of leaf and lake water enrichment, respectively.
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During the last years, two concepts were developed in order to disentangle the precipitation from the
evaporation signal and to reconstruct relatv2pu] 1SCW SZ}uZ @I 0E %o %o &akh £t[al. C
(2014 andthe Zoupled WHn-akane WOsugarapproachlby Zech et al(2013 andHepp et al(2015) Despite

the great potential of both approachesg advisecautionnot to over-interpret sedimentary iHh.akaneand
WOsugar records. Fundamental assumptions unigerg the twoapproachesnay not berobustin every

case studyThis concerns primarily:

x Lake water enrichment, which is assumed to be negligible in theldaalarker approach.

x Source identification ofhe biomarkers:n the case of Lake Bergsee(Gs is in all likelihooda
mixture of aquatic and terrestrial sourcasd thus does not reflecttH of lake water.

x Biosynthetic fractionation factors: there seems to be a large offset between terrestrialsversu
aquatic Xyio values(around-160 versus arouneB5: ). Hence, minor changes in the contribution

of terrestrial versus aquatic-alkanesare likely to have large impact on theH recordof n-Ga.

Thesestate-of-the-art uncertaintiesclearlylimit the robustness of both approaches and hindered their

application to the Lake BergsefHh-akaneand WOsugarrecords
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