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Zusammenfassung

Stabile Wasserstoff (H)-Isotopenverhiltnisse (6°H-Werte) konnen zur Aufklirung biogeochemischer
Prozesse, zur Untersuchung des Paldoklimas oder zur Identifizierung von Transformationsprozessen
der organischen Bodensubstanz (SOM) verwendet werden. Allerdings ist nur wenig liber die Quellen
der SOM und die H-Austauschprozesse wihrend des Abbaus der organischen Substanz (OM) bekannt.
Das iibergeordnete Vorhaben dieser Arbeit war es, die Mechanismen zu untersuchen, welche fiir die
enge Korrelation zwischen den H-Isotopenverhéltnissen des langfristigen regionalen Niederschlages
und der Isotopensignatur des Kohlenstoff (C)-gebundenen H (6°H.,-Werte) der SOM verantwortlich
sind. Hierbei wird vermutet, dass wihrend des Abbaus von OM ein Einbau von Umgebungswasser-H
in die C-gebundene H Fraktion der OM stattfindet, sodass es zu einer Verschiebung der 5°H,-Werte
der oberirdischen Pflanzenstreu in Richtung der §*H,-Werte der SOM kommt.

Ziel dieser Arbeit war es, den Einbau in die C-gebundene H-Fraktion von Bakterien, Laubstreu und in
die ausgewaschenen OM (TOM) zu untersuchen und dessen Einfluss im Hinblick auf die Quellen der
SOM zu bewerten. Hierzu wurde (i) der Einbau von Umgebungswasser-H in die C-gebundene
Fraktion der Laubstreu und der gesamten ausgewaschenen OM (TOM) wihrend eines vierwdchigen
Streuinkubationsexperimentes mit Fagus sylvatica L. und Acer pseudoplatanus L. unter Labor-
bedingungen untersucht und die damit einhergehende H-Isotopenfraktionierung bestimmt,
(ii))der Einbau von Umgebungswasser-H in die bakterielle Biomasse wéhrend des
substanzspezifischen = Metabolismus unter der Verwendung zweier Modellorganismen
(Bacillus atrophaeus und Escherichia coli) und die damit verbundene H-Isotopenfraktionierung
ermittelt und (iii) der Einbau von Umgebungswasser-H in die C-gebundene H-Fraktion von Laubstreu
und der ausgewaschenen TOM wihrend eines 20-wochigen Streuabbauexperimentes (F. sylvatica und
Tilia platyphyllos SCOPOLI) unter Freilandbedingungen untersucht.

Im Labor wurde der H-Einbau (i) in die Laubstreu, in die ausgewaschene TOM sowie (ii) in die
baktericlle Biomasse mit Hilfe von Isotopen-Markierungsexperimenten untersucht. Dabei wurde
Umgebungswasser mit unterschiedlichen §*H-Werten verwendet, welches ein H-Isotopenverhiltnis
auBerhalb des Bereiches der natiirlichen Abundanz aufweist. Fiir das Feldexperiment (iii) wurde im
Gewichshaus *H-angereicherte Laubstreu erzeugt. AnschlieBend wurde die Laubstreu in Netzbeutel
verpackt, um den Einbau von Umgebungswasser-H iiber den Austausch von H mit dem isotopisch
leichteren Umgebungswasser-H in die Laubstreu und in die ausgewaschene TOM wéhrend des
Abbaus zu ermitteln. Als zentrale Methode dieser Arbeit wurde die Dampf-Aquilibrierung mit
anschlieBender TC/EA-IRMS-Analyse genutzt, um den austauschbaren H-Anteil (Hex) der OM zu
ermitteln. Nachfolgend wurden die entsprechenden §*H,-Werte mittels einer Massenbilanz bestimmt.
(i) Innerhalb der vierwochentlichen Inkubation betrug der Austausch des C-gebundenen H mit dem

Umgebungswasser-H in der Laubstreu 3-5% und 8-9 % in der ausgewaschene TOM. (ii) Der



H-Einbau die C-gebundenen H-Fraktion der Bakterien von bis zu 80 % hing stark von der Bakterienart
und der zur Verfiigung stehenden C-Quelle ab. AuBlerdem verdeutlichen die Ergebnisse, dass die
Glykolyse der zugrundliegende Stoffwechselweg fiir einen Einbau von H aus dem Umgebungswasser
in die C-gebundene H-Fraktion der Organismen ist. (iii) Unter natiirlichen Abbaubedingungen
unterschied sich der Einbau in die C-gebundene H-Fraktion der Laubstreu stark in Abhdngigkeit von
der Baumart (F. sylvatica: 48 %, T. platyphyllos: 18 %). Weder unter Labor- noch unter natiirlichen
Bedingungen hing der H-Einbau von der Zersetzbarkeit der Streu oder der mikrobiellen Aktivitit
wiahrend des Streuabbaus ab. Stattdessen wird vermutet, dass mikrobielle Transformationsprozesse
wiahrend der Zersetzung der OM fiir den Einbau von Umgebungswasser-H in die C-gebundene H-
Fraktion der Laubstreu verantwortlich sind.

Meine Arbeit liefert detaillierte Erkenntnisse {iber den Finbau von Umgebungswasser-H in die C-
gebundene H-Fraktion der Pflanzenstreu, der ausgewaschenen TOM wihrend des Streuabbaus sowie
in den C-gebundenen H-Pool von Bakterien wéhrend des substanzspezifischen Metabolismus.
Wiéhrend die geringen Einbauraten in die ausgewaschene TOM unter Laborbedingungen ohne den
stetigen Eintrag externer Bestandteile zu erkléren sind, weisen die hohen Einbauraten in die bakterielle
Biomasse wihrend des anabolen Metabolismus sowie eine beinahe vollstindige Uberprigung der
0*Hn-Werte der ausgewaschenen TOM unter natiirlichen Bedingungen auf die Bedeutung mikrobieller
(Abbau-)Produkte als eine Quelle der SOM hin und tragen dadurch zu einer Erklarung fiir die enge
Korrelation zwischen den 6*H,-Werten der SOM und den 6°H-Werten des Niederschlages bei, da
TOM eine SOM-Quelle fiir den Mineralboden ist.



Summary

Stable hydrogen (H) isotope ratios can be used to elucidate biogeochemical processes, serve as a paleo
climate proxy, or identify soil organic matter (SOM) dynamics. However, there is little knowledge
about the sources of SOM and bulk H dynamics during the decomposition of organic matter (OM).
The overarching aim of my thesis was to study the mechanisms responsible for the close correlation
between the H isotope composition of long-term rainfall and the H isotope signature of the carbon (C)-
bonded H pool (6°H, values) in SOM. Here, the incorporation of ambient water-H during
decomposition of OM is the main process suspected to shift 0*H, values of aboveground litter towards
&*H, values of SOM.

My objective was to study the incorporation of ambient water-H into the C-bonded H pool of bacteria,
leaf litter and the total leached OM (TOM) and to assess the influence of the individual compounds
with regards to the sources of SOM. To this end, we (i) investigated the incorporation of ambient
water-H into leaf litter and leached OM during four weeks of leaf litter (Fagus sylvatica L. and Acer
pseudoplatanus L.) decomposition and quantified the apparent H isotope fractionation in a leaf litter
incubation experiment, (ii) studied the incorporation of ambient water-H into the bulk bacterial
biomass during substrate-specific metabolism using two model organisms (Bacillus atrophaeus and
Escherichia Coli) and quantified the associated apparent H isotope fractionation under laboratory
conditions and (iii) investigated the incorporation of ambient water-H into the C-bonded H fraction of
leaf litter and leached OM during 20 weeks of litter (F. sylvatica and Tilia platyphyllos SCOPOLI)
decomposition under field conditions.

In the laboratory, the incorporation into leaf litter, total leached OM (TOM) and bacteria was traced
via labeling experiments in which ambient waters with 6*H values that differ from natural abundance
levels were used. For the field experiment, we produced ?H enriched leaf litter in the greenhouse.
Afterwards, leaf litter was placed in litterbags to determine the incorporation into leaf litter and
leached TOM during decomposition by the exchange of 2H with isotopically lighter ambient water-H
under natural conditions. As central method we used the steam equilibration procedure followed by
TC/EA-IRMS measurement to account for the exchangeable H fraction (Hex) of bulk OM and &°H,
values were determined by mass balance calculations.

(i) During four weeks of incubation, leaf litter experienced an incorporation of isotopically labeled
water-H of 3-5 % of the total C-bonded H pool while the incorporation of ambient water-H into the C-
bonded H pool of the leached TOM in solution was 8-9 %. (ii)) The incorporation into the
C-bonded H pool of bulk bacterial biomass up to 80 % strongly depended on bacterium species and
the available C-source. Furthermore, the results illustrate the glycolysis pathway as a mechanism
underlying the incorporation of ambient water-H into the C-bonded H pool of bacteria. (iii) Under

natural conditions the incorporation of ambient water-H into the C-bonded H fraction of leaf litter



strongly depended on tree species (F. sylvatica: 48 %, T. platyphyllos: 18 %). Additionally, neither
under laboratory conditions nor under field conditions the incorporation depended on the
decomposability of leaf litter or microbial activity during decomposition. Rather we suspect ongoing
microbial transformation processes during the microbial processing of OM as the driving factor for the
observed incorporation of ambient water-H into the C-bonded H fraction of leaf litter.

My work provides profound insights into the incorporation of ambient water-H into the C-bonded H
fraction of leaf litter and leached TOM during leaf litter decomposition and into the C-bonded H pool
of bacteria during substrate-specific metabolism. While the observed small incorporation into leached
TOM under laboratory conditions can be explained by the absence of additional inputs of external
compounds, high incorporation rates into bulk bacterial biomass during anabolic metabolism together
with an almost overprinting of §*H, values of leached TOM under natural conditions highlight the
importance of microbial (decomposition) products as a source of SOM and provide a partial
explanation for the close correlation between §°H, values of SOM and J°H values of long-term

rainfall.
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Fig. C-2: Bacterial biomass (Optical density [OD] at 600 nm; a, b) and bacterial
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Section A

General Introduction




1. Stable hydrogen isotopes as environmental tracer

The decomposition of organic matter (OM) is a crucial component of the global carbon (C) cycle
(Berg and McClaugherty, 2014). With respect to longer residence times of C, soil organic matter
(SOM) is the largest terrestrial C reservoir (Angst et al., 2021) which stores more C compared to the
atmosphere and vegetation (Ciais et al., 2013; Schmidt et al., 2011; Eswaran et al., 1993). However,
there is little knowledge about the sources of SOM (Lehmann and Kleber, 2015; Paul et al., 2016;
Angst et al., 2021).

Hydrogen (H) is the most abundant element in the universe (Suess and Urey, 1956). Accordingly, H is
present in most minerals of the earth crust and the major constituent of OM (Schimmelmann et al.,
2006). The pool of H in the OM is commonly differentiated into an exchangeable H fraction (Hex),
e.g., O-, N-, S-bonded H, that equilibrates with air humidity and does not inherit a robust isotope
signal (Sauer et al., 2009; Savin and Hsieh, 1998; Schimmelmann, 1991; Wassenaar and Hobson,
2000) and a nonexchangeable H fraction (H,) (C-bonded H) that preserves its 6*°H values (6*H, values)
and does not exchange with water-H at temperatures usually occurring in soil environments at the
earth surface (Savin and Hsieh, 1998; Schimmelmann et al., 2006; Sessions et al., 2004; Sheppard and
Gilg, 1996). Via the steam equilibration device, it is possible to account for Hex of bulk OM and
consequently calculate the corresponding H, values (Ruppenthal et al., 2010). With regards to
biochemical processes, hydrogen is involved into life processes acting as ion or in the form of water
(acid-base and redox reactions, water splitting in photosynthesis, biosynthesis of carbohydrates, amino
acids and lipids) (Berg et al., 2012). The large mass difference of 100 % of the two stable isotopes
'H (protium) and 2H (deuterium), characterized by different zero-point energy levels, causes a
different behavior of the two stable H isotopes during (bio-)chemical reactions. Hence, the ratio of *H
to 'H (expressed as the &°H value, compared to the H isotopic composition of the international
reference standard “Vienna Standard Mean Ocean Water” (VSMOW)) and the resulting isotope
fractionation can be used for a wide range of applications in environmental sciences. In more detail,
stable H isotope ratios can be used to elucidate biogeochemical processes, identify SOM sources,
serve as a paleo climate proxy (Kreuzer-Martin et al., 2004; Ruppenthal et al., 2013, 2015;
Schimmelmann et al., 2006; Sessions, 2016).

The H contained in the OM derives from water (Berg et al., 2012), while on a global scale, the H
isotopic composition of rainfall shows a characteristic spatial pattern of decreasing 6°H values with
increasing latitude, elevation, continentality and rainfall amount (Gleixner and Miigler, 2007).
Therefore, 0*H values of precipitation are a result of the temperature-dependent equilibrium H isotope
fractionation between liquid water which is characterized by an enrichment of 2H and water vapor
(typically depleted in 2H) during condensation and showing a strong correlation with mean annual
temperatures (Bowen and Revenaugh, 2003; Craig, 1961; Dansgaard, 1964). In order to make reliable

assertions about the composition of stable H isotope ratios of a sample, the exchangeable H fraction
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has to be separated from C-bonded H by equilibration with water vapor of known H isotopic
composition (Ruppenthal et al., 2010; Sauer et al., 2009; Wassenaar and Hobson, 2000), whereas

afterwards 0*H, values are determined by mass balance calculations (Ruppenthal et al., 2010).

2. Stable hydrogen isotopes in soil organic matter

SOM dynamics are driven by environmental and biological controls (Schmidt et al., 2011). Therefore,
0°H values are a promising indicator of OM transformation processes (Schimmelmann et al., 2006).

However, up to date there is little knowledge about the composition and formation of SOM. Along a
2500-km climosequence in Argentina, it was shown that the H isotope signature of the C-bonded H
pool in SOM was driven by the local long-term rainfall H isotope composition (Ruppenthal et al.,
2015). Starting from soil water to root water uptake, there is no H isotopic fractionation (Hayes, 2001;
Yakir, 1992). Subsequently, the transpiration in plants in response to air humidity and mixing with
water vapor is associated with a 2H enrichment in leaf water relative to source water taken up by roots
(Craig and Gordon, 1965; Dongmann et al., 1974). Hence, the enrichment increases with increasing
aridity (Cernusak et al., 2016). Afterwards, the photosynthetic H isotope fractionation causes 6*Hy
values to be lower than 0°H values of precipitation (Cormier et al., 2018; Hayes, 2001; Yakir, 1992).
Assuming that there is a constant 2H fractionation factor during photosynthesis, assimilates become
enriched in *H producing H-isotopically heavier leaf tissue under arid than under humid conditions
(Hayes, 2001; Roden et al., 2000; Sanchez-Bragado et al., 2019). While this process is well described
for cellulose in compound-specific studies (Epstein et al., 1977; Yapp and Epstein, 1982), studies
about the aridity effect on 6°H, values of bulk OM are rare (Leaney et al., 1985; Rundel et al., 1979;
Ziegler et al., 1976). However, during the transport of assimilates through the plant and further
processing during biosynthesis reactions, the leaf water signal eventually gets lost. The resulting
biosynthesized compounds reflect the H isotopic signal of the ambient cell water which might more
closely resemble that of soil water (Roden et al., 2000; Yakir, 1992; Yakir and Deniro, 1990). For
example, this has been shown for n-alkanes from terrestrial plants (Sachse et al., 2012) and tree-ring
cellulose (Gray and Song, 1984), which might already show an H isotopic composition that is closer to
soil water and thus related with that of mean local precipitation. Along a 2500-km climosequence in
Argentina, it was shown that the aridity effect was present in leaves, together with an increase in 6*H,
values in the order shoots < litter < roots < SOM (Ruppenthal et al., 2015). Together with a close
correlation of 0’H, values of SOM with 6’H values of the local long-term rainfall, the existing aridity
signals in the C-bonded H pool of aboveground plant biomass were absent in that of SOM
(Ruppenthal et al., 2015). From these findings, the authors concluded that the belowground root
biomass (also showing a strong correlation of §°H, values on ¢°H values of local long term

precipitation) made a major contribution to SOM (Ruppenthal et al., 2015).
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An alternative explanation for the close correlation between ¢°H, values of SOM and local
precipitation shown by Ruppenthal et al. (2015) including the leveling of the aridity signal of
aboveground OM, requires the exchange of the C-bonded H pool with ambient water during the
microbial decomposition and processing of SOM. This process is different from the rapid exchange
between H in air moisture and ambient soil water and the exchangeable H pool (e.g. the H in hydroxyl
groups) in SOM, because microbial activity affects the C-bonded H as well. However, the results of
Ruppenthal et al. (2015) provide strong indications that there is an incorporation of ambient water into
the C-bonded H fraction of SOM once heterotrophic organisms are involved in decomposition of OM.

In general soil organisms play a key function for biogeochemical cycling in ecosystems (Bardgett et
al.,, 2008; Wallenstein and Hall, 2012). Here, it is generally assumed that during glycolysis, a
metabolic reaction chain shared by nearly all organisms on earth (Berg et al., 2012), ambient water-H
is incorporated into the C-bonded H fraction including the de novo formation of C-H bonds (Gerlt,
1999; Knowles and Albery, 1977; Rieder and Rose, 1959; Whitman, 1999; Yakir, 1992). Microbial
studies corroborated that C-H bonds are regularly broken and reattached during microbial metabolism
(Horita and Vass, 2003; Kreuzer-Martin et al., 2003; Kreuzer-Martin et al., 2004). As a result, the
reported H incorporation into bacterial biomass up to 30 % of total H (Kreuzer-Martin et al., 2003;
Kreuzer-Martin et al., 2004; Kreuzer-Martin and Jarman, 2007) and <5 to >70 % into bacterial amino
acids (Fogel et al., 2016) illustrate the controversial results of the reported studies. The quantification
of the incorporation into bulk bacterial biomass requires distinguishing between exchangeable and
nonexchangeable (C-bonded) H and the contribution of microbial biomass is assumed to be 50-80 %
(Liang and Balser, 2011; Simpson et al., 2007) to SOM. For this reason, the incorporation of ambient
water-H into the bacterial biomass during metabolism may can be used to explain the close correlation
of 6*H, values of SOM on ¢°H values of the local precipitation suggested by Ruppenthal et al. (2015)
by the input of bacterial products and necromass to SOM. However, with regards to the importance of
SOM in various ecosystems (Schmidt et al., 2011), mechanistic evidence relating the sources and the

formation of SOM is lacking so far.

3. Stable hydrogen isotopes during the decomposition of organic matter

Plant litter enters the SOM pool during decomposition and recalcitrant compounds like lignin are
accumulated (Berg and McClaugherty, 2014; Wickings et al., 2012) while cellulose is rather lost than
accumulated in SOM (Preston et al., 2009). Because there are compound-specific 5°H, values, the
preferential decomposition of organic compounds with distinct 0’H, values could systematically
change the ¢°H, values of litter-derived SOM during decomposition (DeBond et al., 2013).
Nevertheless, this process would not necessarily drive the 6*H, values of SOM derived from

aboveground litter towards that of soil water and therefore is an unlikely explanation for the loss of the
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aridity signal in aboveground biomass. Consequently, to shedding more light on processes involved in
the breakdown and rearrangement of C compounds during decomposition, the suggested incorporation
of ambient water-H into the C-bonded H pool needs to be traced in labeling experiments using isotopic
labeling that differs from natural abundance levels. With regards to this, the transferability of results
from biochemical laboratory experiments on incorporation of ambient water into C-H bonds during
heterotrophic activity to the C-bonded H fraction in the plant/litter/SOM systems has not yet been
tested. In more detail, during the fifth step of the glycolysis, a H atom from ambient water is newly
bound to the C, position of the glyceraldehyde-3-phosphate (GAP) molecule. As a result, the
microbial metabolism is associated with an incorporation of ambient water-H into C-bonded H of the
microbial metabolites in the range of 20 to 50 % during up to four days (Horita and Vass, 2003;
Kreuzer-Martin et al., 2003; Kreuzer-Martin et al., 2004). Furthermore, the role of the glycolysis for
the incorporation of ambient water-H into the C-bonded H pool of bulk bacteria biomass during
metabolism has not been studied yet. In these short-term studies, particular microbial species were
grown under optimum conditions (temperature, pH, availability of nutrients and C sources). In a one-
year incubation, Paul et al. (2016) showed that more than 70 % of C-bonded H in lipids originated
from 2H-labeled ambient water. However, lipids, proteins, amino acids and other microbial cell
compounds might not be representative for the variety of compounds present in natural OM.
Additionally, the examined compounds consist of both C-bonded H as well as exchangeable O-, N-
and S-bonded H that rapidly exchange with ambient water air moisture (Schimmelmann, 1991;
Wassenaar and Hobson, 2000). Therefore, the quantification of incorporation of ambient water-H into
bulk bacterial biomass requires distinguishing between exchangeable and C-bonded H, which can be
reached by steam equilibration (Ruppenthal et al., 2013; Wassenaar and Hobson, 2000). Because the
decomposition of OM is associated which heterotrophic activity, ambient water-H should be
incorporated into the C-bonded H fraction of OM associated with a positive H isotope fractionation
effect in the product relative to the reactant (Ruppenthal et al., 2015). Therein, faster decomposition
associated with a high microbial activity should result in more pronounced microbial H incorporation
into the C-bonded H pool. Furthermore, litter decomposition rates vary widely among species
(Cornelissen, 1996; Wardle et al., 2006) and plant litter properties have a marked influence on
decomposition rates (Fogel and Cromack Jr., 1977; Gartner and Cardon, 2004; Meentemeyer, 1978).
Additionally, during microbial decomposition not only the solid phase of leaf litter is affected by
transformation processes, but also new compounds like sugars and proteins, which are partly water-
soluble, are synthesized. Leached total organic matter (TOM) in solution consists of a complex
mixture of aromatic and alipathic C-rich compounds of different sizes and chemical structure (Dilling
and Kaiser, 2002; Pagano et al., 2014). Degradation products such as amino acids as well as microbial
metabolites are released into soil solution during the decomposition process (Habermehl et al., 2008;
Mambelli et al., 2011; Martin et al., 1974; Voroney et al., 1989). Since degradation products and

microbial metabolites underwent biosynthesis reactions potentially associated with the incorporation
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of ambient water-H into the C-bonded H pool, §*H, values of leached TOM might more closely
resemble &°H values of ambient water than §°H, values of the solid-state organic matter during
decomposition.

In summary, there is a lack of knowledge concerning (i) the incorporation of ambient water-H into the
C-bonded H fraction of microorganisms, leaf litter and leached OM and (ii) the associated H
fractionation during the incorporation of ambient water-H into the C-bonded H fraction of OM during

decomposition.

4. Objectives and structure of the thesis

Our overarching objective is to unravel the mechanisms responsible for the close correlation between
&°H values of rainfall and 6*H, values of SOM. Here, the incorporation of ambient water-H during
decomposition of OM is the main process suspected to shift 0*H, values of aboveground litter towards
0*H, values of SOM. Therefore, our research would improve the mechanistic understanding of the
bacterial metabolism and transformation of OM during decomposition. Because our results will yield
an estimate of the C-H bonds having been broken enzymatically, we could also contribute to the
understanding of the breakdown and rearrangement of C compounds during decomposition and the
influence of microbial products which forms part of the emerging view on SOM. Superior, for all
sections of the thesis, the steam equilibration device with waters of varying H isotopic composition
was applied to determine the contribution of exchangeable H to total H concentrations in OM
(Ruppenthal et al., 2013).

Section B investigated the incorporation of ambient water-H into leaf litter and leached OM during
decomposition under laboratory conditions. Therein the incorporation into the C-bonded H pool of leaf
litter and leached TOM of Fagus sylvatica LINNE and Acer pseudoplatanus L. were incubated with
waters differing in 6°H values over four weeks. The results show small incorporation rates into the
C-bonded H pool of bulk leaf litter and leached TOM for the first time and highlight the microbial
input to the leached TOM.

In Section C the incorporation of ambient water-H into bulk bacterial biomass during substrate-
specific metabolism using two model organisms Escherichia coli (gram-negative) and Bacillus
atrophaeus (gram-positive) incubated in growing media using waters differing in 6*H values
supplemented with either D-glucose (favorable) or D-lysine (unfavorable) as sole C source was
studied. In addition, for a selection of previously published studies, incorporation rates and the
associated H isotope fractionation was recalculated using calculations based on the suggested
approach. The results of this study provide first insights into the substrate and species-specific
incorporation of ambient water-H into the C-bonded H pool of bulk bacterial biomass and support the

glycolysis pathway as the mechanism underlying the incorporation of ambient water-H into the
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C-bonded H fraction of bacteria. Contrary, stressful conditions forcing bacteria into a catabolism
dominated metabolism disable the incorporation of ambient water-H.

Section D demonstrates the incorporation of ambient water-H into the C-bonded H fraction of leaf
litter and leached OM during decomposition under field conditions, which was never investigated so
far. Since it is challenging to manipulate 6°H values of precipitation under field conditions, before the
experiment, 2H labeled leaf litter of F. sylvatica and Tilia platyphyllos SCOPOLI was produced by the
irrigation of trees with differently 2H enriched waters in the greenhouse. Subsequently, leaves were
packed into litterbags and spread out in the field. In contrast to Section B and C the incorporation of
ambient water-H into OM was investigated via the subsequent depletion of the H label of OM during
20 weeks of decomposition. The results highlight microbial transformation processes in the remaining
leaf litter associated with an incorporation of ambient water-H into the C-bonded H fraction of the
remaining leaf litter and suggest that *H, values of leached TOM are driven by the influence of
external bacterial input into the leached TOM.

Section E includes the general conclusion of this research work with regards to the determined
incorporation rates. Therefore, the focus is on the relevance of the individual compounds for SOM
dynamics including their contribution to SOM to explain the close correlation of §°H, values of SOM

with 5°H values of local precipitation reported by Ruppenthal et al. (2015).
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1. Abstract

Aridity was observed to affect the C-bonded stable H isotope ratios (6°H, values) of aboveground
plant organic matter but not 0*H, values of associated soil organic matter (SOM). Instead, 6°H, values
of SOM correlate spatially with long-term mean ¢*H values of local rainfall. To explain this
discrepancy, we investigated if and to which degree C-bonded H was replaced by ambient water-H
during leaf litter decomposition in laboratory microcosms.

In a four-week incubation of leaf litter (Fagus sylvatica L. - beech, Acer pseudoplatanus L. - maple)
with two H-isotopically labeled waters (6°Hiw: +50 %o, +250 %o), we found a small incorporation of
isotopically labeled H into the C-bonded H pool (<5 % of total C-bonded H) in beech litter. For the
leached, more reactive total organic matter in solution (TOM), we estimated that 8-9 % of C-bonded H
was replaced by the isotope label during incubation. We suggest that the small incorporation of H
from ambient water can be attributed to microbial processes.

However, the small incorporation of H from ambient water during microbial processing would not be
sufficient to overprint the aridity signal present in plant organic matter and shift 5°H, values of SOM
towards those of long-term rainfall. This supports the suggestion, that SOM originates from
belowground sources including roots and microorganisms, which inherently show 6°H, values related

with those of long-term rainfall.

2. Introduction

Stable H isotope ratios in soil organic matter (SOM) can be used as a tool to identify SOM
proveniences or they can serve as a proxy for rainfall 6*H values and thus, for paleoclimate (Kreuzer-
Martin et al., 2004; Schimmelmann et al., 2006, Sessions, 2016). Along a 2500-km climosequence in
Argentina, it was shown that the H isotope signature of the C-bonded H pool (6°H, values) in SOM
was driven by the local long-term rainfall H isotope composition and that existing aridity signals in the
C-bonded H pool of aboveground plant biomass were absent in that of SOM (Ruppenthal et al., 2015).
It is known that C-bonded H in SOM preserves its inherited 6°H, value and does not exchange with
water-H at temperatures usually occurring in soil environments at the earth surface (Schimmelmann et
al., 2006; Sessions et al., 2004). Therefore, the finding of a close correlation between 6°H, values of
SOM and rainfall was unexpected at first glance, because the leveling of the aridity signals would
have required a fast exchange of the C-bonded H pool with ambient water.

There are two non-exclusive explanations for this discrepancy. The first one is related to plant-internal
processes before plant litter enters the SOM pool. Transpiration in response to air humidity and mixing
with water vapor causes that leaf water is enriched in 2H compared to the source water taken up via

roots (e.g. precipitation) (Craig and Gordon 1965; Dongmann et al. 1974). The transpirational
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enrichment of leaf water increases with increasing aridity (Cernusak et al., 2016). Photosynthetic
isotope fractionation causes that 6°H, values of leaves (organic matter) are lower than 6*H values of
precipitation (Cormier et al., 2018; Hayes, 2001; Yakir, 1992). Assuming a constant 2H fractionation
factor associated with photosynthesis, assimilates become enriched in *H producing H-isotopically
heavier leaf tissue under arid than under humid conditions (Hayes, 2001; Roden et al., 2000; Sanchez-
Bragado et al., 2019). While this process is well documented in compound-specific studies for
cellulose (Epstein et al., 1977; Yapp and Epstein, 1982), studies about the aridity effect on §*H, values
of bulk organic matter are rare (Rundel et al., 1979; Leaney et al., 1985; Ziegler et al., 1976).
However, during the transport of assimilates through the plant and the further processing during
biosynthesis reactions, the leaf water signal eventually gets lost. The resulting biosynthesized
compounds reflect the H isotopic signal of the ambient cell water which might more closely resemble
that of soil water (Roden and Ehleringer, 2000; Yakir and DeNiro, 1990; Yakir, 1992). This has been
shown for n-alkanes from terrestrial plants (Sachse et al., 2012) and tree-ring cellulose (Gray and Song
et al., 1984), which might already show an H isotopic composition that is closer to soil water and thus
related with that of mean local precipitation (Gori et al., 2013; Kimak et al., 2015). Along the
climosequence in the study of Ruppenthal et al. (2015), the aridity effect was present in the leaves, but
no longer observable in the roots likely because assimilates transported to the roots served as educts of
biosynthesis reactions associated with the incorporation of root-water H, which is H-isotopically close
to soil water. Simultaneously, there was a strong correlation of 6*H, values of roots on §°H, values of
SOM (Ruppenthal et al., 2015). From these findings, the authors concluded that the belowground root
biomass made a major contribution to SOM (Ruppenthal et al., 2015).

The second explanation for the relationship between 0*H values of SOM and rainfall, which could also
take place subsequently to plant biosynthesis reactions described above, relates to processes occurring
when plant litter enters the SOM pool. During decomposition of organic matter, recalcitrant
compounds like lignin are accumulated (Berg and McClaugherty, 2014; Wickings et al., 2012) while
cellulose is rather lost from than accumulated in SOM (Preston et al., 2009). Because there are
compound-specific §*H, values, the preferential decomposition of organic compounds with distinct
8°H, values could systematically change the 6°H, values of litter-derived SOM during decomposition
(DeBond et al., 2013). However, this process would not necessarily drive the §°H, values of SOM
derived from aboveground litter towards that of soil water and therefore is an unlikely explanation for
the loss of the aridity signal in aboveground biomass. An alternative explanation would be that
ambient water-H was rapidly incorporated into SOM by its microbial processing. This process is
different from the rapid exchange between H in air moisture and ambient soil water and the
exchangeable H pool (e.g., the H in hydroxyl groups) in SOM because it affects the C-bonded H as
well. Common methods to measure 6*H, values account for the exchangeable H pool e.g., by steam
equilibration (Ruppenthal et al., 2010; Wassenaar and Hobson, 2000) and use mass balance

calculations to determine the nonexchangeable, C-bonded H pool. These methods can only distinguish
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between readily exchangeable H mainly by physico-chemical equilibration and C-bonded H but they
cannot reveal the history of H incorporated into the C-bonded H pool by enzymatic metabolic
processes inside organism cells. Therefore, the incorporation needs to be traced in labeling
experiments in which ambient water with 6*H values that differ from natural abundance levels are
used. Based on this approach, several studies corroborated that C-H bonds are regularly broken and
reattached during microbial metabolism (Horita and Vass, 2003; Kreuzer-Martin et al., 2003, 2004).
The microbial metabolism is associated with an incorporation of ambient water-H into C-bonded H of
the microbial metabolites in the range of 20 to 50 % during up to four days (Horita and Vass, 2003;
Kreuzer-Martin et al., 2003, 2004). In these short-term studies, particular microbial species were
grown under optimum conditions (temperature, pH, availability of nutrients and C sources). In a one-
year incubation, Paul et al. (2016) showed that more than 70 % of C-bonded H in lipids originated
from 2H-labeled ambient water. However, lipids, proteins, amino acids and other microbial cell
compounds might not be representative for the variety of compounds present in natural organic matter.
Therefore, the extent of incorporation of ambient water-H into the C-bonded H pool during
decomposition of SOM by the associated microbial community yet awaits to be shown.

The extent of incorporation of ambient water-H into C-bonded H by metabolic processes inside cells
might be related with the properties of the organic matter that drive decomposition rates. Faster
decomposition associated with a high microbial activity should result in more pronounced microbial H
incorporation into the C-bonded H pool. Litter decomposition rates vary widely among species
(Cornelissen, 1996; Wardle et al.,, 1997) and plant litter properties have a marked influence on
decomposition rates (Fogel and Cromack, 1977; Gartner and Cardon, 2004; Meentemeyer, 1978;
Millar et al., 1936; Mindermann, 1968). Different studies reported tree species-specific trends of mass
loss during decomposition: Quercus rubur LINNE, Sorbus aucuparia L. and Acer pseudoplatanus L.
showed faster decomposition rates than Picea abies L., Pinus sylvestris L. and Fagus sylvatica L.
(Angst et al., 2019; Don and Kalbitz, 2005; Joly et al., 2016; Zech et al., 2011).

During microbial decomposition not only the solid phase of leaf litter is affected by transformation
processes but also new compounds like sugars and proteins which are partly water-soluble are
synthesized. Leached total organic matter (TOM) in solution consists of a complex mixture of
aromatic and alipathic, C-rich compounds of different sizes and chemical structure (Dilling and
Kaiser, 2002; Pagano et al., 2014). Degradation products such as amino acids as well as microbial
metabolites are released into soil solution during the decomposition process (Habermehl et al., 2008;
Mambelli et al., 2011; Martin et al., 1974; Voroney and Paul, 1989). Since degradation products and
microbial metabolites underwent biosynthesis reactions potentially associated with the incorporation
of ambient water-H into the C-bonded H pool, §*H, values of leached TOM might more closely
resemble &°H values of ambient water than §°H, values of the solid-state organic matter during

decomposition.
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Our objective was to determine, whether there is microbially-mediated incorporation of ambient
water-H into organic matter during decomposition of aboveground plant litter. We hypothesized that
(1) isotopically labeled (*H enriched) ambient water-H is measurably incorporated into the C-bonded
H pool of leaf litter (F. sylvatica and A. pseudoplatanus) during decomposition in a short period of
time of four weeks. Furthermore, (2) the incorporation of ambient water-H into the C-bonded H pool is
higher in leached TOM than the remaining solid-state leaf litter. Finally, we postulated that (3) the
incorporation of ambient water-H into leaf litter and leached TOM depends on the litter quality of the

two tree species (4. pseudoplatanus > F. sylvatica).

3. Material and Methods

3.1.  Study sites, sampling and sample processing before incubation

In May 2018, we sampled leaf litter of F. sylvatica (beech) and 4. pseudoplatanus (maple) from two
forest sites in the Schonbuch which covers an area of 156 km? in southern Germany. In 2018, mean
annual temperature recorded at a weather station in proximity to the sites was 11.4 °C and mean
annual precipitation was 506 mm (WetterKontor GmbH, 2021). The beech site (9.1087, 48.5616;
WGS84) is located in the Stadtwald Tiibingen and is characterized by mainly F. sylvatica trees with a
minor contribution of Quercus robur L. (oak). The maple site (9.0577, 48.5764; WGS84) is dominated
by old maple trees with a few oak trees in patches. The parent material of the soils is loess resulting in
Cambisols (beech site) and Luvisols (maple site, [USS Working Group WRB, 2014). At each site, we
sampled the Oi horizon in three plots of 10 m x 10 m (100 m?). In the laboratory, sampled beech and
maple leaf litter samples were cleaned from leaf litter material of the accompanying vegetation, from
adhering soil, fruits and macrofauna and manually homogenized. Then, leaf litter was dried for 48 h at

40 °C. Aliquots of all leaf samples were taken as to samples just before incubating them.

3.2.Incubation and sample processing after incubation

For incubation, we used HDPE plastic containers with a volume of two liters and equipped with a
screw cap (VWR chemicals, Germany). To collect leachates, a short tube (PVC) with a plug was
inserted at the lower side (Fig. B-1). Ten g of dry leaf litter samples were placed into each container.
Leaf litter samples were incubated for four weeks. We used two water labels (6°H ca. +50 %o and
+250 %0) which were produced by mixing deionized water (0*H = -75 %o) with the corresponding
volume of deuterated water (> 99.99 % 2H, Deuterium Oxide, Campro Scientific, Germany) according
to an isotopic mass balance calculation (Faghihi et al., 2015). The &°H values of the labels were,
however, not measured. In total, there were 48 incubation containers: two leaf litter types x two water

labels x four time intervals (one, two, three, and four weeks) x three replicates. Twice per week,
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400 mL of >H-enriched water was percolated through the respective incubation containers within one
hour while the leached TOM was collected by draining the water via the previously installed tube at

the bottom of the incubation containers without filtration (Fig. B-1).
Experimental setup:

2 species x 2 water labels x 3 replicates = 12 containers TOM samples and Iyophilized volume

weekl week2 week3 weekd

. 2 x 400ml
°H enriched water —— | 12 containers = > 800 ml
with 8H,= L
+50 %o oOr 2x400ml 2%400ml 3 1600 ml
—_— 12 containers
230 % I —

. 2% 400ml  2x400ml 2 x 400ml
) 2 x 400ml
e 2x400ml 2x400ml 2 x400ml 2 x400m 5 3200 1l
I D B

10 g leaf litter e TOM

(beechy/ maple)
Fig. B-1: Experimental setup of the incubation experiment and the sampling design. Two litter types
(beech/maple) were incubated with 400 mL of 2H enriched water twice a week in three replicates,

resulting in 12 containers per time interval.

After draining the water, leached TOM samples were immediately frozen at -20 °C. TOM samples of
the two percolating events within one week were defrosted, combined per container, frozen again and
subsequently lyophilized (LyoCube 4-8 LSCplus, Martinchrist, Germany) which yielded a solid
sample. For the first week, we used the combined TOM samples of week one. For the other time
intervals (two to four weeks) we again combined the weekly leached TOM (container-wise) according
to the incubation intervals (week one + week two for the two-week interval etc.). Leached TOM was
ground (Pulverisette 5, Fritsch GmbH, Germany). For solid leaf litter samples, each week one set (two
leaf litter types x two water labels x three replicates = 12) of solid litter samples was sacrificed, dried

for 48 h at 40 °C, weighed and ground (Pulverisette 5, Fritsch GmbH, Germany).

3.3. Steam equilibration

To account for the exchangeable pool of H (Hex) that does not carry a robust isotope signal of the leaf
litter and the leached TOM, we used the equilibration device of Ruppenthal et al. (2013) which was
modified from Wassenaar and Hobson (2000). The equilibration device consists of a stainless steel

vacuum vessel which was loaded with samples in tin capsules (0.025mL, 2.9 x 6 mm, IVA
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Analysentechnik GmbH+Co KG, Germany) held upright by a brass sample holder (Fig. B-S1). For the
steam equilibration, we used three waters of measured J*H, values (AWI=-268 %o,
2H-enriched = +113 %o and deionized water= -75 %o) resulting in three aliquots of one and the same
sample that were each equilibrated with a different water. This approach guarantees the full exchange
of the isotopically exchangeable H with the equilibrium water-H (Ruppenthal et al., 2010).

Equilibration water (3.5 mL; corresponding to a ratio of equilibration water H to exchangeable sample
H of at least 100:1) was injected into the evacuated vessel through a silicone rubber septum.
Equilibration took place by disconnecting the vessel from the rest of the vacuum line with the help of
quick connectors (Swagelok Company, USA), and placing it in a fan-assisted heating oven at 120 °C
overnight. The next morning, the vacuum vessel was reconnected to the vacuum line, the equilibration
water vapor was evacuated and the residual heat of the heavy stainless-steel vessel was used to
simultaneously dry the samples for approx. 2 h. Once the vessel had cooled down, it was repressurized
back to ambient pressure with dried Ar gas (purity grade 5.0). Flushing the device with dried argon
gas was supposed to avoid isotopic reequilibration of equilibrated samples with ambient moisture.
While the Ar continuously flew into the vessel, the equilibrated samples were sealed airtight with end
cutting pliers and transferred to the Thermal Conversion/Elemental Analyzer-Isotope Ratio Mass
Spectrometer (TC/EA-IRMS) autosampler for 6°H analysis. The time between removing a sample
from the argon-filled vessel and sealing it never exceeded 30s, thus minimizing the risk of
reequilibration with ambient moisture. To test the seal of tin capsules when using end cutting pliers,
we monitored the weight loss of three sealed capsules containing acetone at room temperature over a
period of one month. We did not detect any measurable weight loss that would otherwise have
indicated that evaporated acetone escaped from the capsules. Therefore, we inferred that there was no
exchange between Ar and ambient air in the capsules containing the equilibrated leaf litter and leached

TOM samples.

3.4. Chemical analyses

After the steam equilibration, stable hydrogen isotope ratios of leaf litter and leached TOM samples
were measured with a TC/EA-IRMS device (vario PYRO Cube and IsoPrime 100, Elementar
Analysesysteme GmbH, Germany). Samples were pyrolyzed in the EA reactor at 1450 °C. The glassy
carbon tube of the EA was packed with glassy carbon granules and a glassy carbon cup was placed on
the granules to collect the molten tin and sample ash residues. Blank tin capsules did not show a
measurable H, blank. The correction factor for Hs* ions produced in the ion source was determined
before each batch of 120 samples using the automated procedure of the IRMS software (Ion Vantage,
Elementar, Germany). The Hs*-correction factor varied between 7.2 and 7.8 ppm nA-!. For calibration
of measured 5°H values before each batch of samples, three certified international laboratory standards

(VSMOW?2, USGS46 and GISP) were used. The certified H isotope reference materials VSMOW?2
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(certified as 0£0.4 %o0) or USGS46 (certified as -235.8+0.7 %o) were included as duplicate or triplicate
measurements to determine precision and accuracy of our measurement and yielded 6°H values of
-0.4£4.6 %0 (n=15) and -237.3£2.3 %o (n=15), respectively. The reproducibility of an internal
laboratory standard (PE foil) was -67.7+1.7 %o (n=30). Additionally, we measured C and N
concentrations of initial leaf litter (before incubation), the remaining leaf litter (after each incubation
interval) and leached TOM. For the analyses, 5-10 mg of each sample was weighed in and
subsequently analyzed with the vario EL III Element Analyzer (Elementar Analysesysteme GmbH,

Germany).

3.5. Calculations and statistical evaluation

The mass loss of leaf litter expressed as the lost fraction of the initial C stock (%) was calculated as the
difference in litter C mass before (to) and after (t;) incubation and related to litter C mass before
incubation (to; Eq. 1). Litter C mass is the product of litter mass (M litter) and C concentration

(CC litter) at each point in time (Eq. 1).

(M littert,[g] x CClittert,[mg g"'1)— (M littert,[g]x CClittert,[mg g"'])
(M littert,[g] x CClittert,[mg g 1)

C mass loss[%]= x100 (1)

The relative C mass loss comprises gaseous (respired CO») and dissolved (dissolved organic C) loss.
Similar to relative C mass loss, we related the dissolved C mass at a given point in time (t;) to C mass
before incubation (to) to yield the relative leached, dissolved C mass loss (in %, Eq. 2). Dissolved C
mass loss was calculated as the product of the mass of leached TOM and the corresponding

C concentration at the respective points in time (Fig. S2).

(M TOM t,[g] xCCTOM t,[mg g™'])

Dissolved C mass loss[%]= -
(M littert,[g] xCClittert,[mg g™ ])

x 100 )

The contribution of respired C can then be calculated as the difference between the total C mass loss
and the dissolved C mass loss. The proportion of C-bonded H with the respective 6*H, value of each
sample was calculated with a mass balance approach adopted by Ruppenthal et al. (2010). The total H
(Hy) pool is composed of an exchangeable H pool (He) that isotopically exchanges with water and a
C-bonded H pool (H,) with respective 0*Hex and 6°H, values. Hence, 6*H values of the total pool
(0*H; values) measured in the laboratory for total sample H can be expressed as shown in Eq. (1) (Feng

et al., 1993; Filot et al., 2006; Schimmelmann, 1991; Wassenaar and Hobson, 2000):
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0’H,=(1-x,)0H,+x,0°H,, 3)

1. represents the H pool that isotopically exchanged during equilibration. For different organic
compounds, this pool varies from 0.0 for simple hydrocarbons up to 0.4 (i.e. 40 wt.% of Hy) for
complex compounds like cellulose, kerogen or humic acid (Feng et al., 1993; Filot et al., 2006;
Schimmelmann, 1991; Wassenaar and Hobson, 2000). In SOM, the fraction of isotopically
exchangeable H varies substantially and depends on litter quality input and the degree of humification.
If the exchangeable H pool of a sample reaches isotopic equilibrium with the equilibration water, the
#Hex value is related to the &°H value of the equilibration water (6°Hy) with the equilibrium

fractionation factor (0ex-w, Eq. 4) (Ruppenthal et al., 2010).

o = o 22Hex +1000 @)
o0°H +1000

The equilibrium fractionation factor oex.w depends on the chemical composition of the analyzed
samples and the equilibration temperature (Feng et al., 1993; Filot et al., 2006; Schimmelmann, 1991;
Wassenaar and Hobson, 2000). However, for chemically complex organic substances, direct
experimental determination of dex.w is difficult because it would be necessary to asses Oexw values
through §*H values of isotopically equilibrated samples with those of samples with chemically
removed H (Wassenaar and Hobson, 2000). Past studies used an approximation of oex.w for substances
like cellulose, humic acid, kerogen, keratin or collagen (Filot et al. 2006; Sauer et al., 2009;
Schimmelmann et al., 1999; Wassenaar and Hobson, 2000). Here, for oex.w, a provisional value of 1.08
was assigned, which is based on the cellulose equilibrium isotopic fractionation factor between
isotopically exchangeable H and water-H at 114 °C, which has been experimentally determined
(Schimmelmann, 1991). Via a sensitivity analysis over a dex.w range of 1.06 to 1.10, Schimmelmann et
al. (1999) and Wassenaar and Hobson (2000) showed, that the use of provisional oex.w value is
admissible while the isotopic shift, which is caused by the equilibration procedure is a function of
isotopically exchangeable H and y.. Therefore, in our study, we used a dex.w value of 1.08.

If y. is constant among aliquots, a plot of §°H; versus 0°H,, should result in a straight line, defined by
Eq. 5, which is obtained by solving Eq. 4 for 6*°Hex and substituting into Eq. 3 (Ruppenthal et al.,
2010).

O’H, =x,a, O H,+(1-x)5"H,+1000x,(c,,_, —1) (5)

e ex—w
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When all of isotopically exchangeable H is in equilibrium with the water-H, the 5°H, value from Eq. 3
is equivalent to 6°H value of the C-bonded H in the sample. Therefore, °H, can be calculated by

rearranging Eq. 5 to Eq. 6 (Ruppenthal et al., 2010).

-)-xa, O0°H,

ex—w e ex—w

S2H = 5°H,—1000x,(«
! (1-x,)

(6)

Uncertainty in the isotopic sample equilibration and errors concerning the determination of §°H, values
can be caused by different physical conditions during equilibration e.g., temperature fluctuations. To
increase the reliability of the regression analysis of ¢°H; values on ¢*H,, values of equilibrated samples
and an increase of the accuracy of 6*H, determinations, we used three isotopically distinct waters for
equilibration (Ruppenthal et al., 2010).

To unambiguously differentiate the exchange processes with *H-labeled liquid water, air moisture or
vapor in the exchangeable H pool, we term the metabolic incorporation of H from ambient water
inside cells into the C-bonded H pool by microbial metabolism “incorporation” henceforward. If the
0’Hy is manipulated, it is possible to trace this incorporation in microbes and in the microbial
metabolites after cell lysis. In case of the incubation of natural organic matter with water, the
incorporation refers to the mixture of microorganisms (living and dead) and microbially cycled
degradation products. The incorporation will shift 6°H, values towards the &°H, values of the
incubation waters (0*Hiw). However, the incorporation will be associated with an isotope fractionation
factor. If aliquots of the same sample are incubated with waters differing in &°Hiy values, the
fractionation factor can be assumed as identical and thus, the shift only depends on the 6*Hiy value.
Consequently, the slope of the regression of the 6*H, values on the 0*Hiy, values indicates the extent of
incorporation of ambient water-H into the C-bonded H pool. In case of no incorporation, there would
be no shift in ¢*H, values and accordingly, a slope of 0 would result. In case of incorporation of the
complete C-bonded H pool, a 1:1 relationship between 6°H, and 5°Hiy values would result (slope = 1).
Commonly, the slope expressed as percentage (i.e., 1 equals 100 %) is used to depict the extent of
ambient water-derived H (Luo and Sternberg, 1992; Yakir and DeNiro, 1990). We calculated
incorporation for those cases only where two criteria were met namely that (i) 6°H, values in the
250 %o label increased relative to the initial °H, values and that (ii) 6°H, values differed significantly
between the two incubation waters for a given sample. Our incorporation refers to the time interval
until leaf litter or leached TOM sampling. Therefore e.g., the incorporation rate of week 4 includes all
time intervals from one to four weeks. To determine the net apparent isotope fractionation of *H (&2H,,)
between TOM and leaf litter, we calculated the apparent H isotope fractionation factor based on Eq. 7

according to Coplen (2011):
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8*H, 1o +1000
ngn TOM /leaf litter = 52H = +1000 -1 (7)

n leaf litter

All statistical analyses were conducted with SPSS 11.5 (SPSS Inc., USA) and/or Microsoft Excel 2010
(Microsoft Corp., USA) software. Prior to statistical analyses, prerequisites were checked (normal
distribution: Shapiro-Wilk test; homogeneity of variances: Levene's test). If normal distribution of
residues or variance homogeneity was violated, data were transformed. To approach normal data
distribution, data were logjo-transformed. We used the Huynh-Feldt- or Greenhose-Geisser-correction
according to Girden (1992) in case of heteroscedasticity. Significant differences between tree species
or water labels during the temporal course of the incubation were analyzed using repeated measure
analysis of variance (rmANOVA) while #-tests were used to determine differences between the means

of the labeled water or tree species.

4. Results

4.1. Litter mass loss

Tree species had significant effects on C:N ratios before and after incubation (p <0.001). Initial leaf
litter of beech and maple showed mean C:N ratios of 36.7 + standard deviation of 0.9 and 30.4+£1.8,
respectively. C:N ratios after incubation of leaf litter were 36.1+£0.9 (beech) and 28.9+£1.9 (maple).
Conversely, C:N ratios of leached TOM were larger for maple (16.1+1) than for beech (10.2+1.3;
p <0.003). The mass loss of leaf litter expressed as the lost fraction of the initial C stock was
significantly larger for maple than for beech and significantly increased with time (Table B-1;
Fig. B-2). After the four-week incubation, approximately one-fourth (maple) and one-fifth (beech) of
the initial C stock in the leaf litter was lost (Fig. B-2). The mass loss comprised loss by leaching
(TOM) and in gaseous form (respired CO;). Loss via leached TOM accounted for less than 5 % of the
initial C stock and consequently, loss by respired CO, (data not shown) represented the majority of the
mass loss (Fig. B-2).

Similar to the solid phase, the mass loss by leaching was significantly larger for maple than for beech
and increased with time (Table B-1; Fig. B-2). Additionally, the temporal trend of the mass loss by
leaching depended on tree species (significant interaction of time x tree species in Table B-1). In
general, the larger C mass loss including dissolved C mass loss of maple litter as compared to beech

litter was in line with our expectation.
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Table B-1: Repeated measure ANOVA results for effects of time, water label (water) and tree species
on the mass losses of solid state leaf litter (relative mass loss) and via leached total organic matter in
solution (TOM) expressed as the lost fraction of the initial C stock and &*Hy ieaf titer Values. Non-

significant interactions between factors are not displayed. Significant effects are displayed in bold.

Factors DF F P

Relative mass loss

Time 3 38.60  <0.001
Water 1 3.45 0.100
Tree species 1 11.43 0.010
Mass loss leached TOM
Time 3 59.25  <0.001
Water 1 0.03 0.862
Tree species 1 66.32  <0.001
Time x Tree species 3 3.16 0.043
52Hn leaf litter
Time 3 5.46 0.016
Water 1 27.15 0.001
Tree species 1 136.69  <0.001

30
—— Relative mass loss maple

—@— Relative mass loss beech
25 | - -& - Leached TOM maple
- -@ - Leached TOM beech

Fraction of initial C stock [%]

Incubation time [weeks]

Fig. B-2: Fraction of the initial C stock in leaf litter lost in total (relative mass loss) and via leaching
(leached TOM) for beech and maple during the course of the four-week incubation. Error bars show
the standard deviations for each time step (n = 6). To ease readability, the sampling times have been
shifted slightly. Asterisks indicate significant differences between tree species at a given incubation

interval (* p <0.05; ** p <0.01; *** p <0.001).
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4.2. Carbon-bonded stable hydrogen isotope ratios of leaf litter

The beech litter had significantly higher 0*Hy ieaf 1ier values than that of maple irrespective of
incubation time and water label (Table B-1; Fig. B-3a). The ¢?Hy 1eaf 1iter Values of both tree species
increased with time (Table B-1; Fig. B-3a). The temporal trend was pronounced for the 250 %o label
but negligible for the 50 %o water label (Fig. B-3a). Overall, the water labels produced the intended
differences: the 0*Hy ieat iitier Values after incubation with the 250 %o label were significantly higher than
after incubation with the 50 %o label (Table B-1; Fig. B-3a). The analysis of individual time points,
however, revealed that the effect of the water labels was more consistent for beech than for maple
(asterisks in Fig. B-3a). There were significant 6°H, differences between the two sets of leaf litter
samples incubated with the two differently labeled waters of 5.3-9.9 %o for three out of four intervals
for beech and 10.5 %o (week 4) for maple. We found that 3 to 5 % of H in the C-bonded pool of beech
and maple leaf litter experienced an incorporation of ambient water-H (Fig. B-4). Expressed as weekly
rates, the average H incorporation rate was 1.2+0.3 %. The individual 0*Hy ieaf titer values are provided

in Table B-S1.

a) Incubation time [weeks] b) Incubation time [weeks]
0 1 2 3 4 1 2 3 4

-40 T T T T T -40 T
-50 -50
-60 -60
g =70 =70 +
£ g0 -80 +
< 90 | 90 |

RS
2100 -100
-110 | -110
-120 -120 ¢
130 L ---Ac-- Maple 50  ---©-- Beech 50 130 b
—a&— Maple 250 —@— Beech 250

140 L -140 L

Fig. B-3: 0°Hy teaf 1itier values (a) and 6*H,tom values (b) differentiated according to the type of
isotopically labelled incubation water (*Hiw: +50 %o, +250 %o) during the course of the
incubation. Error bars show the standard deviation of 0*Hy reaf iiver and 6°Hntom values for each
time step (n = 3). To ease readability, the sampling times have been shifted slightly along the x
axis. Asterisks indicate that the two criteria (increase in 6°H, values, difference between the two

water labels) allowed to calculate incorporation of ambient water-H into the C-bonded H pool.
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Fig. B-4: Regression of 6°Hy ieaf iiteer (@, b) and 6°Hy tom (¢, d) values on 6*Hiw values (+50 %o, +250 %o)
of maple (a, ¢) and beech (b, d) for the four different incubation intervals (W1 to W4). The slopes of
the regression equations (1 equals 100 %) depict the incorporation of H from isotopically labeled
water into the C-bonded H pool (Yakir and DeNiro, 1990; Luo and Sternberg, 1992; Kreuzer-Martin et
al., 2003). The linear functions are given above each line except for cases without a significant
difference between the two labels (see Fig. 3a, b) and with negative slopes (i.e., 6*H, values of the
+250 %o label were more negative than those of the +50 %o label). In these cases, regression lines are
displayed in grey. Error bars show the standard deviation of 0*Hy ieaf 1iter Values for each time step

(n=3). To ease readability, the sampling times have been shifted slightly.

4.3. Carbon-bonded stable hydrogen isotope ratios of leached organic compounds

In general, 6°H, values of leached TOM (6°H, tom) were not significantly different or higher than the
*Hy teat tiveer Values (Fig. B-3 and Fig. B-S3). The only exception was the microcosm with leaf litter of
beech and the 50 %o label after four weeks of incubation where the net apparent isotope fractionation

€2 H, was significantly negative. After one week of incubation, leached TOM was characterized by
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similar &H, tom values irrespective of tree species and water label (Fig. B-3b). Thereafter,
&*Hn tom values varied without tree-species effects or a clear temporal pattern (Table B-S2; Fig. B-3b).
Nevertheless, 6*°Hn tom values were significantly higher in the samples that had been incubated with
the 250 %o label than in those that had been incubated with the 50 %o label after three weeks (beech:
difference of 15.8 %o) and four weeks (beech: 34.4 %o and maple: 17.8 %o; Fig. 3b). Identical to the
calculation of incorporation that we applied for solid-state leaf litter, we used the slope approach for
leached TOM. In some cases, we did either not detect a significant difference in &°H,tom values
between the samples incubated with the two water labels or §*H, tom values of the sample incubated
with the 250 %o label were smaller than those incubated with the 50 %o label (Fig. B-3b). For these
cases, we could not calculate an incorporation (no regression equation in Fig. B-4). For the remaining
two other cases, the incorporation of ambient water-H into the C-bonded H pool in leached TOM
ranged between 8 and 9 % (Fig. B-4) which is equal to 2.6 and 2.2 % per week. The incorporation of
ambient water-H into the C-bonded H pool tended to be larger for leached TOM than for leaf litter

(beech: week 3; maple: week 4; Fig. B-4). The individual 6*H, tom values are presented in Table B-S1.

5. Discussion

5.1. 2H incorporation into the C-bonded H pool of the leaf litter

The fact that the 6°Hy ieaf 1ieer values of beech and maple only increased with time during the incubation
with the 250 %o label but not with the 50 %o label (Fig. B-3) illustrates that a strong label is required to
detect the small incorporation of ambient water-H into the C-bonded H pool. Therefore, in a natural
setting the incorporation of soil-water H (-150 to +20 %o; Sprenger et al., 2016) during decomposition
of litter or SOM likely hardly produces a detectable shift in 6°H, values. This increase in 6*Hy teaf ritter
values could, however, also be caused by the accumulation of 2H-enriched compounds during leaf
litter decomposition, besides by incorporation of isotopically labeled, 2H-enriched ambient water into
the C-bonded H pool of litter. A compound that is known to accumulate during litter decomposition is
lignin (Berg and McClaugherty, 2014; Wickings et al., 2012). However, 6°H values in methoxyl
groups of lignin were lower than 5°H values of wood and cellulose (Gori et al., 2013). Similarly, lignin
was shown to be depleted in 2H relative to bulk organic matter and accordingly, lignin accumulation
resulted in increasingly H-depleted 6*H values of bulk organic matter with progressing decomposition
(DeBond et al., 2013). This is the opposite of what we observed and thus, lignin accumulation cannot
serve as an explanation of our results. For cellulose, biosynthesis favors the accumulation of *H
(Cormier et al., 2018) and in line, cellulose was shown to be H-isotopically heavier than bulk OM
(DeBond et al., 2013). However, cellulose is lost during decomposition (Preston et al., 2009).

Therefore, we did not find evidence that the accumulation of certain compounds could serve as an
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explanation of the observed increase in the &*Hyieariier values of decomposed leaf litter during
incubation with the 250 %o label.

The alternative explanation, i.e., incorporation of 2H-enriched ambient water into the C-bonded H pool
would require that the difference between the two water labels increases with progressing incubation
as well since the large difference in 0*H values between the two labeled waters would add up at each
subsequent incubation interval. However, we found that the differences in 0*Hy iear lier values of beech
and maple leaf litter did not change significantly with time (no interaction between time and label in
Table B-1). Furthermore, the calculated percentage of incorporation of ambient water-H into the
C-bonded H pool in leaf litter was small (<5 %) and is in contrast with the much higher incorporation
(20 to 50 %) reported for microbial culture studies (Fogel et al., 2016; Kreuzer-Martin et al., 2004,
2006). We attribute the small extent of incorporation in our study to that facts that (i) leaf litter is less
decomposable than the substrates (e.g., sugars and proteins) used in the microbial culture studies
(Fogel et al., 2016; Kreuzer-Martin et al., 2004, 2006), which is also supported by an incomplete
consumption of the leaf litter (up to 81 % of initial C stock was left after incubation) in our study, (ii)
conditions in our study as opposed to media with optimized nutrient availability and pH in microbial
culture studies were not optimum, and (iii) the incorporation into microbial metabolites like lipids or
amino acids plays a small role during incubation of organic matter which usually comprises little
reactive compounds that may not experience any H incorporation at all (e.g., lignin; Kalbitz et al.,
2006). Our results do not fully support Hypothesis 1, because indications of an incorporation of
’H-enriched ambient water into decomposing litter during the four weeks of litter incubation were

weak and the calculated incorporation was small.

5.2. 2H incorporation into leached TOM

The finding that 6°Hn tom values of leached TOM from our microcosms were either not significantly
different from or significantly higher than those of the leaf litter during the entire incubation as
reflected by the net apparent fractionation (Fig. B-S3) indicates that TOM leaching cannot have
contributed to the slight increase in the ¢*Hy ieaf 1iver values of the incubation with the 250 %o label. To
explain net apparent fractionation between leached TOM and leaf litter that is either close to zero or
positive (Fig. B-S3), again two processes acting simultancously can be considered: (i) preferential
leaching of H-isotopically heavy compounds and/or (ii) the potentially successive incorporation of
isotopically labeled, 2H-enriched ambient water into the C-bonded H pool of leached TOM. Typically,
water-soluble and easily decomposable compounds like carbohydrates, proteins and amino acids are
leached (Berg and McClaugherty et al., 2014; Habermehl et al., 2008; Nykvist, 1963). While we are
not aware of studies on §?H, values of proteins, C-bonded H in carbohydrates from photosynthesis and
in amino acids seems to be depleted in ?H (Sanchez-Bragado et al., 2019; Schmidt et al. 2007). In line,

results of a field study on decomposition of beech and linden litter showed that §*H, tom values were,
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on average, depleted in H by €H, tomiear ter = -42.9 %o relative to the source leaf litter
(0*Hx tom: -149.9 + standard error 3.5 %o; 0*Hn teaf litier: -111.8£1.1 %o; n = 36; own results). Therefore,
it is reasonable to assume that leached TOM comprised a non-labeled proportion that was depleted in
2H in our laboratory study as well. Thus, the net apparent 2H accumulation from leaf litter to leached
TOM (Fig. B-S3), must be attributable to the incorporation of isotopically labeled, *H-enriched
ambient water into the C-bonded H pool of leached TOM, which overruled the fractionation caused by
the selective dissolution of H-isotopically light compounds in TOM.

The incorporation of ambient water-H into leached TOM in our incubation (8 to 9 %; Fig. B-4) was
still less than reported in the literature on microbial assays (Horita and Vass, 2003; Kreuzer-Martin et
al., 2003, 2004). It can be assumed that the remaining leaf litter represents the more recalcitrant left-
over while the less stable and polar decomposition products and microbial metabolites likely were
leached in our experimental set up (Berg and Agren, 1984; Habermehl et al., 2008; Krishna and
Mohan, 2017; Mambelli et al., 2011; Martin et al., 1974; Voroney and Paul, 1989). These leached
decomposition products and microbial metabolites experienced an incorporation of ambient water-H
via the glycolysis-gluconeogenesis metabolic pathway inside microbial cells during leaf litter
decomposition (Horita and Vass, 2003; Kreuzer-Martin et al., 2003; Ruppenthal et al., 2015). As
expected in Hypothesis 2, the calculated incorporation of the *H-labeled ambient water-H into the
C-bonded H pool tended to be larger for leached TOM (whole incubation period covered in week 4:
9 %, Fig. B-4) than for the remaining increasingly decomposed leaf litter (< 5 %, Fig. B-4). However,
further experiments on &°H, values of leached TOM and on the H-isotopic differentiation between
litter- and microbially derived compounds are needed to confirm this conclusion.

Because of the contribution of 2H-depleted compounds originating from the leaf litter to leached TOM,
our estimates of H incorporation from ambient water into the C-bonded pool of TOM must be
regarded as conservative and are likely too low. Our results illustrate, that there can be a small

incorporation of H from ambient water into SOM and more so into leached TOM in a short time.

5.3. Influence of the tree species

The 0*Hn eat iiteer Values differed between the tree species and this difference was maintained during the
four-week incubation (Fig. B-3). The observed difference might be related to initial differences in the
chemical composition of the two tree species. Kalbitz et al. (2006) showed that beech litter had higher
cellulose concentrations than maple litter irrespective of decomposition stage which could explain the
higher 5?H,, ieaf lieer values of beech than maple (DeBond et al., 2013). However, we cannot rule out that
the differences between 0*Hi et 1ier Values of tree species might also be attributable to site-specific
differences in 6°H values of source water, to different H-enrichment of leaf water related to different

humidity or to a species-specific variation in isotope fractionation (Arosio et al., 2020).
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We observed an increased loss of the initial C stock after four weeks of incubation and a higher mass
loss in solution for maple than for beech (Fig. B-2). These facts, together with mostly non-detectable
incorporation of ambient water-H into the C-bonded H pool of leached TOM of maple (Fig. B-4)
contradicts our expectation that C loss and incorporation are coupled. In line with Joly et al. (2016),
we regarded the degree to which the initial C stock was lost as an indicator of microbial activity.
Accordingly, the higher the microbial activity is, the more metabolically active the microorganisms
are, and the more intensively the glycolysis-gluconeogenesis pathway should operate. Maple is
supposed to be more favorable for microbial activity than beech leaf litter (Angst et al., 2019; Don and
Kalbitz, 2005; Joly et al., 2016; Zech et al., 2011). Consequently, mass loss and the incorporation of
ambient water-H into the C-bonded H pool should be larger for leached TOM of maple than of beech.
The fact that the incorporation of ambient water-H into the C-bonded H pool of leached TOM of
maple was not as pronounced as expected based on mass loss might be related to the composition of
leached TOM. If the mixture between the two TOM origins (leachate from leaf litter without the
’H label or microbial metabolites bearing the 2H label) depended on tree species, this would be
reflected by the tree-specific estimates of incorporation. For example, a larger contribution of non-
labeled leached TOM of a given tree species will result in a dilution of the 2H enrichment of leached
TOM and thus, in a reduced estimate of incorporation. The results suggest that such dilution effects
might have occurred in our study. Because of faster decomposition of maple than beech litter, maple
showed a higher mass loss (Fig. B-2). In line, Joly et al. (2016) found that the amount of leached
organic matter of leaves of 4. pseudoplatanus (85.5 mg g') was 287 % larger than for leaves of
F. sylvatica (22.1 mg g ™).

Similarly, Don and Kalbitz (2005) reported that a significantly higher amount of TOM was leached
from maple than beech leaves. Neither these authors nor we distinguished between litter- and
microbially derived TOM. Nevertheless, the C:N ratios in our study support a substantial contribution
of (non-isotopically labeled) litter-derived leached TOM for maple because the C:N ratios of leached
TOM from maple leaf litter were significantly larger than the C:N ratios of leached TOM from beech
leaf litter. Therefore, the C:N ratios of TOM leached from beech leaf litter matched better with those
reported for microbial origin. Holland and Coleman (1987) showed that bacterial C:N ratios are in the
range of 5-10 and Jenkinson et al. (1988) reported that the C:N ratio of the living soil microbial
biomass is relatively constant at around 7. By contrast, C:N ratios >15 in case of leached TOM from
maple leaf litter indicated a mixture of litter- and microbially derived TOM. Thus, we probably
underestimated the incorporation of ambient water-H into the C-bonded H pool of leached TOM
because of the dilution effect particularly for maple. Therefore, our initial expectation of a coupling
between C loss and incorporation of ambient water-H into the C-bonded H pool might still hold true.

Consequently, we can neither support nor reject our Hypothesis 3.
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6. Conclusions

During the four-week incubation, we found an incorporation of ambient water-H into the C-bonded H
pool ranging from 3 to 9 % of the C-bonded H pool. The incorporation of ambient water-H into the
C-bonded H pool was smaller than the incorporation reported in previous studies that did not use
natural OM along with the attached microbial community but microbial cultures. Our low
incorporation rate cannot explain the loss of the H-isotopic aridity signal during processing of
aboveground litter to SOM along the Argentinean climosequence of Ruppenthal et al. (2015). Our
findings therefore support the alternative explanation that SOM originates more from root litter and
microbial biomass, for which the glycolysis-gluconeogenesis pathway already resulted in an
equilibration with the ambient soil water, than from aboveground litter. The incorporation of ambient
water-H into the C-bonded pool tended to be larger for leached TOM than for the solid phase litter.
The reason for the incorporation of ambient water-H into the C-bonded H-pool of leached TOM likely
is the higher contribution of microbially cycled compounds to TOM than to the solid-phase litter.
Although maple litter in our study was more quickly decomposed than beech litter, the incorporation
of ambient water-H into the C-bonded H pool was more pronounced for litter and for leached TOM of
beech. This finding was likely caused by the underestimated H-incorporation from ambient water into
the C-bonded H pool for maple because of the dilution of 2H-enriched microbially derived TOM in
solution by H-depleted, litter-derived leached TOM. A larger dilution effect for maple than for beech
is supported by a higher C:N ratio in leached TOM of maple than expected for microbial origin.

Future research should focus on the mechanistic understanding of the production of leached TOM and
the contribution of microbially derived compounds to TOM in solution. Although our findings cannot
explain the reason why aridity effects on 6°H, values disappeared between plant litter and SOM, they
have implications for studies of the paleoenvironment. Over centuries to millennia, even small
incorporation rates might add up and thus, the C-bonded H pool is suggested to show a stable
&’H, value only if the organic compounds are preserved from microbial activity such as in fossilized
sediments but hardly in subsoils. Moreover, the finding that ambient water-H is mainly incorporated
into fresh microbial components of leached TOM might open up new ways to assess the relative age
of leached TOM and its fractions in that a higher incorporation of ambient water-H into TOM in
solution is indicative of a higher contribution of fresh microbial compounds. However, if the
difference in the natural abundance 6*H values of ambient water and the C-bonded H pool in leached
TOM was not as large as in our incubation with the 250 %o label, in-situ experiments with highly
’H-enriched water might be needed to determine the size of the microbially derived contribution to the

TOM in solution.
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1. Abstract

The stable isotope ratios of C-bonded H (6*H,, values) can be used to locate soil samples for forensic
purposes because of their close correlation with the ¢*H values of precipitation. Post-sampling
bacterial activity might change the 6*H, values via glycolysis. We tested to which degree C-bonded H
is replaced by H from ambient water under favorable and unfavorable growing conditions. We
provided two heterotrophic bacteria (Bacillus atrophaeus, Escherichia coli) with glucose (favorable)
or lysine (unfavorable) under aerobic conditions. We assessed the H incorporation from ambient water
via *H labeling. We found that the H incorporation into bacterial biomass in the glucose treatment was
79+5.9 % (B. atrophaeus) and 43+3.0 % (E. coli), likely as a consequence of glycolysis and
conservation of the §°H value in the anabolic mode of the tricarboxylic acid (TCA) cycle. Differences
between species were possibly related with different compositions of metabolite mixtures. The
bacteria did hardly grow with lysine while respiration continued, and we found no H incorporation
because the catabolic mode of the TCA cycle, which was active when the bacteria grew on lysine, is
associated with CO, release and a complete cleavage of former C—*H bonds. Our results support the
glycolysis pathway as a mechanism underlying the incorporation of ambient water-H into the
C-bonded H pool of bacteria. Stressful conditions forcing bacteria into a catabolism-dominated
metabolism disable the incorporation of ambient water-H, and 6°H, values can be applied to identify

the origin of soil samples in forensics.

Graphical abstract

éD,. ,

2. Introduction

Stable H isotope ratios (6*H values) of C-bonded H in compounds formed during young age and
conserved for the whole life can help identify the region of birth of humans' or the natal origin of
migrating animals.?* The stable H isotope approach is based on the reliance of organisms on regional

water sources with typical geographical patterns in ¢°H values.> Similarly, 6*H values of C-bonded H
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(0*H,) of soil organic matter (SOM) that is built up from organic remains correlates closely with
0*H values of precipitation.®” Therefore, the origin of soil samples, which can be required e.g.,
evidenced in criminal cases, might be deducible from §°H, values of SOM. However, not only dead
organic remains with a preserved 6’°H, value but also living microorganisms including bacteria are
present in soil. Because of the short life cycle of bacteria of minutes to hours, no long-lived tissue
exists in living bacterial cells and the 5°H, values can be quickly metabolically overprinted by the
introduction of H atoms from ambient water.®’

It is generally assumed that during glycolysis, a metabolic reaction chain shared by nearly all
organisms on Earth,' ambient water-H is incorporated into the C-bonded H fraction which includes de
novo formation of C-H bonds.!""!> During the fifth step of the glycolysis, an H atom from ambient
water is newly bound to the C; position of the glycerinealdehyde-3-phosphate (GAP) molecule. This H
atom is eventually conserved in bacterial biomass if pyruvate as the end-product of glycolysis enters
the anabolic mode of the tricarboxylic acid (TCA) cycle that generates biosynthesis products. Because
many bacteria prefer glucose — the educt of the glycolysis — as a carbon source'® for biosynthesis, an
incorporation of ambient water-H was found if Escherichia coli or Bacillus subtilis were grown on
glucose or growth substrates amended with glucose.®!” In these studies, the incorporation of ambient
water-H was calculated for the bulk bacterial biomass.®!” Bulk bacterial biomass consists of both
C-bonded H as well as O-, N-, and S-bonded H (exchangeable H; Hex) that rapidly exchanges with
ambient air moisture e.g., in the laboratory atmosphere.'®!” Therefore, the calculation of incorporation
of ambient water-H in previous studies on bacteria did not relate exclusively to C-bonded H.
Accordingly, the calculated incorporation of ambient water-H up to 30 % of total H into bacterial

892021 and of <5 to >70% into bacterial amino acids'’ contains uncertainties. The

biomass
quantification of the incorporation of ambient water-H into bulk bacterial biomass requires to
distinguish between exchangeable and nonexchangeable H. The Hex can be tackled by steam
equilibration'>??, but this method has not been applied in microbiological studies so far.

Jointly, de novo formation of C-H bonds during glycolysis and the incorporation of ambient water-H
during bacterial metabolism might suggest that H in the newly formed C-H bonds originates from cell
water reflecting ambient water. However, the role of glycolysis for the incorporation of ambient water-
H during bacterial metabolism has not been studied yet. Most bacterial species cannot grow on
substrates that are not involved in glycolysis e.g., lysine — a ketogenic amino acid.”2

However, as an adaption to stationary phase growth condition, E. coli was shown to continue
metabolic activity including the gluconeogenesis/glycolysis pathways if provided with lysine.*® Knorr

et al.?

showed that E. coli is able to degrade lysine catabolically. However, the used incubation
medium was supplemented with glucose resulting in basic glycolytic activity and does not provide
information about bacterial growth and incorporation of ambient water-H when lysine is the sole
C-source. The incorporation of ambient water-H into biosynthesized compounds is associated with

enzymatically mediated reactions which fractionate H and thus, produce Kkinetic isotope

41



fractionation.’*2® As opposed to different isotope fractionation during the biosynthesis of individual
bacterial lipids,?®? bulk bacterial biomass should be characterized by a consistent fractionation factor
if glycolysis precedes the majority of biosynthesis products. For bacterial biomass and spores, a range
of net apparent fractionation (€viosynthesis productwater) from +40 to +122 %o was reported.?’ However, this
study did not compare different bacterial species.

We aimed to prove that ambient water-H is incorporated into C-bonded H during glycolysis.
Moreover, we aimed to quantify the apparent H isotope fractionation by this H incorporation. We
hypothesized that (i) there will be pronounced growth and a substantial incorporation of ambient
water-H in the glucose treatment irrespective of the bacterium species; (ii) In the lysine treatment, E.
coli will show metabolic activity and associated incorporation of ambient water-H into C-bonded H,
whereas B. atrophaeus will die; and (iii), the isotope fractionation associated with the incorporation of
ambient water-H into bulk bacterial biomass in the glucose treatment will be constant i.e., not depend

on the bacterium species.

3. Material and Methods

3.1. Bacterial cultures and medium preparation

No unexpected or unusually high safety risks arose during the experiment. We used the gram-positive
bacterium Bacillus atrophaeus (DSM 675) and the gram-negative bacterium Escherichia coli K-12
(MG 1655) (DSMZ, Braunschweig, Germany). Cultures were pre-grown in a Luria-Bertani (LB)
medium at pH 7. Afterwards, E. coli and B. atrophaeus cultures were inoculated and incubated in
Erlenmeyer-flasks at 28 °C and 32 °C, respectively. Cell cultures were harvested when reaching the
mid-exponential growth phase which was identified by optical density (OD) measurements and their
relation to growth functions. Cell suspensions were centrifuged (8 min) at 4000 g (Hermle Z300,
Hermle Labortechnik, Germany); pellets were washed twice with 0.9 % NaCl. For the incubation, we
transferred initial cells (grown on LB-medium) as necessary to reach an initial optical density (OD) of
0.1 in the incubation medium.

The incubation medium was a modified 2H-labeled M9 minimal medium which is commonly used to
provide a basic supply of phosphorus, nitrogen and sulfur.?* The chemical composition of the medium
is described in the supporting information (SI). As the only carbon and energy source, we used
2.5 g L' of either glucose or lysine (both Campro Scientific, Berlin, Germany). Three stock flasks per
C source of the two growth media with varying H isotope ratios were prepared (6*H: +150 %o, +250 %o
and +500 %o) by adding the appropriate amounts of sterile 99.99 % D->O (Campro Scientific). For each
incubation cycle, 100 mL of the corresponding stock media were filled in 250-mL flasks (Duran,

Schott, Mainz, Germany), closed with gas washbottle tops (Duran) and autoclaved.
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3.2. Incubation

The incubation experiment was carried out for 12 h (T1) and 24 h (T2). Two species of bacteria, two
carbon sources, three incubation waters with different 5°H values (6*°Hiw) and two time intervals in
triplicates resulted in an experimental setup of 72 incubation flasks. Additionally, an identical setup
but without the addition of bacteria was considered as control treatment for the CO»-production. Cell
cultures of both bacteria were incubated at 20 °C. The gas wash bottles were sealed airtight at the top
and aerated with carbon-free synthetic air through a tube on the one side, while the other side was
connected with two tubes (Falcon, USA) filled with NaOH for monitoring CO, production. The

processing of the samples is described in the SI.

3.3. Analyses
3.3.1. Optical-density, flow-cytometry, CO; and substrate-concentration measurements

All OD measurements to determine the bacterial biomass were performed at 600 nm (Specord 50 Plus,
Analytic Jena, Germany). To guarantee identical initial cell numbers of the two cultures, cell numbers
were determined via flow cytometry (Attune Nxt Flow Cytometer, Thermo) and OD was checked
before each incubation cycle. Additionally, we calculated bacterial growth (BacG) for each time step

as the difference in OD between the final (ODy) and initial OD (ODy) according to Equation 1:

BacG =0D,—-0D,, (1)

For measurements of C mineralization, respired CO, was trapped in 1 M NaOH. Detailed information
on the calculation of respiration rates is provided in the SI.

Glucose concentrations were determined by the glucose-6-phosphate dehydrogenase-based test kit for
glucose (D-glucose UV-test 10 716 251 035. Food Analysis, Boehringer, Mannheim, Germany) using
the manufacturer’s instructions (https://food.r-biopharm.com/wp-content/uploads/2012/06/roche _ifu
glucose en 10716251035 2017-11.pdf) and NADPH measurements (Specord 50 Plus, Analytic Jena,
Jena, Germany). Lysine concentrations were measured by HPLC at the Institute of Bio- and

Geosciences, Jiilich, Germany.

3.3.2. Steam equilibration and stable H isotope analysis

We used the steam equilibration device based on the design of Wassenaar and Hobson'® and modified
by Ruppenthal et al.?? to determine §*Hy pae values of bulk bacterial biomass. Additionally, we
measured the total ¢*H values (6°H;) values of glucose (0*Hgiucose = 91.6£6.3 %o; n = 6) and lysine
(0*Hiysine = 86.6+4.1 %o0; n = 6). Detailed information on the steam equilibration setup, stable H

analysis and analytical quality are presented in the SI.
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3.3.3. Calculations and statistical evaluation

To determine 0*H values in bacterial biomass, which requires the elimination of the contribution of
exchangeable H to ¢*H; (i) and to quantify the incorporation of ambient water-H into bacterial biomass
(ii) we used isotope labeling.>*

We accounted for the exchangeable O-, N- and S-bonded H in the bacterial species (i) with a mass
balance approach adopted from Ruppenthal et al.® The total H (H;) pool consists of an Hex fraction that
isotopically exchanges with water vapor and a C-bonded H fraction (H,) with respective 6’Hex and
&°H, values. Total §*H values (6°H;) could be measured directly and this pool can be described by
Eq 2'18,19,35737

O’H,=(1-x)0H, +x,0°H,, 2)

x. 1s the H fraction that isotopically exchanged during steam equilibration. With regard to different
organic compounds, the exchangeable H fraction varies from 0.0 for simple hydrocarbons up to 0.4
(i.e., 40 wt.% of H,) for complex compounds like cellulose, kerogen, or humic acid.'®!%33¢ If the
exchangeable H fraction of a sample is in isotopic equilibrium with the equilibration water, the 0*Hex
value is related to the 5°H value of the equilibration water (6°Hy) with the corresponding equilibrium

fractionation factor (0ex.w, Eq. 3).°

8% H,, +1000

o = 3
o 52HW+1000 ®)

The equilibrium fractionation factor oex.w depends on the chemical composition of the analyzed
samples and the equilibration temperature.'®!%353¢ However, for chemically complex organic
substances, direct experimental determination of ocx.w is difficult because it would be necessary to
assess Oexw values through &°H values of isotopically equilibrated samples with those of samples with
chemically removed H."” Recent studies used an approximation of o.x.w for substances like humic acid,
kerogen, keratin or collagen.!®!** Here, for dexw, a provisional value of 1.08 was assigned, which is
based on the cellulose equilibrium isotopic fractionation factor between isotopically exchangeable H
and water-H for 20 h at 114 °C, which has been experimentally determined.'® Via a sensitivity analysis
OVEr a Oex.w range of 1.06 to 1.10, Schimmelmann et al.*® and Wassenaar and Hobson!® showed, that
the use of a provisional oex.w value is admissible while the isotopic shift which is caused by the
equilibration procedure is a function of isotopically exchangeable H and x.. Therefore, in our study,
we used an ox.w value of 1.08.

If x. is constant among aliquots, a plot of 6°H; versus 0*H,, should result in a straight line, defined by

Eq. 4, which is obtained by solving Eq. 3 for §*Hex and substituting into Eq. 2.°
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8°H, =xa, 6°H +(1-x,)5"H, +1000x, (a,_, 1) 4

e ex—w

When all of isotopically exchangeable H is in equilibrium with the water-H, §*H, from Eq. 2 is
equivalent to §*H of the C-bonded H in the sample. Therefore, 6°Hn can be calculated by rearranging
Eq. 4 to Eq. 5.

H,—1000 -1 ‘H
52]_] 5 X (aex w ) xeaex w5 w (5)

’ (I-x,)

For further information about the steam equilibration and the calculation of §°H, values see
Ruppenthal et al.®

To trace the incorporation of ambient water-H into the bacterial biomass (ii), we manipulated the H
isotope signature of the water during the incubation of bacterial species (6*Hiw: 150 %o, 250 %o,
500 %o). The incorporation of H from the incubation water will shift the H isotope signature of
bacterial species (0*Hx vac values) towards the 0*H;w values and result in a straight line (see explanation

for Eq. 4). Therefore Eq. 4 can be rewritten as Eq. 6:

O’H 8’H,, +(-x, )0 H +1000x, (a,

n bac ti - U‘l( I}’IL w mc n bac t0 mnc mec—w ) (6)

with 0%H, vac 4 values after incubation composed of a proportion that experienced incorporation

(x,.a, 0 H, +1000x, (o,  —1)), a proportion that did not ((1-x, )5°H,,,.,) and

mc

5°H,,. ., reflects the H isotope signature of the bacterial species before incubation. From a

mathematical perspective, in the first term x, o, represents the slope of the linear regression of

mc mec—w

O*Hubacii on 0*Hiw while the term 1000x, («,,. , —1)+(1-x, )0’°H,, ,, tepresents the y-axis

mc mec—w mc

intercept.® For the sake of simplicity, Horita and Vass’ who used a similar approach for two bacterial
species assumed no H isotope fractionation associated with the incorporation (tine.w = 1). However,
other studies on bacterial species reported a range of 1.04 to 1.12 for oin-w associated with
incorporation.”® Therefore, it seems advisable to account for Gincw in Eq. 6 which then contains two
known variables (0*Hx bac 1i; 0*Hn bac 0) and two unknown variables (Xinc and @incw). We used the
Levenberg-Marquardt algorithm as an iterative procedure to estimate the unknown variables.*** As a
start value we used @ine-w = 0.66 which is twice the lowest H isotope fractionation (2 times an & of
-170 %o) reported for H isotope fractionation associated with the production of *H depleted
photosynthates by autotrophic organisms.*? For xin., we set the start value to 0.0001 representing

hardly any incorporation. Theoretically, the maximum value for xi,c would be 1 (100 % incorporation)
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which was neither exceeded nor reached in our calculations. Linear regressions and estimations of Xinc
and ainc.w Were only calculated in case of a reliable incorporation as a prerequisite namely if there were
(i) significant differences in *Hn bac « values among the three water label treatments and (ii)
significantly positive slopes. For all samples in the lysine treatments the perquisites were not met. In
all cases for which the prerequisites were met, there was a unique solution of the estimates for xinc and
Qinc-w. In the same way, we calculated Xine and oine.w based on published linear regressions of 0?Hpae 0N
#Hiw.2*20 To extract the exact values of the data points from the published figures, we used the
WebPlotDigitizer software (Ankit Rohatgi, Version 4.5, USA). Information on statistical analyses are
described in the SI.

4. Results

4.1. Substrate and species effects on bacterial performance

The interpretation of the 2H incorporation requires the understanding of the bacterial performance
during the incubation experiment. Therefore, we assessed a number of vital properties of the two
studied bacterial species. Despite the hardly detectable lysine consumption, B. atrophaeus did show a
small growth rate (Fig. C-1; means significantly different from zero, p <0.03). By contrast, we
observed a die-off of a proportion of E. coli in the lysine treatment (Fig. C-1; bacterial growth
negative and significantly different from zero; p <0.003). In the glucose treatment, E. coli consumed
more substrate than B. atrophaeus, yet this difference was significant after 24 hours only (Fig. C-1a;
significant time x bacterial species interaction in Table C-S1). In line, from 12 to 24 hours, the growth
increase of FE. coli was larger than that of B. atrophaeus in the glucose treatment (Fig. C-1b;
significant time x bacterial species interaction in Table C-S1).

The *H concentration in the used incubation waters had no effect on the bacterial consumption of
lysine or glucose, the bacterial growth (BacG) and the respiration (p >0.25, Table C-S1). Lysine
concentrations hardly changed with time in the incubations with both test organisms (B. atrophaeus
and E. coli; Fig. C-1a; Table C-S1). In contrast, glucose concentrations decreased significantly with
time in the incubations with both test organisms (Fig. C-1a; Table C-S1). The glucose consumption
was reflected in increased total bacterial biomass production, growth and respiration in the glucose
than in the lysine treatments (Figs. C-1b, C-2a, C-2b; Table C-S1). On average, total bacterial biomass
production on glucose was 273 % higher than on lysine. In general, the effect of substrate on bacterial
performance was more pronounced after 24 hours (Figs. C-1, C-2; Table C-S1) with the exception of
respiration for which the substrate effect was similar between the sampling periods (non-significant
time x substrate interactions in Table C-S1). Accordingly, respiration standardized to the bacterial

biomass was significantly higher particularly after 24 hours in the lysine treatments

46



respiration for which the substrate effect was similar between the sampling periods (non-significant
time x substrate interactions in Table C-S1). Accordingly, respiration standardized to the bacterial
biomass was significantly higher particularly after 24 hours in the Ilysine treatments
(B. atrophaeus: 4.3 % standard deviation of 1.4 mgCO, (10°cells)'; E. coli: 1.0£0.24 mg CO,
(10° cells)! as compared to the glucose treatments (0.9+0.8 mg CO, (10° cells)!; Table B-S2). The
substrate effects were consistent for both bacterial species (Figs. C-1, C-2; non-significant bacterial

species x substrate interactions in Table C-S2).

a) b)

25 %}

0.7

—e— Esc.glu

Substrate concentration [g 1]
&
Bacterial growth [AOD,,q]
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05 | ---- Esc. lyS
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0 12 24
Incubation time [h] Incubation time [h]

Fig. C-1: Remaining substrate concentrations in the incubation medium (a) and bacterial growth
expressed as the differences in the optical density [OD] at 600 nm between time step t; and to (AOD.i0)
(b) for B. atrophaeus (Bac.) and E. coli (Esc.) and the corresponding substrate (glucose (glu) or lysine
(lys)) after 12h and 24 h of incubation. Error bars show the standard deviation of substrate
concentrations and optical density differences for each time step (n=9). To ease readability, the
sampling times have been shifted slightly. Time, substrate, time x bacterial species, and
time x substrate significantly (p <0.001) influenced substrate consumption and bacterial growth in the

statistical model (Table C-S1).

The amount of biomass production and respiration of B. atrophaeus were larger than those of E. coli
particularly after 12 h (Fig. C-2; Table C-S1). After 24 h, we did not observe a significant difference
in the total respiration between bacterial species for glucose anymore (Table C-S1,
mean of 83.4+15.9 mg CO,). For lysine this effect was still pronounced (55.6+6.8 mg CO,
(B. atrophaeus) and 40.1x£3.4 mg CO; (E. coli) respectively; Fig. C-2c, d; significant time x bacterial
species interaction in Table C-S1). The same was true when respiration was standardized to bacterial
biomass. There was a significant difference in respiration between bacterial species in the glucose
treatment  after  24h  (p<0.001;  B. atrophaeus:  1.720.4mg CO,  (10°  cells)’,
E. coli: 0.26 mg+0.04 mg CO, (10° cells)!; Table C-S2).
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Fig. C-2: Bacterial biomass (Optical density [OD] at 600 nm; a, b) and bacterial respiration (c, d) of
B. atrophaeus (Bac.) and E. coli (Esc.) and the corresponding substrate (glucose (glu) or lysine (lys))
after 12 h (a, c) and 24 h (b, d) of incubation. Upper-case letters indicate significant differences
between substrates, while lower-case letters show significant differences between the two bacterial
species. Error bars show the standard deviation of bacterial biomass and respiration for each treatment
(n=9). Please note that (a) and (b) served as a basis to calculate the difference in the optical density

[OD] at 600 nm in Figure C-1b.

4.2. Substrate and species effects on 6’Hn values of bacteria and H incorporation

Initial pre-cultures of B. atrophaeus grown on LB-medium showed a tendency of lower exchangeable
H concentrations (19.1 %; n = 2) compared with E. coli (25.3 %; n = 2). After incubation in the M9
minimal medium with either glucose or lysine, B. atrophaeus had a significantly larger contribution of

exchangeable H (23.4+6.0 %) than E. coli (19.4+3.4 %; Table C-S1 and C-S3).
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The &6°H, values of the inocula of the bacterial species ranged between -119.8 %o and -115.7 %o
(B. atrophaeus for the 12- and 24-hour incubations, respectively; n =1 for each incubation duration)
and between -163.0 %0 and -168.8 %o (E. coli for the 12- and 24-hour incubations, respectively).
Because these small, random differences were temporally propagated, we did not evaluate the effects
of time and bacterial species on 6°H, values of the bacterial species (6°Hnbac) during the incubation.
Nevertheless, the effect of water can be assessed independently and this was different for the
substrates (significant substrate x water interaction in Table C-S1).

0°Hn vae values in the lysine treatment did not increase with increasingly *H-enriched incubation waters
for each bacterium species (mean and standard deviations of the §*H, b values for both incubation
times: B. atrophaeus -110.8£9.4 %o, E. coli: -90.2+12.4 %o; Fig. C-3). Accordingly, the slope of the
regression of 3”Hy vac values on 0”Hiw values did not differ significantly from zero (0.49 > p >0.07) and
no incorporation from ambient water-H was detected for the lysine treatment (therefore not included in

Table C-S1).
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Fig. C-3: Regression of the 0°H, vac values of B. atrophaeus (Bac.) (a) and E. coli (Esc.) (b) on the
0*Hiw values (+150 %o, +250 %o, +500 %o) for glucose (glu) or lysine (lys) after 12 h (solid lines) and
24 h (dashed lines) of incubation. If the regression line of &’Hy s values on 6*Hiw values did not
significantly differ from zero indicating that >H-enriched water labels did not result in more positive
&°Hn bac values, lines were colored in grey and the regression equation was excluded. Error bars show

the standard deviation of §?H, vac values for each time step (n = 3).

Nevertheless, the ¢’Hnpae values during the incubation were enriched in *H as compared to initial
Hnvae values (gano; B. atrophaeus: 7.9%10.7 %o; E. coli: 90.8+£14.6 %o0) and this difference
significantly differed from zero (p <0.007; Fig. C-3). In contrast to the lysine treatment (Table C-S1;

significant interaction substrate x water), 3°Hy vac values in the glucose treatment differed significantly
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among the three 2H-enriched incubation water treatments for both bacterial species (Fig. C-3;

Table C-S1).

Table C-1: Compilation of the results for bacterial species, analyzed compartment, culture medium
with the means of calculated incorporation (xin.) and the isotope fractionation (expressed both as tinc-w
and egacBiomw) Of our incubation experiment and recalculated values for data of previously published

studies according to Eq. 6 and 7.

source bacterial compartment culture medium time Xine [Y0] Qlinc-w EBacBiom/w

species [h] [%o]
This B. atrophaeus Cells M9 Minimal medium 12 78.2+6.0  0.835+0.001 -165+1
study (MM) + Glucose

M9 MM + Glucose 24 79.4£5.7 0.789+0.004 -207+6
E. coli Cells M9 MM + Glucose 12 42.4+2.7 0.809+0.004 -191+4

M9 MM + Glucose 24 44.143.1 0.927+0.000 -72+1

Kreuzer  B. subtilis Cells Schaeffer's 3 10.9 1.171 171
-Martin sporulation medium
etal.?0 (SSM)
Spores SSM 48 35.6 0.785 -215
Kreuzer  B. subtilis Spores Difco SSM 48 26.9 1.041 41
-Martin
etal®
Spores Oxoid SSM 48 34.8 0.832 -168
Spores Luria-Bertani 48 33.0 0.970 -30
Spores Difco SSM + 48 30.3 1.022 22
Glucose
Spores Oxoid SSM + 48 33.1 0.996 -4
Glucose
Horita B. subtilis Cells BBL Trypticase Soy 96 26.3 0.974 -26
and Broth -TSB
Vass’ (Soybean-Casein
Digest Medium)
E. agglomerans Cells BBL Trypticase Soy 96 35.7 0.790 -210
Broth -TSB

Based on the regression, we estimated the incorporation of ambient water-H into the C-bonded H in
bacterial biomass (xin:) and the associated isotope fractionation (Ginc-w, EBacBiomav; Table C-1). Xine did
not change with time and was consistently larger for B. atrophaeus (mean of the two incubation
periods 79.0£5.9 %) than for E. coli (43.2+3.0 %; Tables C-S1). The associated isotope fractionation
was also different for the two bacterial species (Table C-S1). However, the species-specific effect
changed with time (Table C-S1) and was related to the growth rates: if growth rates were small (after

12 hours for E. coli and after 24 h for B. atrophaeus) €pacsiomw Was comparable between species while
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it differed between species if growth rates were large (after 12 hours for B. atrophaeus and after 24 h

for E. coli).

5. Discussion

5.1. Incorporation into C-bonded H in the glucose treatment

In the glucose treatment, substrate consumption, bacterial growth, bacterial biomass and respiration
were significantly higher than in the lysine treatment (Figs. C-1, C-2). This is in line with the first part
of hypothesis (i) and with positive effects of glucose on bacterial growth,**** bacterial biomass* and
bacterial respiration.***’ Growth involves endergonic, anabolic reactions during biosynthesis that are
enabled by energy, namely by adenosine triphosphate (ATP).*® The glycolysis pathway requires

t* and glucose degradation generates ATP because the net balance is the

glucose as the reaction educ
gain of two ATP molecules per molecule of glucose.’® This positive net balance of ATP allows
bacteria to build up cell compounds and thus can explain the positive effect of glucose on bacterial
performance.

Along with the positive effect of glucose on bacterial performance, we found substantial incorporation
(39 to 86 %) of ambient water-H into the C-bonded H pool of bacteria in the glucose treatment
(Table C-1). This also supports the first part of hypothesis (i) and is higher than the incorporation of
ambient water-H in previous bacterial studies ranging from 11 to 36 % (Table C-1). In these previous
studies, a reequilibration of Hex with vapor in ambient air after incubation and before H isotope
measurements cannot be excluded but could hinder the detection of *H-enriched H and might have
reduced the labeling efficiency. Therefore, incorporation of ambient water-H is underestimated if the
exchangeable H is included.®®!'72*2! In line with our results on the nonexchangeable, C-bonded H
fraction, 70 % of H in lipids was derived from ambient water-H during decomposition of soil organic
matter and this incorporation was mostly driven by bacterial biosynthesis.’! As opposed to the
situation described below for the lysine treatment, 2H from ambient water was incorporated into
C-bonded H during glycolysis and the resulting compounds were not oxidized completely but were
retained in organismic tissue. This retention is possible via the anabolic mode of the TCA cycle. In
anabolic processes, intermediates of the TCA are used for the synthesis of various compounds. For
example, acetyl coenzyme A (CoA), which is generated e.g., from the pyruvate produced by the
glycolysis pathway, is an important building block of metabolic intermediates in the central carbon
metabolism? and precursor of many anabolic reactions.’® The fact that the incorporation of ambient
water-H into C-bonded H did not change over time (Table C-1) indicates that catabolic reactions
(= loss of incorporated *H) and anabolic reactions (= preservation of incorporation of ?H) keep pace

with each other if glucose is available as a substrate.
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In contrast to the last part of hypothesis (i), we found that the incorporation of ambient water-H
significantly differed between the two bacterial species (Fig. C-3; Table C-1). This species-specific
difference was constant with time (Table C-S1) although the species effect on bacterial performance
was not (Figs. C-1, C-2). For example, E. coli grew and respired less than B. atrophaeus after 12 h,
whereas growth and respiration of the two species did not differ after 24 h. Therefore, not the
metabolism but the species seem to be relevant for the extent of incorporation of ambient water-H into
bacterial biomass. Such species-specific differences in the extent of incorporation of ambient water-H
might be related to different contributions of biosynthesis pathways and thus, ultimately to a species-
specific chemical composition of bacterial biomass. For example, gram-positive and gram-negative
bacteria differ in terms of the composition of the cell wall.>* Peptidoglycan (PG) is the building block
of cell walls composed of units of N-acetyl-glucosamine-N-acetyl-muramic acid crosslinked via
pentapeptide chains.* Cells and spores of gram-positive bacteria such as B. atrophaeus are surrounded
by a thick PG layer that accounts for up to 90 % of the bacterial dry weight.® By contrast, the PG
layer contributes only 10 % in gram-negative bacteria such as E. coli.’® N-acetyl-glucosamine is a
derivate of glucose and N-acetyl-muramic acid is a glucose molecule with an acetylated amid at the
C position.’”*® Their synthesis structurally binds acetyl-CoA. Therefore, a thicker layer of PG in
B. atrophaeus would also reflect a higher glycolysis-related incorporation of ambient water-H than in
E. coli — which is in line with our results. This reasoning is also corroborated by a larger proportion of
Hex in B. atrophaeus than in E. coli (Table C-S3) because of an increased contribution of O- and
N-bonded H in hydroxyl, carboxyl, and amine groups in the PG layer. In summary, the pronounced
effect of glucose corroborates glycolysis as the mechanism underlying the incorporation of ambient
water-H into organismic tissue. However, the subsequent biosynthesis pathways likely determine the

extent of incorporation which is species-specific.

5.2. Hincorporation into C-bonded H in the lysine treatment

E. coli showed a partial die-off while B. atrophaeus maintained growth — yet at slow rates — if lysine
was provided as a substrate (Fig. C-1). Irrespective of bacterial growth, both bacterial species
maintained metabolism as indicated by respiration (Fig. C-2b) which is contrary to our expectation
(first part of hypothesis ii). In case of carbon starvation of E. coli, lysine could be recycled in the
stationary phase (cease of growth while metabolism continues) and catabolic reactions® that oxidize
organic compounds to CO,, e.g., in the TCA cycle, promote the energy regeneration. Knorr et al.?
demonstrated the catabolic degradation during the central metabolic pathway of lysine to succinate in
E. coli via intermediates of glutarate and L-2-hydroxyglutarate in wildtype E. coli. Compared with
Knorr et al.> our incubation was not conducted under optimal conditions. More importantly, our M9
minimal medium was not supplemented with glucose as carbon and energy source. These results of

Knorr et al.® suggest, that the bacteria need a readily available C source to metabolize lysine. The
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addition of glucose therefore ensured basic glycolytic activity, which could explain that E. coli was
not able to show bacterial growth in our experiment with lysine as the sole C-source.

Because B. atrophaeus is not able to use lysine as an energy source but also continued metabolic
activity, a more likely explanation for the observed ongoing bacterial respiration without substrate
consumption might be the bacterial consumption of dead cells. During starvation, cell membranes lose
integrity®® and E. coli recycles metabolites from dead cells which sustains the viability of the
remaining culture.’ For Bacillus subtilis, Gonzéalez-Pastor et al.®" described that cells which entered
the sporulation pathway act cooperatively by blocking sister cells to sporulate, causing the latter to
lyse which allows others to keep on metabolizing and its siblings consequently are cannibalized. In
line, we found an indication of sporulation for the extracted bacterial pellets of B. atrophaeus which
showed a red color.®> Therefore, in contrast to hypothesis (ii), not the metabolic pathways but the
bacterial recycling decided about the bacterial performance of E. coli and B atrophaeus in the lysine
treatment.

The lack of an incorporation of ambient water-H in the lysine treatment (Fig. C-3) in principle
corroborates the second part of hypothesis (ii). However, this could have been simply attributable to
the lacking lysine consumption and growth (Fig. C-1). Therefore, we cannot confirm that
incorporation of ambient water-H does not take place for growth substrates that are not involved in
glycolysis because this would have required an uptake of lysine by the bacterial species, which was
not the case. Nevertheless, the lack of incorporation of ambient water-H in the lysine treatment is
different from studies showing such an incorporation for any metabolically active bacteria.®®17-202!
Irrespective of the C source, the measured respiration rates suggest that the studied bacteria were

46,63.64 ip

metabolically active. The stressful conditions indicated by large respiration:cell number ratios
the lysine treatment were more pronounced for B. atrophaeus than E. coli at both sampling times and
even only showed up for E. coli after 24 h of incubation (Fig. C-S1). This stress likely forced the
bacterial species to produce energy for basic metabolism in the absence of a suitable growth substrate.
Yet, despite basic metabolic activity, we could not calculate H incorporation for the lysine treatment.
Knowledge on reaction pathways of metabolic activity under sub-optimal growth conditions is
scarce.®*% Nevertheless, although glycolysis as part of the basic metabolism might have involved the
incorporation of *H from the isotopically labeled incubation waters in our study, the C-*H bond in
GAP can be broken again during subsequent oxidation steps in the TCA cycle. We speculate that a
respiration-driven *H incorporation was no longer detectable because the former synthesized C-*H
bonds were completely oxidized to CO». In other words, the amphibolic TCA cycle worked in the
catabolic mode that serves to generate energy. In summary, the incorporation of ambient water-H into
the C-bonded H fraction was negligible in the studied bacteria under the specific stressful conditions
of our lysine treatment.

Strikingly, although the complete conversion to CO, should have eradicated any isotope effect, a

significant, label-independent 2H enrichment of §?Hy vac values after incubation as compared to initial
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Hnpacvalues  for  bacterial  species was  observed in  the lysine  treatment
(gino; B. atrophaeus: 7.9£10.7 %o; E. coli: 90.8+14.6 %o). In general, a >H enrichment in bacteria
growing on substrates involved in the TCA cycle was also reported for lipids®*?° although the *H
enrichment was less pronounced under stationary phase conditions.”” The 2H enrichment was
attributed to positive isotope fractionation factors associated with the reduction of nicotinamide
adenine dinucleotide phosphate (NADP*) by dehydrogenase and transhydrogenase enzymes.?-%
Because these reactions involve hydride transfers also from ambient water!>* — which we did not
find — NADPH-related reactions cannot explain the *H enrichment of bacteria in our incubation.
Alternatively, kinetic isotope fractionation associated with the complete conversion of R-C-°H to H,O
and CO; might result in a ?H enrichment in the remaining bacterial biomass — and a *H depletion in the
produced H,O. Similarly, during SOM decomposition '*C enrichment in the remaining SOM and
13C depletion in the produced CO; were reported.®”%® Furthermore, a ?’H depletion in intracellular water
due to metabolic activity of E. coli was also reported by Kreuzer-Martin et al.*” Notably, the
’H depletion was most pronounced under stressful (stationary phase) conditions® that also apply to our
lysine treatment. In summary, the type of growth substrate and the resulting importance of catabolic

reactions dictate whether the incorporation of ambient water-H will leave an imprint on the bacterial

species.

5.3. Isotope fractionation associated with H incorporation into C-bonded H

In case of relatively small growth rates (E. coli after 12 h; B. atrophaeus after 24 h; Fig. C-1b),
€BacBiomw Was around -200 %o for both species (Table C-1). This is in line with hypothesis (iii).
However, during pronounced growth (E. coli after 24 h; B. atrophaeus after 12 h; Fig. C-1b), €gacBiom/w
was less negative and differed between the two studied bacterium species (Tables S1). This is contrary
to our expectation and to the postulation of species-independent H isotope fractionation factors.?
Furthermore, several studies suggested that heterotrophic metabolism results in an enrichment in *H in

the synthesized product relative to ambient water,”!>2

which is the opposite of what we found.
Nevertheless, other studies confirm that €paciomw can be as low as -215%0* (Table C-1). In
conjunction with our findings related to the importance of reactions involved in metabolism
(Section C 5.1) we propose that the highly variable €pacgiomw values are a result of different growth-
induced- net apparent fractionation factors. In agreement, different H isotope fractionation during lipid
synthesis in bacteria in stationary and exponential growth phases were reported.? In more detail,
Wijker et al.2® argued that not only 2H enrichment but also 2H depletion is possible in bacterial lipids.
They found 2H depleted lipids in E. coli and attributed this to an imbalance between the demand for
NADPH as reducing power for anabolic reactions and catabolic NADPH production.?® The NADPH

underproduction shifts the net apparent isotope fractionation from 2H enrichment in NADPH as a

reaction product towards 2H depletion in NADH as the reaction educt.?® Such an imbalanced NADPH
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consumption and production was not only evident in E. coli but also in B. subtilis.>* Consequently, our
results suggest a species- independent H isotope fractionation. However, we cannot tease apart the
effect of growth rates and metabolic fluxes from species because the two species varied in growth
(Fig. C-1b) and metabolic rates. In summary, growth conditions and likely the related metabolic fluxes
influence the isotope fractionation associated with the incorporation of ambient water-H into bacterial
biomass.

Our results show that bacteria adjust 6°H, values to the H isotopic composition of ambient water
during metabolism and therefore, 6°H, values of bacteria are not isotopically stable. On the one hand,
the influence of metabolic flux rates under changing environmental conditions constrains the
assignment of bacterial origins and thus, of soil samples based on H isotope ratios. Notably, under
stressful conditions, the isotopic composition of water is not incorporated into bacterial biomass
because bacteria switch to catabolic metabolism. Stressful conditions imply e.g., desiccation,” nutrient
limitation,”! and starvation,’” especially starvation of glucose’’* leading to increased catabolic
activity. Under these conditions, soil samples will preserve the imprint of ambient water on
&°H, values of SOM at the sample location. On the other hand, the H isotope approach opens up new
opportunities to study growth conditions of bacteria under different environmental conditions together
with different bacterial activities and metabolism. Furthermore, our results improve the understanding
of microbial modification of 8°H, values in soil organic matter (SOM) and might moreover be useful

to assess the microbial input to SOM.
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1. Abstract

The close correlation of C-bonded stable H isotope ratios (6°H, values) in soil organic matter (SOM)
with long-term mean §°H values of local rainfall arouses great interest with regards to the source of
SOM. We performed a 20-weeks litterbag experiment with 2H labelled and differently decomposable
leaves (Fagus sylvatica L. - beech, Tilia platyphyllos SCOP. - lime). Our results show that during
decomposition, ?H enriched leaves exchange with ambient water and leaves get subsequently
’H depleted resulting in an incorporation of ambient water-H into the C-bonded H fraction of 43-79 %.
Although the incorporation rates strongly depended on litter type, C-mass loss was not the driving
factor the observed incorporation in leaves. Leached organic matter (TOM) was also depleted in 2H
and did not depend on the H isotopic composition of leaves. Rather we suggest that the *H depletion
and the incorporation of H from ambient water into leaves is driven by transformation processes
during the microbial processing of OM and bacterial inputs together with constant tree species specific
H isotope fractionation. For leached TOM we were not able to determine incorporation rates.
However, we suspect that the leached TOM consists of leached compounds with a high proportion of
external microorganisms carrying the site-specific §°H, values. Our results highlight the importance of

the microbial input and belowground plant biomass as the sources of SOM.

Graphical abstract
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2. Introduction

Litter decomposition contributes to the formation of soil organic matter (SOM) and releases CO> in the
atmosphere and thus, plays an important role as a sink and a source in the global carbon (C) cycle.!?
Stable isotope approaches were successfully applied to shed light on bulk C and nitrogen (N)
dynamics during litter decomposition*> while there is little knowledge about bulk hydrogen (H)
dynamics during decomposition.

Laboratory studies revealed that ambient water-H is incorporated into C-H bonds of OM during

decomposition.® This incorporation is due to the de novo formation of C-H bonds during glycolysis,” !?
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a metabolic pathway, which is shared by nearly all organisms on earth.'* Accordingly, up to 80 % of H
in microbial biomass originates from ambient water-H incorporated during recent metabolic activity

12.14-16 Similarly,

relying on easily available substrates such as glucose or complex nutrient mixtures.
Paul et al.'” used clearly defined, different 2H enriched molecules to derive the incorporation of water
during microbial biosynthesis. However, the H incorporation was much smaller (< 9 %) if natural leaf
litter was provided as a substrate for microorganism metabolism under laboratory conditions with
optimum temperature and water availability.® It remains to be tested whether ambient water-H
incorporation into C-bonded H is detectable at all during decomposition under field conditions
including temperature and water availability below optimum for metabolic activity of microorganisms.
The quantification of ambient water-H incorporation into C-bonded H commonly relies on the
recovery of *H-labeled ambient water in organic material such as microorganisms or litter.&!%141¢ Ag
opposed to a constant H isotope ratio (6°H) of ambient water in closed incubation systems in the
laboratory, the 0°H values of soil water can vary from -34 %o to -72 %o within weeks under field
conditions of a temperate climate."® This variability combined with a loss of the *H label via
evaporation and leaching renders mass balance calculations based on the 2H labeling of ambient water
under field conditions impossible. Alternatively, the decomposing material can be isotopically labeled.
For example, '3C- or "N-labeled litter were exposed to field conditions for up to 8 years.!*2! In these
studies, the temporal course of the C and N isotope signatures (6'°C, 6'°N) in the litter and in mineral
soil was used to infer leaf litter decomposition and SOM dynamics Similarly, Paul et al.!” made use of
2H- (and *C) labeled compounds to assess ambient water-H incorporation into C-bonded H in soil
during decomposition. However, this study was carried out under laboratory conditions and not under
field conditions. Additionally, they used three model compounds for glucid, lipid and protein families
which only partly resemble the complexity of compounds present in litter and SOM. Therefore, a new
approach based on 2H-labeled natural litter needs to be developed to study H dynamics during litter
decomposition under field conditions. Theoretically, the production of *H-labeled litter should be
possible given that several studies reported increased 6°H values of leaves if plants were irrigated with

2223 The decrease in the isotope signature of C-bonded H (6*H,) of litter over time

’H-enriched water.
could inform about the extent of replacement of the *H label by isotopically lighter ambient water-H
(delabeling) and thus, about ambient water-H incorporation during decomposition under field
conditions.

After a given exposure time in the field, the litter will comprise a mixture of organic compounds
initially present in the litter, metabolites produced during decomposition and microbial biomass**2” of
which only the latter two experienced an incorporation of ambient water-H. By contrast, the water
percolating through the litter will contain mainly metabolites and microbial detritus — particularly after
the first flush of water-soluble compounds contained initially in the litter.?®2?° Therefore, organic
compounds in litter leachates likely will be characterized by larger ambient water-H incorporation into

C-bonded H as compared to those in the decomposed litter.
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The ambient water-H incorporation during litter decomposition can be expected to be linked to
metabolic activity including glycolysis in microorganisms.®** Metabolic activity of microorganisms is
increased in case of favorable, easily degradable substrates.!'>*! Therefore, litter containing higher
concentrations of recalcitrant compounds and thus, higher C:N ratios, will be decomposed slower??-4
which likely will be associated with a larger incorporation of ambient water-H into the C-bonded H
fraction. Our aim was to develop a litter delabeling approach to quantify the incorporation of ambient
water-H into C-bonded H of litter during decomposition under field conditions. To this end, we
studied the replacement of *H in labeled leaf litter and in litter leachates by isotopically lighter ambient
water-H during decomposition of rapidly decomposing Tilia platyphyllos SCOPOLI leaves and of more
slowly decomposing Fagus sylvatica LINNE leaves. We hypothesized that (i) during decomposition of
’H labeled leaves isotopically light ambient water-H will be incorporated into the C-bonded H fraction
resulting in a decrease in &°H, values of leaf litter over time. Furthermore, we expected that the
decrease in 6°H, values will be more pronounced (ii) for organic matter in litter leachates than for the
decomposed leaf litter and (iii) in case of the rapidly decomposing lime as compared to the slowly

decomposing beech leaf litter.

3. Material and Methods

3.1. Production of 2H-enriched leaves

We planted three to four years old trees of 7. platyphyllos (lime) and F. sylvativa (beech) in flower
pots in a greenhouse in spring 2018. The trees were watered twice a week with 800 mL of waters
differing in the isotopic signature (0*Hw= +50 %o and §*Hw=+250 %o) which were produced by
mixing deionized water with the corresponding amount of deuterated water (> 99.99 % *H, Deuterium
Oxide, Campro Scientific, Germany) according to isotopic mass balance calculation.® Furthermore,
we included a control water treatment (C) without the addition of deuterated water and used tap water
from the Laboratory of Soil Science and Geoecology at the University of Tiibingen
(0’Hw= -66.9 + standard deviation of 1.7 %o, n = 11). After a growing season of six months, all leaves
were harvested directly from the trees to avoid pre-colonization of soil organisms. Afterwards, leaves
of each tree individual were dried separately in a drying oven at 40 °C for 48 hours and subsequently
merged to one composite sample containing three tree individuals within one water label treatment.
1 to 2 g of each replicate was stored as initial leaf sample whereas another aliquot of 1 to 2 g of dried
leaves were filled into litterbags with a size of 10 x 10 cm?. The litterbags were produced using a
polyethylene (PE) net with a mesh size of 2 x 2 mm (Meyer Gartenbau, Germany) and sewed with a
PE thread (Edeka, Germany).
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3.2.  Study sites, litterbag experiment and sample processing

The study sites are located close to the city of Tiibingen, Germany (site 1: 9.0436, 48.5511;
site 2: 9.0522°, 48.5537°; WGS84) in proximity of around 400m to each other. In 2019, mean annual
temperature recorded at a weather station in proximity to the sites was 10.8 °C and mean annual
precipitation was 660.7 mm.*® The parent material of the soils is Knollenmergel resulting in
Luvisols.?” The vegetation of the first site consists exclusively of F. sylvatica trees while the second
site is characterized by mainly 7. platyphyllos trees with a few trees of Quercus robur L. and Acer
pseudoplatanus L.. At each site, air temperature and soil surface temperature were monitored in 15
min intervals (TMS-4, TOMST s.r.0., Czech Republic). Additionally, the volume of precipitation was
measured in biweekly intervals and precipitation samples were taken biweekly with HDPE Containers
placed at a height of one metre with a collection opening diameter of 0.1 m (VWR chemicals,
Germany). To study the decomposition of beech and lime leaves, litterbags with a size of 10 x 10 cm
and a mesh size of 2 mm were placed into upwards opened HDPE containers (VWR chemicals)
(= lysimeters) upright on the forest floor. To collect the leached total organic matter (TOM) of each
container, a short tube (PVC) was inserted at one side of the containers and connected to a water flask
(Duran, Germany) which were placed lower down in a watertight box (Fig. D-S1). To prevent external
litter input, the containers were covered with a PE mesh with a mesh size of 2 x 2 cm. Therefore,
litterbags were not in contact with material of the local organic layer. This simplification was
necessary to facilitate the tracing of the H isotope label by avoiding dilution effects by site-specific
OM on the litter/native OM mixture. Yet, microbial colonization of litterbags was enabled by leaching
of the phyllosphere via the precipitation. For example, the phyllosphere and the OM in the canopy is
characterized by microorganisms which are similar to the microbial biomass on the forest floor*® while
the microorganisms of the phillosphere are leached via the precipitation.®® Litterbags of each litter
type were placed at the “home” site forest stands (beech litter at beech site; lime litter at lime site) and
at an “away” site (beech litter at lime site; lime litter at beech site). We did not observe any differences
neither between the sites nor between the home/away contrast for each litter type (Table D-S1).
Therefore, we combined the results of the two sites for data analyses resulting in n = 6 for each litter
type and label treatment (Table D-S2). For leaf litter, there was a destructive sampling of a subset of
the samples after four, 12 and 20 weeks. In total, 108 lysimeters were equipped with litterbags: three
time steps two litter types x three label treatments x time intervals x six replicates. The experimental
setup and sample processing is described in the SI in more detail. With exception of the first time step
of four weeks, TOM samples were taken in biweekly intervals and immediately frozen at -20 °C.
Afterwards, leached TOM samples were defrosted and bulked as follows: TOM samples of the leaf
litter exposed in the field over four (TOM 1) and 12 weeks (TOM 12) were bulked over the respective
decomposition period of leaf litter. Only the percolates of leaf litter exposed to decomposition over 20

weeks were bulked four-weekly (TOM r1.15) to investigate the temporal variability of TOM, resulting
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in five time steps. Bulked TOM samples were frozen again and subsequently lyophilized (NaProFood
GmbH, Germany). Afterwards the lyophilized TOM samples were ground (Pulverisette 5, Fritsch,

Germany).

3.3. Steam-Equilibration and stable H analysis

To account for the exchangeable fraction of H (Hex) that does not carry a robust isotope signal of the
leaves and TOM, we used the equilibration device based on the design used by Wassenaar and
Hobson* and modified by Ruppenthal et al.*!. Detailed information on the steam equilibration setup

and stable H analysis and analytical quality are presented in the SI.

3.4. Calculations and statistical evaluation

Leaf mass loss in litterbags that comprises gaseous (respired CO;) and dissolved organic C, expressed
as the lost fraction of initial C stock (%) was calculated according to Kessler et al.® If TOM only
originate from degradation, there should be a close linkage between TOM mass and C-mass loss.
However, if additional OM is entering the TOM, for example via the input of microorganisms from
the phyllosphere® the mass of leached TOM and C-mass loss do not match. Thus, with respect to the
ratio of leached TOM mass to C-mass loss over time, we estimate whether the source of leached TOM
(degradation versus external input) has changed over time. Based on the calculations, we determined
&°H,, values of initial leaves (0*Hax teaves 10) and for each sampling time step (6°Hy teaves ). Consequently,
&’H, values of bulked TOM samples (6*H, tom) were calculated in accordance with the corresponding
litterbags. Here, 6*H, values of TOM t; (6°Hx tom T1) were calculated in accordance with leaf litter
which was exposed to decomposition over four weeks in the field. °H, tom of TOM 12 (6*Ha tom 12)
were analyzed from bulked TOM samples. Furthermore, in order to allow for a direct comparison
between 6*Hy tom (biweekly sampling until final time step of 20 weeks (6*Hy tom b) and 6*Hy teaves
(sampled once at final time step of 20 weeks), we calculated 6°H, tom b by the volume of leached
TOM. To differentiate exchange processes with air moisture or vapour in the exchangeable H pool
(accounted for methodologically, see Section D 2), the metabolic incorporation from ambient water-H
into the C-bonded H pool is termed incorporation”. If 0*Hy ieaves 10 values are manipulated e.g. enriched
in 2H, it is possible to trace the incorporation of isotopically lighter ambient water-H. The
incorporation of H from ambient water will shift the H isotope signature of leaves towards isotopically
lighter 0*Hw values. Commonly, ambient water is isotopically labelled.!>!*'¢ For these studies, the
slope of the regression of &°H, values of organisms on ¢*H values of ambient water is used to calculate
the incorporation of ambient water-H into the C-bonded H pool of organisms and the associated
apparent H fractionation factor.!> Because under field conditions it is challenging to manipulate the H
isotopic composition of ambient water over a longer period of time, we used two leaf litter label

treatments. Our reasoning is as follows: If there is no incorporation of ambient water-H into the
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C-bonded H fraction, initial 6*H, values of leaves before decomposition (6*Hy teaves 10) and 6°H, values
of leaves at a given time step (0*Hx 1caves 1i) should be equal, and the slope of the regression of the
Hy teaves ti 0N 0?Hy teaves 10 Of the two labels should be close to 1. Contrary to this, a complete
incorporation of ambient water-H into the C-bonded H fraction should shift the initial, 2H-enriched
&*Hu 1eaves 10 Values towards the non-labeled control and thus, result in similar 6*Hy reaves ¢ values of the
label treatments and 0*H, values of the control treatment (0*Hy teaves ¢). Therefore, 0*Hy teaves i Will no
longer be related to the initial label and the slope of the regression of 6°Hy tcaves i 0N 6°Hi teaves 0 Will be
close to zero. Consequently, the slope can be used to infer the extent of incorporation of ambient
water-H into the C-bonded H fraction. However, the corresponding H fractionation factor between the
OM and water (Gincw) also forms part of the slope.'> We followed the approach that we used in a
former experiment to quantify both the H incorporation (xinc) and the associated H isotope
fractionation factor ainew.'”> Because of the reversed relationship between the slope and the
incorporation in (slope of 1 indicates no incorporation) as compared to our previous approach (slope
of 1 reflects incorporation for the complete H pool), the incorporation Xi,. was calculated as the
deviation from 1 and expressed in percent in the current study. Linear regressions and estimations for
the incorporation of ambient water-H into the C-bonded H fraction and 0linc.w require (i) an initial
labeled 9*H, value of the corresponding sample. Furthermore, (ii) there should be an absence of a
water treatment effect on the resulting 0*H, values which implies, that there was an incorporation of
ambient water-H into the C-bonded H pool which results in the disappearance of the water treatment
effect. In all cases where the requirements were met, the estimates for Xinc and dinc-w are given by a
unique solution. The incorporation relates to the complete time period until leaves or leached TOM
were sampled. However, there was no initial labeled 6°H, value of leached TOM. Furthermore, §*H,
values of leached TOM consistently did not show an effect of the water label during leaf litter
decomposition. As a result, we were not able to calculate an incorporation of ambient water-H into the
C-bonded H pool of the leached TOM.

To determine the net apparent isotope fractionation factor of 2H between 0*Hy teaves i and &*Hy teaves 10
(¢2Han i0) as well as between leached TOM and leaves (€Hy tom-teaves) We calculated the net apparent H
isotope fractionation factor for each time step according to Coplen.*> Information on statistical

analyses are described in the SI.

4. Results

4.1. Climatic conditions and hydrogen isotope ratios of precipitation

Soil temperature constantly decreased from a maximum of 17.2 + standard deviation of 0.2 °C in

August to a minimum of 2.5+0.4 °C in January at the end of the experiment, which is typical for the
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seasonal course (mean of 7.8+5.0 °C) (Fig. D-2). The sum of precipitation during the experiment was
219.64+42.3 mm and a maximum monthly precipitation of 75.5+20.3 mm was reached in October. This
coincides with the period of leaf shedding which usually ends around late October or early November
for beech and lime under these climate conditions.*** On average, 0*Hn prec values were -81.4+28.2 %o
with a minimum of -143.1+1.9 %o at the time step with the lowest recorded amount of precipitation of

27.4+9.2 mm during November (Fig. D-2).

4.2. Leaf mass loss

The C:N ratio of leaves strongly depended on tree species (p <0.001; Table. D-S2; Fig. D-1b): C:N
ratios of beech were larger than for lime. During the experimental course, the initial C:N ratio of beech
leaves were significantly higher (22.2+2.2) as compared to all subsequent sampling intervals of
decomposing leaf litter (19.1+0.2). By contrast, C:N ratios of lime leaves were 14.8+2.2 over 20
weeks of leaf litter exposure under field conditions. The mass loss of leaves expressed as the
proportional loss of the initial C stock of leaves significantly increased with time (Fig. D-1a; Table D-
S2) and was significantly larger for lime than for beech throughout the experimental course (after 20

weeks: 88 % and 59 %, for lime and beech, respectively).
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Fig. D-1: Fraction of the initial C stock in leaves lost in total (relative mass loss) (a) and (b) C:N ratio
for beech and lime during 20 weeks of leaf litter decomposition under field conditions. Capital letters
indicate significant differences between tree species while lowercase letters show significant

differences between subsequent time steps. Error bars show the standard deviations for each time step

(n = 18).
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4.3. Carbon-bonded stable hydrogen isotope ratios in leaves

Initially, leaves of both tree species showed significantly different proportions of exchangeable H
(Table D-S2; beech: 23.949.3 %; lime: 7.3+£2.4 %). Within four weeks, the proportion of exchangeable
H decreased (significant time effect) which was more pronounced in the leaves of beech compared to
lime (significant interaction time x tree species, Table D-S2). Thereafter, the tree species effect was no

longer evident, resulting in an average proportion of exchangeable H of 4.2+1.0 % after 20 weeks.
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Fig. D-2: Mean amount of local precipitation, mean of air temperature, 6°H values of local
precipitation and 6°H, values of leaves and biweekly bulked TOM (with exception for the first time
step after four weeks) of the control treatments (n=6) for beech and lime during 20 weeks of
decomposition. Error bars show the standard deviations for each time step. To ease readability, the

sampling times have been shifted slightly.

The irrigation of tree saplings with waters differing in the H isotopic composition had a significant
influence on initial 3?H, ieaf values of tree species (p =0.003) and depended on the corresponding water
treatment (p <0.001) with -95.1£12.2 %o, -71.3%12.3 %o, -55.3+8.1 %0 (beech) and -111.7£3.3 %o,
-94.9+1.4 %o, -72.4+8.9 %o (lime) for the control, +50 %0 and +250 %o treatment, respectively
(Fig. D-2 and Fig. D-3). Similarly, 6°H, iear values during decomposition strongly depended on the
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water label (p <0.001) (Fig. D-S2 and Fig. D-S3; Table D-S2). Over time, 6°H, ear values decreased in
dependence of water label, most pronounced during the first four weeks of decomposition (significant
interaction of time x leaf label, Fig. D-S2 and Fig. D-S3). 6°H, 1ot values significantly decreased over
time (p <0.004). With regard to the temporal course of 0*Hy iear values we found no superior effect of
tree species (significant interaction of time x tree species, Table D-S2) whereas §°Hy iear values of
beech showed a larger decrease over time as compared to lime (Fig. D-S2) which is shown by the

significant interaction of time x tree species (Table D-S2).
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Fig. D-3: 6°H, teaves and 0°H, tom values after each time step (t) depending on initial 6*Hy teaves and
&*Hn tom values (to) for beech (a-c) and lime (d-f) after 4, 12 and 20 weeks of decomposition. The
regression line of initial 0*H, values (6°H, ) on 0°H, values at each time step (6°H, i) are given for the
decomposing leaves. Dotted lines visualize the 1:1 relationship between 6*H, and 6*H, values
meaning that there is no change between 0*H, ¢ and 6°H, ¢ values and accordingly, no ambient water-H
incorporation. By contrast, horizontal solid lines show the pattern that would emerge if all H was
incorporated from ambient water and thus 6°H, ; values of initially *H-enriched leaves shifted towards
the non-labelled control (slope = 0). Error bars show the standard deviation of §?Hy teaves and 6°Hn tom

values for each leave litter type and time step (n = 6).
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Although &°H, 1r values of the control treatments strongly depended on tree species
(beech: -107.5+5.4 %o and lime: beech: -116.244.9 %o; p <0.001) ?H, icar values of the control
treatments did not differ between time steps (p >0.143). Furthermore, for all leaf labels, 0*H iear values
of beech deviated more from initial §?H,, iear values compared to lime (significant interaction of tree
species and leaf label) (Fig. D-S2 and Fig. D-S3). The regression of 6?Hy jeaves i 0N 0°Hy feaves 10 vValues
was significant for all sampling intervals and leaf litter types (p <0.001) and yielded the following
slopes: 0.58, 0.64, 0.50 (beech) and 1.06, 1.16, 0.84 (lime) after 4, 12, and 20 weeks, respectively
(Fig. D-3; Table D-S3). Based on these regressions, after 20 weeks of decomposition, we found that
48 % of H in the C-bonded H fraction of beech and 15 % of lime leaves experienced an incorporation
of ambient water-H. The incorporation was accompanied by an apparent H isotope fractionation of

Eleaves tifleaves 0= -39 %0 and -7 %o for beech and lime, respectively.

4.4. Carbon-bonded stable hydrogen isotope ratios in leached organic compounds

Irrespective of leaf litter type, Mtom decreased with time from 106.9+63.2 mg after 4 weeks to 3.3+£2.9
mg after 20 weeks of decomposition. The ratio of Mrom to C-mass loss with 2.3+1.7 was constant over
time and did not differ between leaf litter types. The proportion of exchangeable H of leached TOM
slightly changed over time from 9.2+4.4 % after 4 weeks to 6.7+2.9 % after 20 weeks (Table D-S2)
but did not depend on leaf litter type. Differences between 6°H, rom were significantly lower compared
to 6°Hn leaves fOT the control treatments irrespective of water treatments and tree species but was mostly
pronounced from the 16™ week of decomposition (Fig. D-2 and Fig. D-3). 6*H, tom values of both leaf
litter types were different depending on the time considered (Table D-S2; Fig. D-S2 and Fig. D-S3).
During decomposition under field conditions, leached TOM was characterized by similar 6°Hn tom
values irrespective of label and leaf litter type (Table D-S2; Fig. D-2 and Fig. D-S3). H isotope
fractionation between leaves and leached TOM (&H tom teaves) Was constant over the course of the
experiment (Fig. D-2; Table D-S3). After 4 weeks of decomposition, leached TOM of beech showed a
more negative apparent fractionation compared to lime with an overall mean of -49.3+£23.5 %o and
-31.7£21.9 %o respectively. The slopes of the regressions of ¢’Hy ieaf 0 On 6°Hy tom did not differ
significantly from zero (p >0.05).

5. Discussion
5.1. Incorporation of ambient water-H into the C-bonded H fraction of leaves during
decomposition under field conditions

The *H enrichment and thus, the isotopic labeling of tree leaves was successful since ¢’Hy reaves Of

initial leaves depended on 6°H values of the waters used for irrigation in the greenhouse (Fig. D-3;
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Table D-S2). Irrespective of tree species, 6°Hn leaves values were significantly and increasingly enriched
in 2H with increasing 5°H values of the irrigation water (Fig. D-3 and Fig. D-S2). This is in line with
the incorporation of H from the source water during biosynthesis reactions in plants which include an
increase in n-alkane 0°H values.??>? However, differences in 6°H values of irrigation water treatments
(A™Hso.c = 120 %o, A’Has0.50 = 200 %0) were not reflected in differences of initial >Hy iear values neither
for lime (A’Hnso.c =16.8 %o, A?Hnas0s0 =22.5%0) nor for beech (A’Hisoc =23.8 %o,
A, 250-50 = 16.0 %0). On the one hand, the transpirational exchange of leaf water between individual
trees during leaf growth in the greenhouse might have reduced the initially large difference in
&’H values among irrigation waters. Leaf water is in a constant exchange with water vapor of the
atmosphere.* The result of the equilibrium exchange between 2H enriched leaf water and *H depleted
atmospheric vapor is, that 6°H values of leaf water are less positive than the applied tracer’ and
therefore leaf tissue is 2H depleted compared to 3°H values of the irrigation water. Future studies
should minimize such effects by placing a vapor barrier between tree individuals that receive
differently 2H-enriched irrigation water. On the other hand, there is a strong negative of approximately
-170 %o during the photolysis of water that is the net effect of (i) a negative H isotope fractionation
during the incorporation of H into NADPH''*¢ and (ii) a positive H isotope fractionation during the
exchange of C-bonded H of photosynthates with cell water.*”** During the exposition of leaf litter in
the field, 0°Ha 1eat values of the control treatments did not vary much (Fig. D-3). Since the irrigation
water of the control treatment had ¢*H values similar to incident rainfall at the field sites (Fig. D-2),
we can assume that 5°H,, iear values of the control treatment are in equilibrium with 6°H values of the
local precipitation. For beech, this is furthermore supported by a comparable §°H, values
(-95.1£12.1 %o) as compared to freshly fallen beech litter which was collected approx. 6 km away
from the experiment site (-80.5 %o).°

By contrast, 0*H, icar values of the label treatments significantly decreased during the exposition of leaf
litter in the field (Fig. D-3, significant interaction of leaf label and time, Table D-S2) which is
supported by the most pronounced decrease in 6*Hy 1ear values at the beginning (Fig. D-2) and the co-
occurring most pronounced mass loss during decomposition (Fig. D-1). We can exclude the
preferential leaching of ?H-enriched compounds as an explanation because 6*Hx tom values were not
enriched in 2H and also showed no difference between the two labels (Fig. D-3). Alternatively, the
incorporation of isotopically lighter ambient water-H can be inferred to the greatest C-mass loss rates
during the first 12 weeks irrespective of tree species (Fig. D-1a). There is an overlapping substrate
usage by bacteria and fungi during early stages of decomposition.** While fungi mobilize compounds
that could otherwise not be metabolized by bacteria,’® a higher glycolytic activity in bacteria compared
to fungi seemed to be reasonable.

While decomposition in early stages occurs simultaneously by bacteria and fungi,’! shift from

bacterial to fungal mediated decomposition, driven by less soluble C compound availability have been
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observed especially during early stages of decomposition of a few months®?> to breakdown more
complex C-compounds.>

The use of two labels enabled us to quantify the incorporation of ambient water-H into the C-bonded
H fraction during decomposition under field conditions. To this end, we used the regression between
0*Hy leaves i values after exposure in the field on the initial 6*Hy teaves 6. After 20 weeks of litter
decomposition, the calculated percentage of incorporation of ambient water-H into the C-bonded H
pool ranged between 15 % and 48 %. This incorporation is larger as compared to our laboratory
incubation experiment showing an incorporation of <5 % into leaf litter.* However, in the mentioned
study, leaf litter decomposition was only studied over four weeks of incubation associated with much
lower C-mass losses of 32 % to initial C stock compared to 70 % (in this study, Fig. D-1a). While Paul
et al.'” showed that 47 to 69 % H of the added compounds was mineralized within the first weeks,
70 % of C-bonded H of the defined compounds underwent exchange with water-H, which can be
explained by a longer duration of the laboratory incubation experiment and model substances that do
not represent realistic ecological conditions. In summary our results confirm our first hypothesis that
the incorporation of isotopically light ambient water-H into the formerly *H labeled C-bonded H

fraction of leaf litter is detectable during decomposition under field conditions.

5.2. Incorporation of ambient water-H into the C-bonded H fraction of leached

organic matter during decomposition under field conditions

The calculation of the incorporation of ambient water-H into the C-bonded H pool of leached TOM
turned out to be difficult because there were no differences in 6°Hn tom values neither among labels nor
between label treatments and control at any sampling interval (Fig. D-2 and Fig. D-3; Table D-S2).
Therefore, there is no initial ?H-enriched TOM that is successively delabeled, which is contrary to the
pattern of what we observed for leaf litter. Nevertheless, the slopes of 0*H, tom 1 values on 6*Hy teaves 10
values close to zero at all sampling intervals (Fig. D-3). As a possible explanation, we suspect an
incorporation of ambient water-H that affects the complete C-bonded H pool of leached TOM.
However, in a previous laboratory experiment under optimum temperature and moisture conditions,
we found a much less incorporation into leached TOM?® and the variability in 6*H values of rainwater
is not reflected in the corresponding 6*H, tom values. Therefore, the possible explanations are not
likely to explain the observed pattern of 6*H, tom values. Instead, we assume that the leached TOM
consists of microbial metabolites synthesized at the time when they were leached, and older
compounds carrying the H isotopic signature of precipitation, while 6°H, values are integrated over an
extended period. Additionally, we assume that there is an external input into leached TOM via
throughfall. This might also comprise microorganisms and their remains originating from the canopy
and results in a homogenization, because leached microorganisms differ in age and metabolic

activities at different points in time. This assumption is supported by relatively long turnover rates of
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microbial C of about one year™ resulting in incomplete exchange processes and incorporation rates.
Furthermore, there is an increase of organic C from throughfall to percolates and leached OM
concentrations increase from rainwater through the passage of the forest canopy.>® Here, Vance and
Nadkarni*® highlighted, that the microbial biomass in the canopy humus is similar to that of the forest
floor while DOM concentrations are driven by the microbial activity.’®%’

The decomposition of dead OM in the canopy of trees can also contribute to DOC in throughfall®® and
can contribute up to 30 % to TOC.* Because C-mass loss and the volume of rainfall decreased over
the experimental period from 32.9 to 0.7 % (beech) and 66.8 to 7.2 % (lime) of initial C stock and 48.2
to 5.9 mm respectively, it was difficult to separate the origin of leached TOM. Furthermore, the
influence of leaching from the canopy decreased also because of leaf shedding towards the end of the
litter exposure in the field after 12 weeks. Accordingly, both the C-mass loss from leaf litter and the
mass of leached TOM decreased with ongoing experimental duration and results in a relatively
constant ratio of 2.3+1.7 over time (Table S-4). Augusti et al.®* showed, that the hydrogen isotopic
signature of formerly bonded H gets imprinted by the surrounding water during C-H breakdown which
could explain the delabeling of leached TOM, while the H isotopic composition of the former C-H
bonds is found in the surrounding water. Otherwise during leaf litter incubation, we have shown, that
the incorporation of ambient water-H in leached compounds is only 5-8 %.® However, it has to be kept
in mind, that the C mass loss in that experiment was also lower (20-25 %) than in our current study.
Our results suggest that TOM consists of a mixture of decomposed OM which probably underwent H
incorporation and ancient compounds, so that the resulting &°H, tom values are accumulated and
&’H values of precipitation are integrated in the C-bonded H fraction of TOM over a longer time
period. Here, we suggest external bacterial input originating from leaves into TOM, carrying the local
specific 6°H, values and compounds that experienced incorporation.

Contrary to our hypothesis, our results suggest, that the 2H depletion is not mainly driven by an
incorporation of ambient water-H into the C-bonded H fraction of TOM. Instead, because
0’Hx tom values did not reflect 5°H values of precipitation we suggest that 6*H, tom values can be
explained by a TOM input from the canopy that comprises microorganisms showing the site-specific
H isotopic composition with a large incorporation of ambient water-H. Therefore, we have to reject
hypothesis two. However, further experiments are needed to shed light on the chemical composition of

leached TOM under field conditions.

5.3. Tree species effects on ambient water-H incorporation during decomposition of

leaf litter under field conditions

We found a higher incorporation of ambient water-H into the C-bonded H fraction in beech leaves as
compared to lime leaves (Fig. D-3) even though leaves of lime were decomposed faster as compared

to beech leaves (Fig. D-1). Furthermore, 0*Hy iear o values of lime did not differ from the initial
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&*Hn 1eat 0 values after four and 12 weeks (slope close to 1; Fig. D-3; Table S3) although these were the
time intervals with the fastest decomposition (69 to 65 %, respectively, of C in lime leaves had been
decomposed already; Fig. D-1a). These findings are contrary to our expectation that decomposability
is directly linked to an incorporation of ambient water-H into the C-bonded H fraction and a
simultaneous delabeling. The microbial community and the metabolism of certain groups might be a
key to understand these counterintuitive results. Firstly, the determined incorporation rates into leaves
can be explained by tree species specific colonizable surfaces for the microbial community. Due to the
lower mass loss of beech, the microbial biomass on the surface of leaves in the litterbags have a larger
living habitat compared to lime leaves that highlights the microbial contribution to the analyzed leaf
samples. Additionally, the microbial habitat of lime successively declined with ongoing
decomposition and bacteria sticking to the leaf surfaces get leached. Accordingly, it is known that the
surface area of beech litter increases during litter decomposition.®! Because of the larger incorporation
of ambient water-H in microorganisms'? the colonizable surface controlling the microbial biomass
might be decisive for the extent of ambient water-H incorporation. As a result, the microbial
community composition and its metabolism affect the H incorporation into leaves. We have shown
that C:N ratios of beech were larger than for lime. The larger C:N ratios of beech leaves are an
indicator for less degradable and resistant compounds.®? Furthermore, higher C:N ratios of beech
leaves (Fig. D-1b) suggest preceding fungal decomposition*’ and gram-positive bacteria are adapted to
more biochemically complex litter input and decompose complex substrates but have slow growth
rates®> with a mean residence time (MRT) of litter-derived C in PLFAs of 26-44 days.* Generally,
fungi are able to decompose complex and recalcitrant compounds cometabolically,’>%+% while the
source material is chemically transformed (together with a change in the C:N ratio) but not
mineralized. Moreover, the source material gets easier available for bacteria for successive

1‘66

decomposition which is accompanied by H incorporation. Moore et al.°® highlighted 2-3 turnover

times for bacterial biomass during one growing season, while fungi only regenerated about 75 % over
the same time while the transformation of complex litter material can also increase their stability.>*¢7:8
The microbial community which is dominated by gram-positive bacteria can explain the larger
incorporation of ambient water-H into leaves of beech. We have shown that there is a larger
incorporation of ambient water-H into the bulk biomass of gram-positive bacteria compared to gram-

negative bacteria.'?

With regards to substrate-specific metabolism, we have shown, that the
incorporation of ambient water-H into the C-bonded H pool of bulk bacteria is more pronounced for
Gram-positive bacteria (79 %) than for Gram-negative bacteria (43 %).'> Therefore, with regards to
leaves of beech, a larger contribution of gram-positive bacteria would explain the larger H
incorporation compared to lime. The regression of that §°H, « values on that 6’H, 4 values of leaves
showed the largest change within the first four weeks (Fig. D-3) for beech. The incorporation rates
into leaves, calculated as weekly rates, were higher for beech (2.3 %) compared to lime (0.8 %). This

could be explained by a higher growth and higher biosynthetic activity and therefore higher glycolytic
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activity of microorganisms compared to later stages of decomposition. In addition, the microorganisms
are under more favourable (anabolic) conditions including the availability of easy degradable
substrates at the beginning of the experiment connected with higher incorporation rates compared to
less favourable conditions during later phases of decomposition when the easily available substrates
were consumed and the water label is lost as a result of a catabolism-dominated metabolism.!?

Lime leaves showed smaller C:N ratios compared to beech. In general, small C:N ratios are an
indicator for bacteria dominated decomposition and microbial growth is favoured in litter with low
C:N ratios.® " Additionally, gram-negative bacteria prefer easy degradable substrates at early stages
of decomposition. Gram-negative bacteria show faster growth rates’> with a higher PLFAs MRT of
62-83 days,* which would imply, biosynthesis including glycolysis and the respirative cleavage of
former ?H-C bonds that would result in larger delabeling and thus, larger ambient water-H
incorporation. However, soil microorganisms are C limited and mostly dormant, connected with a
basic metabolism and slow biomass turnover rates®* while the simultaneously fate of the proportion of
leaf litter which is used as substrate by bacteria have to be considered. If the bacteria completely
mineralize a proportion of the leaf litter, only the proportion of leaf litter untouched by bacteria with
the initial 6*Hy reaves 0 values remains. The isotopic fractionation depends on the completeness and
direction of the reactions. This is in line with our results, showing a more pronounced H fractionation
for lime leaves (with higher C-mass losses) compared to beech. We suspect that lime leaves, with
more favourable, labile and leachable compounds are decomposed in a non-selective way (>65 %
C-mass loss in the first four weeks) - supported by no substantial changes in C:N ratios - as a
consequence of the beneficial chemical composition of leaves with less transformation processes
compared to beech leaves resulting in largely constant 0*Hy, 1ot values over time (Fig. D-S2). In other
words, the non-selective use of organic compounds in lime leaf litter is supported by constant C:N
ratios over the experimental course. Although the incorporation of ambient water-H into the C-bonded
H pool of leaves is smaller for lime than for beech, the incorporation was particularly evident after 20
weeks at the end of the exposure of leaf litter in the field. In general, later stages of decomposition are
characterized by the colonization of fungi and gram-positive bacteria. Because this circumstance is not
supported by C:N ratios - our rough indicator of decomposability, which did not change during the
experiment for lime we cannot prove it. An alternative explanation is the increasing contribution of
microorganisms to the litter and microorganism mixture. At the beginning, microbial biomass and
C-turnover rates were high. Later, there are still microorganisms left, however it is no longer
metabolized. As a consequence, this would imply that the microorganisms have a larger proportion of
the remaining mass (leaves and microorganisms) during early stages of decomposition. In turn, this
would mean that the determined incorporation becomes larger with time, because of the microbial
proportion.

Contrary to our hypothesis, the decomposability of leaf litter and associated microbial activity were

not decisive for the incorporation of ambient water-H incorporation. Instead, the persistence and
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stabilization of biosynthesis products seems to be the driving force for the H incorporation. These
findings might also explain the decomposability of lipids, which are less degradable organic
compound and to successfully infer paleoclimate conditions by their H isotope signature. As not
microbial activity, but substrate quality and ongoing transformation processes are rather responsible
for H depletion and the incorporation of ambient water-H into the C-bonded H fraction than the

decomposability of the two studied leaf litter types, we have to reject Hypothesis 2.
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1. General Conclusion

Along a 2500 km climosequence in Argentina it was shown that the H isotopic composition of the
C-bonded H pool (5°H, values) in SOM strongly correlates with the H isotope composition of the local
long-term precipitation (Ruppenthal et al., 2015). This circumstance can be explained by (i) microbial
products and plant-derived compounds that underwent incorporation of ambient water-H into the
C-bonded H fraction during heterotrophic decomposition and can be considered as the main
constituent of SOM or (ii) roots that represent the major source of SOM, because §*H, values of roots
also depend on ¢°H values of the local long-term precipitation (Ruppenthal et al., 2015). We could
show, that during leaf litter decomposition, there is an incorporation of ambient water-H into the C-
bonded H pool of leaf litter of up to 9 % and <5 % into leached TOM over four weeks of incubation
(Section B). Furthermore, we demonstrated that during substrate-specific metabolism, 61.1+18.5 % of
C-bonded H of bulk bacterial biomass underwent exchange with ambient water-H (Section C).
Finally, we determined an incorporation of 32+16.0 % into leaf litter during decomposition under field
conditions (Section D). However, there is a lack of knowledge concerning the relevance of the
individual compounds for SOM dynamics including their contribution to SOM.

Here, we used stable H isotope ratios of the C-bonded H fraction to study the incorporation of ambient
water-H into the C-bonded H fraction of the bacterial biomass during metabolism and the
incorporation into the C-bonded H pool of leaf litter and the decomposition products. Subsequently,
our results provide new insights into the sources of SOM to explain the close correlation of ¢°H,

values of SOM on 6°H values of the local long-term precipitation reported by Ruppenthal et al. (2015).

Our objective was to investigate

@) the extent of incorporation of ambient water-H into the C-bonded H pool of individual
compartments (bacteria, leaf litter and TOM) under different experimental conditions and

(ii) to assess the influence of bacteria, TOM and leaf litter as the source of SOM based on our
results and the current knowledge of literature to explain the close correlation of 6°H, values

of SOM on ¢°H values of the local long-term precipitation found by Ruppenthal et al. (2015).

Therefore, we (i) determined the bacterial performance (bacterial biomass production, growth and
respiration) and the incorporation of ambient water-H into the C-bonded H pool of bulk bacterial
biomass during substrate-specific metabolism by incubating two model organisms (gram-positive
B. atrophaeus and gram-negative E. Coli) on a M9 minimal medium, supplemented with either
D-glucose or D-lysine as the sole C-source over 12 and 24 h (Section C). Furthermore, we (ii) studied
the incorporation of ambient water-H into the C-bonded H fraction into leaf litter and leached TOM of
Fagus sylvatica L. (beech) and Acer pseudoplatanus L. (maple) during decomposition in a four-week

incubation experiment using two *H enriched waters (Section B). Additionally, we (iii) planted three
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to four-year-old trees of Fagus sylvatica L. - beech and Tilia platyphyllos SCOP. - lime in a greenhouse
and watered them with waters differing in the isotopic signature to produce *H-enriched leaf litter.
Afterwards, we performed a 20-week litterbag field experiment and determined the incorporation of
ambient water-H into the C-bonded H pool of leaf litter and leached TOM during decomposition
(Section D).

The data, materials and methods used are described in the individual sections (Section B, C and D).
The only exception here is the calculation of the incorporation of ambient water-H into the C-bonded
H fraction of leaf litter and leached TOM under laboratory conditions (Section B). Here, originally,
the incorporation of ambient water-H into the C-bonded H pool of leaves and leached TOM samples
was calculated via the slope of the regression of 6°H, values of OM on 6°H values of the *H-enriched
incubation waters (Fig. B-4). However, the slope of the regression cannot directly be equated with the
incorporation (Section C and D) because mathematically, the slope is the product of the incorporation
and the associated H isotope fractionation during incorporation. To disentangle these two processes,
we recalculated the incorporation of ambient water-H into the C-bonded H fraction of leaf litter and
leached TOM of Section B according to the approach used in Section C and D.

The incorporation of ambient water-H into the C-bonded H pool strongly depended on the considered
compartment and the conditions under which the experiments were carried out (Fig. E-1).

Bacteria and leaf litter during the field study showed comparable incorporation rates
(bacteria: 61.1 + standard deviation of 18.5% and leaf litter incubation: 32.0+16.0 %). The
incorporation of ambient water-H into the C-bonded H pool of leaf litter during the laboratory
incubation (5.4+1.3 %) differed significantly from bacteria and leaf litter during the field study
(p <0.022; Fig. E-1). Under optimal conditions, which includes the basic supply of nutrients and a
favorable C-source, namely glucose, our results highlight the anabolic glycolysis pathway as the
mechanism underlying the incorporation of ambient water-H into the C-bonded H pool of bacteria
(Section C). Contrary to this, stressful conditions force bacteria into a catabolism-dominated
metabolism that disables the incorporation of ambient water-H. During incubation, glucose
concentrations decreased significantly with time (Fig. C-1a). Along with the positive effect of glucose
on bacterial performance, showing an increased total biomass production, regarding growth and
respiration (Fig. C-1b and Fig. C-2a, b; Table C-S1) there was a substantial H exchange of up to 80 %
of bacterial C-bonded H with ambient water-H within 24 hours of incubation under optimal conditions
in the laboratory (Table C-1; Section C). The microbial C turnover is a highly dynamic process which
depends on microbial community and the availability of substrates with changing quality and quantity
(Miiller et al., 2017). During the decomposition of OM under natural conditions, sugars are the most
abundant released monomers which serve as C and energy source for microorganisms (Gunina and
Kuzyakov, 2015; Robbins and Taylor, 1989). Additionally, root exudates contain 40-50 % glucose
(Hiitsch et al., 2002). Furthermore, growth conditions and likely the related metabolic fluxes influence

the H isotope fractionation associated with the incorporation of ambient water-H into bacterial
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fractionation associated with the incorporation of ambient water-H into bacterial biomass (Section C).
While we observed species-specific effects concerning the incorporation of ambient water-H into the
C-bonded H pool of bulk bacterial biomass during anabolism under optimum conditions (Section C),

for natural conditions, the reported incorporation rates into bacteria are assumed to be overestimated.
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Fig. E-1: H exchange from ambient water-H into the C-bonded H pool of (i) bacteria (B. atrophaeus
and E. coli) incubated over 24 h under optimal conditions in a M9 minimal medium supplemented
with glucose as the sole carbon and energy source and constant temperature, (ii) leaf litter (F. sylvatica
and A. pseudoplatanus) incubated over four weeks of decomposition under optimal water supply and
temperature in the laboratory and (iii) leaf litter (F. sylvatica and T. platyphyllos) during 20 weeks of
decomposition under non-optimal conditions of water supply and temperature. Lower-case letters
indicate significant differences between each compound under differing experimental conditions.
Error bars show the standard deviation of H exchange with ambient water-H for each compound under

differing experimental conditions.

Anabolic activity can influence SOC storage with special attention to the fact that the most persistent
C in soil is not derived from plant litter and their residues, but has been metabolized by
microorganisms (Cotrufo et al., 2013; Liang and Balser, 2011; Liitzow et al., 2006; Miltner et al.,
2012). Growth rates of microorganisms depend on local environmental conditions (Vries and Shade,
2013) and bacterial metabolism is triggered by external signals e.g. when nutrients become limiting,
high mineral composition, pH, temperature, moisture and high cell densities. However, knowledge on
reaction pathways of metabolic activity under sub-optimal growth conditions is scarce (Bergkessel et
al., 2016; Lempp et al., 2020).

Due to the high incorporation rates of ambient water-H into the C-bonded H pool of bulk bacterial

biomass during anabolic metabolism, our results provide indications that bacterial products and
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necromass could be used to explain the close correlation of 6*H,, values of SOM on §°H values of local
precipitation and therefore bacterial products can significantly contribute to SOM. While §*C values
of PLFAs showed a pronounced incorporation into the soil microbial biomass of litter-derived C
(Rubino et al., 2010), microbial products can contribute to SOM with up to 80 % (Whalen et al.,
2022). Furthermore, there are indications that the quantification of stabilized microbial compounds in
SOM are based on an incomplete extraction of microbial compounds (Angst et al., 2021). Therefore,
microbial inputs to SOM are underestimated. Contrary to this, Buckeridge et al. (2022) showed that a
high proportion of SOM consists of microbial necromass and transformation products. In more detail,
Prescott and Vesterdal (2021) showed that labile components during early stages of decomposition
stimulate the production of microbial biomass, necromass and microbial products. Moreover, later
stages are characterized by the transformation into microbial products. C isotope tracing studies show
evidence for the accumulation of labile compounds which are important SOM forms and microbial
products in stable SOM forms (Martin et al., 1974; Prescott and Vesterdal, 2021; Voroney et al.,
1989). Likewise, Kallenbach et al. (2016) illustrated that SOM largely consists of microbial products
with the proportion of novel compounds between 73 and 100 %. In line, there is a growing number of
assertions that stabilized SOM dominantly consists of microbial biomolecules (Castellano et al., 2015;
Cotrufo et al., 2013; Liang et al., 2017; Miltner et al., 2012). Kdgel-Knabner (2002) illustrated that
microbial biomass significantly contributes to SOM formation representing an important source for
SOM. Here, bacterial cell walls account for up to 90 % of the bacterial dry weight (Malanovic and
Lohner, 2016) and represent stable components which in biomacromolecular structure are similar to
that postulated for SOM (Kleber et al., 2007). This is in line with the results of Kindler et al. (2006,
2009) and Simpson et al. (2007), showing that a large portion of SOM consists of microbially derived
compounds by using NMR analyses.

According to Simpson et al. (2007) and Liang and Balser (2011), non-living microbial necromass can
account for up to 80 % to the formation of SOC. Here, microbial biomass and residues are
preferentially entrapped in small pores and aggregates increasing the stability of microbial residues
and their contribution to SOM (Angst et al., 2021; Miltner et al., 2012). Furthermore, it has to be
considered that the H incorporation into the C-bonded H pool of bacterial biomass depends on the
growth phase (Section C). In summary, the pronounced H incorporation into bulk bacterial biomass of
up to 80 % provides indications that the microbial H pool can be used as an indicator of OM
transformation processes and bacterial products play a central role for SOM dynamics and can
therefore be used to explain the close correlation of 6°H, values in SOM with §*H values of the local
long-term precipitation found by Ruppenthal et al. (2015).

Contrary to the direct input of microbial biomass, degradation products and microbial metabolites are
leached during the decomposition process. To our knowledge, 6°H, values of leached compounds
during decomposition have never been investigated. For the leached TOM in a leaf litter incubation

experiment under favorable conditions for microorganisms (sufficient water supply and optimum
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temperature), we found that up to 9 % of C-bonded H underwent exchange with ambient water-H
attributed to microbial processes (Section C). However, the small incorporation rates during microbial
processing that were less compared to incorporation rates into bacterial biomass, would not be
sufficient to overprint the aridity signal present in plant organic matter and shift 5°H, values of SOM
towards those of long-term rainfall. In the field, under suboptimal conditions for microorganisms
(unfavorable water supply and large temperature changes), we were not able to calculate incorporation
rates (Section D). Under natural conditions, 6°H, values of leached TOM can be explained by the
influence of the steady replenishment of external microorganisms carrying the site-specific
characteristics of 0*H, values of precipitation in combination with a constant H fractionation between
leaf litter and leached TOM highlighting the influence of microbial compounds to TOM. Here, for
both studies, leached decomposition products and microbial metabolites are characterized by an
incorporation of ambient water-H via the intracellular glycolysis-gluconeogenesis metabolic pathway
(Horita and Vass, 2003; Kreuzer-Martin et al., 2003; Ruppenthal et al., 2015).

The relatively low incorporation rates under laboratory conditions can be explained by the
comparatively short experimental duration and the interrupted replenishment of leached TOM
(Section B). While this replenishment is constant in the field under natural conditions, the pool of
microorganisms, including microorganisms which were already present on the leaf surfaces at the
beginning of incubation, gets exhausted with ongoing time. Furthermore, I have to add that the
leachate was discharged in both experiments preventing the recycling of decomposed and microbial
products within the system. In this regard, Prescott and Vesterdal (2021) emphasized that litter
decomposition is not a one-way process. Instead, plant material is broken down and transformed into
de novo materials. Hence, the recycling and feedbacks represent an effective “soil microbial loop” by
multiple cycles of decomposition, assimilation and consumption by soil microbes that leads to an
incorporation of litter C into the long-term microbial pool (Prescott and Vesterdal, 2021; Malik et al.,
2016). This internal recycling, considering that bacterial biomass turns over 2-3 times during a
growing season (Moore et al., 2005), could have resulted in less variable 6°H, values especially under
field conditions (Section D). With respect to the microbial influence on the production of the leached
TOM, the biotic production of volatile organic compounds during decomposition is reported to be 5-
10 times higher compared to the abiotic production (McBride et al., 2020), highlighting the microbial
importance for the production of leached TOM. For this reason, Miiller et al. (2017) argue that
resource availability modifies the microbial contribution to SOM turnover and formation and
microbial metabolites can directly contribute to the formation of SOM (Kallenbach et al., 2016).
Likewise, microbial biomass shows faster turnover times compared to plant residues (Késtner, 2000).
Once casily available compounds were transformed and leached, the decomposition of recalcitrant
litter components starts and late stages of decomposition are again characterized by high efficiency of
SOM formation with physical transfer of brittle little residues and little microbial activity which can

be underlined by the common asymptotic mass remaining in litter bags experiments, but no
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preferential loss of any chemical compounds (Cotrufo et al., 2015). Because we could not prove a
substantial incorporation into leached TOM during laboratory incubation (Section B), it can be
assumed that plant-derived soluble compounds and brittle little residues in the leached OM, which
were metabolized and underwent transformation through the glycolysis-gluconeogenesis pathway
inside the cells during decomposition, play a subordinate role as the source of SOM and rather directly
stimulate microbial growth. As a result, the proportion of the microbial input is decisive for the extent
of the observed incorporation which supports the significance of the microbial input to SOM.

Leaves represent the starting material for decomposition. Here, the litter C loss as direct input to the
soil is reported to be twice as much as the fraction released as CO, (Rubino et al., 2010). During leaf
litter decomposition, the incorporation of ambient water-H into the C-bonded H pool of leaf litter
under optimal water supply and temperature during the laboratory incubation was <5 % and up to
48 % under field conditions with changing water regimes and varying temperatures. In the laboratory,
leaf litter decomposition was only studied over four weeks of incubation associated with much lower
C-mass losses of 32 % to initial C-stock compared to 70 % during natural conditions (Fig. D-1a).
Additionally, the comparatively small incorporation rates in Section B and D can be attributed to the
facts that leaf litter is less decomposable than substrates used in microbial culture studies (Fogel et al.,
2016; Kreuzer-Martin et al., 2004, 2006) which is also supported by an incomplete consumption of
leaf litter.

Contrary to the fundamental assumption that the incorporation depends on the decomposability of leaf
litter including that faster decomposition is associated with a higher leaf litter C-mass loss and higher
microbial activity and therefore should result in a more pronounced microbial H incorporation into the
C-bonded H pool of leaf litter, this was not verified neither during leaf litter incubation (beech vs.
maple, Section B) nor under natural conditions (beech vs. lime; Section D). However, the observed
differences between incorporation rates into leaf litter under laboratory and field conditions in contrast
to optimized nutrient availability and pH during microbial incubation (Section C) challenges the view
on the microbial influence on leaf litter decomposition. With regard to the observed incorporation
rates in leaf litter material, I suspect that ongoing microbial transformation processes including the
persistence and stabilization of biosynthesis products are the driving force for the observed
H-exchange in leaf litter (Section C). This is supported by Prescott and Vesterdal (2021) illustrating
that during decomposition litter mass loss becomes negligible and microbial transformation products
build up a new C pool that increases in mass.

C-mass loss strongly depended on litter quality (Section B and D), which is supported by Cofiteaux et
al. (1995), showing that litter quality is the driving factor for litter decomposition. The observed mass
loss of leaf litter strongly depended on tree species, both under laboratory conditions (beech < maple;
Fig. B-2; Table B-1) and under field conditions (beech < lime; Fig. D-1). Transformation processes of
plant compounds and the breaking down of complex materials is not necessarily associated with

mineralization (Liang et al., 2017), which could explain our findings that the incorporation does not
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directly depend on mass loss (Section B and D). However, there are direct effects of the substrate
quality on decomposition (Section B and D). Generally, high substrate quality stimulates the
accumulation of microbial residues resulting in a higher substrate-use efficiency and a higher
microbial biomass which can potentially form SOM (Cotrufo et al., 2013). As a result of significant
differences between incorporation rates in pure cultures of gram-positive and gram-negative bacteria
(Section C), there is profound knowledge that there are also differences regarding the decomposition
of different substrates between gram-positive and gram-negative bacteria (Kuzyakov et al., 2000).
This results in the observed H isotope fractionation and incorporation rates (Table C-1; Section C).
Additionally, undecomposed fragments of leaf litter enter the soil which can initiate SOM aggregation
and play a crucial role for long-term C stabilization mechanisms (Del Galdo et al., 2003; Jastrow and
Six, 2002). SOM is a continuum of different stages of decomposition (Rubino et al., 2010). The
observed incorporation rates into the different studied compartments (bacteria, leached TOM and leaf
litter) challenges the view on the continuous nature of SOM and its sources. There are many studies
focusing on microbial or plant-derived SOM, but there is still a lack of knowledge with respect to
stabilized SOM (Angst et al, 2021). Contrary to the reported incorporation during bacterial
metabolism (Section C), which are most likely overestimated for SOM dynamics, the proportion of
microorganisms to SOM and the contribution of microbial necromass to soils does not mirror its
contribution to the effective stabilized SOM. Furthermore, the contribution of microbial inputs
depends on ecosystem properties. Notably, C which does not derive from microbial biomass does not
have to be entirely composed of plant derived C (Angst et al., 2021). Commonly, it is assumed that
leaf litter is gradually transformed to more stable forms, including a variety of physical, chemical,
faunal and microbial processes (Sollins et al., 1996). However, the significance of the microbial
influence on the stabilization and destabilization of SOM is still in its infancy. In summary, the
products of microbial transformation processes of plant litter do contribute more to stabilized SOM
than plant-litter compounds (Mambelli et al., 2011).

As aridity affects 0*H, values of aboveground plant organic matter, Ruppenthal et al. (2015) indicated
that there is a constant offset between 3*H values of precipitation and 0*H, values of SOM along a
climosequence in Argentina with identical apparent fractionation, irrespective of potentially differing
chemical composition of SOM. However, our results showed that the incorporation is not directly
driven by microbial activity and mineralization. Moreover, incorporation rates depended on the
substrate quality of leaf litter. Therefore, unfavorable leaf litter quality is linked to successive
decomposition and the gradually building up of microbial metabolites. Hence, incorporation instantly
takes place with regards to the favorability of leaf litter quality. The importance of the plant species
becomes increasingly important when it comes to different decomposition processes due to leaf
specific properties (Angst et al., 2021; Zech et al., 2011). Consequently, differences of leaf litter
quality should be reflected in a larger deviation of 5°H, values of SOM in dependence of 5°H values of

precipitation, which could be achieved by H-exchange with the H isotopic composition of
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precipitation. However, Ruppenthal et al. (2015) showed that 6*°H, values of SOM were not influenced
by plant species composition or other environmental variables, such as soil type or soil properties with
a nearly constant H fractionation between SOM and precipitation along the climosequence.
Additionally, the contribution of microbial necromass to SOC differs depending on environmental
factors (Liang et al., 2019). These findings suggest that the microbial modification and microbial input
is not the driving factor of the close correlation of 6°H, values of SOM on ¢*H values of precipitation,
because the observed incorporation into OM under natural conditions strongly depended on leaf litter
quality as presented in Section D. Furthermore, the influence of the microclimate for microorganisms
must be taken into account. Here, the accumulation and contribution of bacterial necromass to SOC
dynamics is shown to be ecosystem-specific and depend on climate (Wang et al., 2021).

On a global scale, the correlation of 6°H, values in SOM on &°H values in precipitation could also be
caused by two counterbalancing, opposing processes. On the one hand, during warmer and moist
climatic conditions, as a result of higher microbial activity, microorganisms incorporate more H into
their biomass ending up in SOM. On the other hand, under colder and drier climatic conditions,
because of reduced microbial activity, less ambient water-H is incorporated into the bacterial C pool,
but the signal is maintained and accumulated over a longer period of time. As a net effect and despite
different turnover and humus formation rates, the correlation of 6*°H, values of SOM and ¢*H values of
precipitation remains.

An alternative explanation is that 6*°H, values of roots is H-isotopically close to soil water and there is
a close correlation between 0*H, values of roots and ¢*H, values of SOM (Ruppenthal et al., 2015).
Those findings relate to the belowground root biomass that makes a major contribution to SOM. After
Rasse et al. (2005), plant roots are an important source of SOM, while root-derived C represents
>60 % of microbial biomass (Kramer et al., 2010) and 45 % of stabilized SOM is root-derived
(Jackson et al., 2017). Interestingly, fine roots are decomposed slower than thicker roots (Fan and
Guo, 2010; Goebel et al., 2011; Sun et al., 2013). Although fine roots produce higher amounts of OM
in soil, thick roots potentially generate more stable SOM (Prescott and Vesterdal, 2021). With regard
to the sources of SOM, there are strong interactions between litter, roots and microbes (Berg and
McClaugherty, 2008; Bending, 2003; Miltner et al., 2012).

The aridity effect was not observable in the roots, likely because assimilates transported to the roots
served as educts of biosynthesis reactions associated with the incorporation of root-water H, which is
isotopically close to soil water, so that no incorporation has to take place before the roots die off, are
decomposed and humus is subsequently formed. Although there is a strong correlation of
0°H, values in SOM and §°H values of local precipitation. On the one hand, I argue that the hypothesis
for the roots as a source of SOM is still persistent. On the other hand, the incorporation of ambient
water-H during leaf litter decomposition could also be an explanation for the observed correlation of
&H, values in SOM on &H values of local precipitation because (i) bacteria showed very high

incorporation rates during metabolism (Section C) with a contribution of microbial products to SOM
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of up to 80 % (Whalen et al., 2022) and (ii) 6°H, values of leached OM show almost an overprinting
by 6*H values of ambient water-H (Section D). Furthermore it has to be taken into account, that (iii)
under field conditions there are multiple cycles of decomposition, assimilation and consumption
(Prescott and Vesterdal, 2021; Salamanca et al., 2003), resulting in an overprinting of 6°H, values of
the decomposition products via microbial activity, which is methodologically difficult to implement

and has to be taken into account for future studies.

2. Outlook

The results of the present work provide fundamental knowledge about the incorporation of ambient
water-H into the C-bonded H pool of bacteria, leaf litter and leached TOM during decomposition
under varying conditions. Our results can be used to study growth conditions of bacteria under
different environmental conditions together with different bacterial activities and metabolism.
Furthermore, 0°H, values of bacteria improve the understanding of the microbial modification of
&*H, values in SOM and can be used to assess the microbial input to SOM. Furthermore, our results
show that the incorporation of ambient water-H into the C-bonded H pool of leaf litter and leached
TOM stress the microbial influence on the solid phase and the leached TOM and provide information
on the decomposition and microbial activity under different environmental conditions. Finally, I used
the determined incorporation rates to evaluate the influence of the individual compartments as the
source for the SOM. With regard to the current state of research I suspect that the belowground root
input is a crucial source for SOM. Additionally, our results highlight the relevance of microbial
products as source of SOM. With respect to this, the relevance of soil microbial processes, rather than
plant biomass production, should be focused when studying soil C dynamics. Therefore, future studies
should concentrate on the mechanistic understanding of the production of leached TOM and the
contribution of microbially derived compounds to leached TOM and investigate plant-derived and
microbially derived compounds in SOM in consideration of climatic conditions, plant and
microorganism communities and soil properties in order to provide deeper insights into the formation

and the persistence of SOM under changing environmental conditions.
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Table B-S1: 6°Ha cattiter and 0*Hy tom 0f replicates with means and standard deviation for beech and maple differentiated according to the

type of isotopically labeled water (+50 %o, +250 %o) for the incubation period of four weeks (n = 3).

0 *Ha teatitter [%0VSMOW] 0*Hu rom [%0VSMOW]
Incubation time [weeks] Incubation time [weeks]
0 1 2 3 4 1 2 3 4
Beech 50: -80.5 -92.4 -81.6 -83.5 -81.4 -69.3 -56.5 -75.6 -118.8
-80.5 -90.3 -84.2 -81.9 -79.8 -74.8 -76.3 -74.6 -115.5
-80.5 -91.3 -85.5 -81.6 -82.1 -108.3 -68.0 -79.9 -116.8
mean -80.5+0 -91.4+0.9 -83.8+1.6 -82.3+0.9  -81.1+0.9 -84.1+17.2 -66.9+8.1 -76.7£2.3 -117.0+1.4
Beech 250 -80.53 -76.3 -76.2 -75.5 -68.5 -64.7 -58.3 -59.0 -92.2
-80.53 -81.3 -76.4 -79.8 -72.3 -56.5 -64.2 -58.6 -63.1
-80.53 -86.8 -80.2 -75.7 -72.6 -114.7 -46.9 -64.9 -92.5
mean -80.5+0 -81.5+4.3 -77.6x+1.8 -77.0£1.9  -71.2+1.9 -78.6+£25.8 -56.5+7.1 -60.9+£2.9 -82.6+£13.8
Maple 50 -98.9 -89.0 -97.30 -103.1 -102.6 -75.2 -67.7 -78.9 -84.6
-98.9 -97.0 -97.8 -90.8 -96.2 -62.4 -79.9 -81.2 -84.7
.98.9 -100.8 -102.5 -104.3 -94.6 -75.2 -79.8 -84.9 -82.9
mean -98.9+0 -95.62+4.9 -99.21+2 .4 -99.446.1  -97.82+3.5 -70.9+6.1 -75.8£5.7 -81.7£2.5 -84.1+0.8
Maple 250 -98.9 -96.9 -83.7 -103.3 -92.3 -43.1 -107.6 -117.4 -67.9
-98.9 914 -86.6 -94.6 -86.9 -78.3 -111.7 -120.4 -68.8
-98.9 -100.4 -95.9 -93.5 -87.7 -91.8 -72.2 -67.8 -62.1
mean -98.9+0 -96.2+3.7 -88.8+5.2 -97.144.4  -88.9+2.4 -71.0£20.5 -97.1£17.4 -101.9+24.2 -66.3+2.9

102



Table B-S2: Repeated measure ANOVA results for effects of time, water label (water) and tree

species on 6°H, tom values with significant interactions. Significant effects are displayed in bold.

Factors nDF F P
6*Hn tom
Time 3 1.68 0.199
Water 1 1.31 0.285
Tree species 1 0.48 0.510
Time x Tree species 3 7.26 0.001
Tree species x Water 1 5.94 0.041
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Fig. B-S1: Schematic graph of the water steam equilibration device.
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Fig. B-S2: Carbon concentrations in leached total organic matter (TOM) according to tree species
(beech and maple) during the course of the four-week incubation. Error bars show the standard
deviation for each time step (n = 6). To ease readability, the sampling times have been shifted slightly.
Asterisks indicate significant differences between tree species at a given incubation interval

(* p <0.05; ** p <0.01; *** p <0.001).
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Fig. B-S3: Net apparent H isotope fractionation &H, (%o) between leached TOM and leaf litter of
beech and maple, differentiated according to the type of isotopically labelled water (+50 %o, +250 %o)
over the incubation period of four weeks. Error bars show the standard deviation of €2Hn Tom; 1eaf iitter

for each time step (n = 3). To ease readability, the sampling times have been shifted slightly.
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Medium preparation

The medium contained 200 mL salt stock solution (64 g Na,HPO4 x 7H,0, 15 g KH>POs, 2.5 g NaCl
and 5 g NH4Cl per liter), 2 mL of 1M MgSQOs, 0.1 mL of 1M CaCl,, 1 mL of 1M MOPS buffer, 8§ mL
vitamin mix solution (stock solution: 10 mg Biotin, 12.7 mg Thiamin-HCI per 100 mL) and 1 mL
trace element solution (stock solution: 625 mg FeCls x 6 H.O, 22.5mg ZnSOs x 7 HyO,
22.5 mg CuSO4 x 5 HO, 22.5 mg CoCl, x 6 H,O and 15 mg MnSO4 x H,O per 50 mL). The total

volume of each replicate inoculum supplemented with either glucose or lysine was 100 mL.

Sample processing

Cells at each time step were harvested by centrifuging the cultures at 3400 g for 10 min (Rotanata
400RS, Hettich, Germany). The supernatants were collected and frozen. Cell culture pellets were
washed in 10 mL of 0.9 % NaCl and centrifuged again at 3400 g for 10 min (Rotanata 400RS, Hettich,
Germany). This washing procedure was repeated once to get rid of medium residues. Finally, the
resulting cell pellets were washed with 20 mL 0.9 % NaCl, transferred into smaller tubes (Eppendorf,
Germany) and centrifuged for 10 min at 8000 g (Biofuge pico, Heraeus Instruments, Germany).
Afterwards the resulting pellets were frozen at -80 °C and lyophilized for analysis (LyoCube 4-8
LSCplus, Martinchrist, Germany).

Calculation of respiration

Based on the reaction equation, 1 mL of 1 M NaOH can react with a maximum of 22 mg CO»

(Eq. S1).

2NaOH + CO, — Na,CO, + H,0 (Eq. S1)

The extent of respiration (CO, formation) was derived from the measurements of the electrical
conductivity (EC). This requires the calibration of the EC with the mass of released CO, determined
by titration of the remaining NaOH with HCI. Therefore, the mass of CO, (MCO,) is proportional to
the difference between the EC of NaOH at the beginning (EC(to)) and the electrical conductivity of
NaOH at time i (EC(ti)). Here, the EC of freshly prepared NaOH was measured at the beginning and
several times during CO; exposition. At the end of the incubation, the excess NaOH was determined
via titration with HCI. Based on the regression of the difference of EC (to) and EC (ti) on MCO; the
respiration was inferred for all samples. For the calculation of MCOs, the difference between EC (to)
and EC (t;)) was divided by the slope of the previously described calibration of 0.236 (Eq. S2; Wollum

and Gomez') followed by the subtraction of the mass of CO, of the control treatments

(MCO:2 con; 1dentical setup but without bacteria at time 1).
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s L] s, [1]
MCO2 [mg] = - MC02 Con [mg] (Eq Sz)

0.236[1}
Q

Steam equilibration setup, stable H analysis and quality specifications

The equilibration setup consisted of a stainless-steel vacuum vessel, which was connected to a vacuum
pump at the one end and to an Ar flask at the other end. Samples were weighed in tin (Sn) capsules
and were placed in the steel vessel. Afterwards, the vessel was evacuated for one hour and
subsequently disconnected from the vacuum line, before 3.5 mL of the equilibration water was
injected with a syringe through a silicone rubber septum. Then, the vessel was placed in a fan-assisted
heating oven at 120 °C overnight. This time is necessary to reach the isotopic equilibrium between the
exchangeable H fraction of samples and the injected equilibrium water H.! At the next day, the vessel
was reconnected to the vacuum line and evacuated for 1.5 h. Subsequently, we used Ar (purity grade
5.0) to depressurize the vessel to ambient air pressure. This procedure minimizes re-equilibration of
the samples with ambient air. Samples were sealed airtight with end-cutting pliers while the Ar
continuously flushed the vessel. This procedure always took less than 30 seconds. We used three
waters of known J*Hw values (AWI =-268+1 %o, 2H enriched=+113+1 %o and Millipore
water =-75 %o). This approach guaranteed effective replacement of all isotopically exchangeable
sample H with the hydrogen of the equilibrium water.! Unfortunately, we are not aware of studies
dealing with the hydrolysis during steam equilibration at 120 °C. Khuwijitjaru et al. reported that the
hydrolysis of fatty acid esters and the conversion to free fatty acids was reached at temperatures of
340 °C. Archuleta® found little decomposition at operating temperatures of 280 °C and 300 °C for oils
and fats, whereas decomposition occurred at 325 °C. For glycerol, decomposition was strongly evident
at 325 °C but not at lower temperatures. Holiday et al.* reported hydrolysis of soybean, linseed, and
coconut oils to free fatty acids with water at a density of 0.7 g/mL and temperatures of 260-280 °C
while some geometric isomerization was observed at temperatures as low as 250 °C. Decomposition
of polyethylene terephthalate (PET) polybutylene terephthalate (PBT) and polyethylene 2,6-
naphthalate (PEN) was observed at temperatures over 300 °C.> However, the mentioned temperatures
are far above our used temperature of 120 °C so we consider hydrolysis of ester bonds as highly
unlikely during our steam equilibration. The stable hydrogen isotope ratios of steam-equilibrated bulk
samples of bacterial biomass were measured with a TC/EA-IRMS device (vario PYRO Cube and
Isoprime visION, Elementar Analysesysteme GmbH, Germany). The samples in tin capsules were
pyrolyzed in the EA filled with glassy carbon granulate reactor at 1450 °C. Several studies mentioned
both materials, Sn and Zn capsules as suitable.*® Many &*H studies note the use of Sn capsules
without further explanations.’'> We used Sn capsules, because Sn is the softer material, which can be

more easily crimp-sealed. For Ag capsules we realized, that a gas-tight crimp-sealing only lasts
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sufficiently long when much more force is applied as compared with Sn. We see the so-called cold-
welding by hand tools’* as a questionable practice for Ag, since a pressure of
4950 kg/cm? for 30 s at room-temperature is only sufficient when the thin Ag sheets were pre-heated
but if not, even 7000 kg/cm? are insufficient.!* For this study, we used the crimp-sealing technique of
Sn capsules with the same tools as described in Ruppenthal et al.'>. We tested the exchange with
ambient air by filling a Sn capsule with the volatile acetone and found that the weight of acetone in the
capsules remained constant for weeks.'® Similarly, Ruppenthal et al.'> sealed water in tin capsules,
without a weight loss over a period of a month. Furthermore, we tested the tightness of crimp-sealed
Sn capsules by measuring steam-equilibrated samples immediately after equilibration and days later
and found that &H values did not change. Finally, we measured GISP and IAEA-CH7 both in Ag and
Sn capsules and the values were undistinguishable from the certified or recommended values
(GISP: -188.8£1.9 %0 (n=72) in Ag capsules vs. -189.3£1.1 % (n=46) in Sn -capsules;
IAEA-CH7: -100.3+1.5 %o (n=88) vs. -100.6=1.7 %o (n =90). In addition, we measured USGS57
biotite and USGS58 muscovite in Sn capsules yielding 6°H values of 93.84+1.7 %o and 31.3+0.9 %o,
respectively, which is indistinguishable from the reference values of 91.5£2.4 %o and 28.4%1.6 %,
respectively, given by the USGS, which were measured in Ag capsules.!” Moreover, we never
detected a H, blank in Sn capsules. Thus, the use of Sn capsules instead of Ag reduces outliers,
increases repeatability, prevents re-equilibration and is reliable for the steam equilibration device. The
H3**-correction factor for the produced H** ions in the ion source was ascertained before each
measurement cycle using the IRMS software (ionOS, Elementar, Germany) and varied between
7.1 and 7.4 ppm nA’l. To calibrate the measured 6*H values, the two certified international laboratory
standards USGS46 (certified as -235.8+0.7 %0) and GFLES-1 (certified as 80.1+0.5 %o) delivered by
USGS in sealed silver tubes were used. The certified H isotope standard material VSMOW?2 (certified
as 0£0.4 %o) delivered by USGS in sealed silver tubes was included as duplicate measurements to
determine the trueness and the precision of our measurements and yielded 6°H values of -2.1+2.5 %o

(n=77). 6°H values are expressed relative to VSMOW-SLAP scale in per mill.

Statistical analyses

All statistical analyses were conducted with SPSS 11.5 (SPSS Inc., USA) and/or Microsoft Excel 2010
(Microsoft Corp., USA) software. Prior to statistical analyses, the test prerequisites were checked
(normal distribution: Shapiro-Wilk test; homogeneity of variances: Levene's test). If normal
distribution of residues or variance homogeneity of the analyzed data was violated, data were
transformed. To approach normal data distribution, data was logjo-transformed. In case of
heteroscedasticity, we used the Huynh-Feldt- or Greenhose-Geisser-correction according to Girden.!'®
Significant differences between bacterial species, the used substrates or labeled waters during the

temporal course of the incubation were analyzed using repeated measures analysis of variance
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(rmANOVA) with main effects for the mentioned factors and the corresponding interactions. 7T fests
were used to compare the means of the labeled water, bacterial species, and to assess a significant

deviation from zero.
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Fig. C-S1: CO, production per 10° cells of B. atrophaeus (Bac.) and E. coli (Esc.) grown on glucose
(glu) or lysine (lys) after 12 h (a) and 24 h (b) of incubation. Uppercase letters indicate significant
substrate-specific differences (p <0.05) and lowercase letters significant differences between bacterial
species (p <0.05). Error bars show the standard deviation of the Optical Density values and CO»

production for each treatment (n = 9).
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Table C-S1: Repeated measures ANOVA results for effects of time, bacterial species, substrate and
water treatment (water) on the substrate consumption, bacterial growth, bacterial respiration,
exchangeable H fraction (x.), the hydrogen isotope signature of bacterial species (6*Hn bac), H
incorporation, and the associated isotope fractionation (€pacsiomw) for B. atrophaeus and E. coli. DF is
degrees of freedom, F is F value, and P is error probability. Non-significant interactions between

factors are not displayed.

Fixed terms DF F P

Substrate consumption

Time 1 45.04 <0.001
Bacterial species 1 5.57 0.026
Substrate 1 454.51 <0.001
Water 2 0.67 0.420
Time x Bacterial species 1 17.08 <0.001
Time x Substrate 1 38.88 <0.001
Bacterial species x Substrate 1 16.45 <0.001
Bacterial growth
Time 1 25.37 <0.001
Bacterial species 1 34.94 <0.001
Substrate 1 345.13 <0.001
Water 2 0.51 0.605
Time x Bacterial species 1 24.68 <0.001
Time x Substrate 1 42.45 <0.001
Bacterial respiration
Time 1 95.53 <0.001
Bacterial species 1 215.01 <0.001
Substrate 1 182.51 <0.001
Water 0.251 0.780
Time x Bacterial species 1 46.59 <0.001
Xe
Time 1 2.878 0.102
Bacterial species 1 8.770 0.006
Substrate 1 0.211 0.650
Water 2 3.546 0.043

Table continued on the next page.
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Jan bac

Time 1 10.52 0.003
Bacterial species 1 265.69 <0.001
Substrate 1 1478.31 <0.001
Water 2 122.74 <0.001
Time x Bacterial species 1 144.09 <0.001
Time x Substrate 1 6.473 0.018
Bacterial species x Substrate 1 4.89 0.037
Bacterial species x Water 2 4.63 0.019
Substrate x Water 2 105.75 <0.001
H incorporation (glucose only)
Time 1 0.15 0.719
Bacterial species 1 348.51 <0.001
€ BacBiom/w
Time 1 295.36 <0.001
Bacterial species 1 13924.05 <0.001
Time x Bacterial species 1 1320.02 <0.001

Table C-S2: Repeated measures ANOVA results for effects of time, bacterial species, substrate and
water treatment (water) on bacterial biomass and respiration per 10° cells with significant interactions
for B. atrophaeus and E. coli. DF is degrees of freedom, F is F value, and P is error probability. Non-

significant interactions between factors are not displayed.

Fixed terms nDF F P

Bacterial biomass
Time 1 25.37 <0.001
Bacterial species 1 34.94 <0.001
Substrate 1 345.13 <0.001
Water 0.513 0.605
Time x Bacterial species 1 24.68 <0.001
Time x Substrate 1 42.45 <0.001

Respiration/ 10° cells

Time 1 21.386 <0.001
Bacterial species 1 249.35 <0.001
Substrate 1 53.46 <0.001
Time x Substrate 1 2241 <0.001
Bacterial species x Substrate 1 2641 <0.001
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Table C-S3: Exchangeable H fraction for B. atrophaeus und E. coli before incubation (in the LB-

medium) and for the two time steps (12 and 24 hours) after incubation (in the M9 minimal medium)

with either glucose or lysine as sole carbon source.

Bacterial Exchangeable H-fraction [%]
species
Before incubation After incubation
Glucose Lysine
12h 24 h 12h 24 h
B. atrophaeus 19.1 22.7£3.2  25.7£1.0 209+2.7 24.2+34
E. coli 25.3 18.6+£2.3 19.5£2.6  20.1+4.1 19.3+£3.9

References cited in the Supporting Information

(D

2

3)
“
)

(6)

(7

®)

Ruppenthal, M.; Oelmann, Y.; Wilcke, W. Isotope ratios of nonexchangeable hydrogen in soils
from different climate zones. Geoderma 2010; 155: 231-241.

Khuwijitjaru, P. Kinetics on the hydrolysis of fatty acid esters in subcritical water. Chemical
Engineering Journal 2004; 99: 1-4.

Archuleta, R. C. Non-catalytic steam hydrolysis of fats and oils 1991.

Holliday, R. L.; King, J. W.; List, G. R. Hydrolysis of Vegetable Oils in Sub- and Supercritical
Water. Industrial and Engineering Chemistry Research 1997; 36: 932-935.

Kumagai, S.; Morohoshi, Y.; Grause, G.; Kameda, T.; Yoshioka, T. Pyrolysis versus
hydrolysis behavior during steam decomposition of polyesters using '*0O-labeled steam. RSC
Advances 2015; 5: 61828—-61837.

Gehre, M.; Renpenning, J.; Gilevska, T.; Qi, H.; Coplen, T. B.; Meijer, H. A. J.; Brand, W. A.;
Schimmelmann, A. On-line hydrogen-isotope measurements of organic samples using
elemental chromium: an extension for high temperature elemental-analyzer techniques.
Analytical Chemistry 2015; 87: 5198-5205.

Oerter, E.; Singleton, M.; Davisson, L. Hydrogen and oxygen stable isotope signatures of
goethite hydration waters by thermogravimetry-enabled laser spectroscopy. Chemical Geology
2017; 475: 14-23.

Schimmelmann, A.; Qi, H.; Dunn, P. J. H.; Camin, F.; Bontempo, L.; Poto¢nik, D.; Ogrinc, N.;
Kelly, S.; Carter, J. F.; Abrahim, A.; Reid, L. T.; Coplen, T. B. Food Matrix Reference
Materials for Hydrogen, Carbon, Nitrogen, Oxygen, and Sulfur Stable Isotope-Ratio
Measurements: Collagens, Flours, Honeys, and Vegetable Oils. Journal of agricultural and

food chemistry 2020; 68: 10852—10864.

112



€

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17

(18)

Filot, M. S.; Leuenberger, M.; Pazdur, A.; Boettger, T. Rapid online equilibration method to
determine the D/H ratios of non-exchangeable hydrogen in cellulose. Rapid communications in
mass spectrometry: RCM 2006; 20: 3337-3344.

Koehler, G.; Wassenaar, L. I. Determination of the hydrogen isotopic compositions of organic
materials and hydrous minerals using thermal combustion laser spectroscopy. Analytical
Chemistry 2012; 84: 3640-3645.

Paul, A.; Hatté, C.; Pastor, L.; Thiry, Y.; Siclet, F.; Balesdent, J. Hydrogen dynamics in soil
organic matter as determined by *C and *H labeling experiments. Biogeosciences 2016; 13:
6587-6598.

Ruppenthal, M.; Oelmann, Y.; del Valle, H. F.; Wilcke, W. Stable isotope ratios of
nonexchangeable hydrogen in organic matter of soils and plants along a 2100-km
climosequence in Argentina: New insights into soil organic matter sources and
transformations? Geochimica et Cosmochimica Acta 2015; 152: 54-71.

Qi, H.; Groning, M.; Coplen, T. B.; Buck, B.; Mroczkowski, S. J.; Brand, W. A.; Geilmann,
H.; Gehre, M. Novel silver-tubing method for quantitative introduction of water into high-
temperature conversion systems for stable hydrogen and oxygen isotopic measurements. Rapid
communications in mass spectrometry: RCM 2010; 24: 1821-1827.

van Duzee, G. R.; Thomas, J. M. Cold Welding of Silver. Journal of the Electrochemical
Society. 1940; 77: 341.

Ruppenthal, M.; Oelmann, Y.; Wilcke, W. Optimized demineralization technique for the
measurement of stable isotope ratios of nonexchangeable H in soil organic matter.
Environmental Science and Technology 2013; 47: 949-957.

Kessler, A.; Kreis, K.; Merseburger, S.; Wilcke, W.; Oclmann, Y. Incorporation of hydrogen
from ambient water into the C-bonded H pool during litter decomposition. Soil Biology and
Biochemistry 2021; 162: 108407.

Qi, H.; Coplen, T. B.; Gehre, M.; Vennemann, T. W.; Brand, W. A.; Geilmann, H.; Olack, G.;
Bindeman, 1. N.; Palandri, J.; Huang, L.; Longstaffe, F. J. New biotite and muscovite isotopic
reference materials, USGS57 and USGS358, for 0*H measurements—A replacement for NBS 30.
Chemical Geology 2017; 467: 89-99.

Girden, E. ANOVA. SAGE Publications, Inc, 2455 Teller Road, Thousand Oaks California
91320 United States of America 1992.

113






Supporting Information of Section D

115



Litterbag experiment and sample processing

The experiment was conducted with filled litterbags put in top cut HDPE free draining lysimeters
(Roth, Germany) which were closed at the bottom and placed on the soil surface (Fig. D-S1). Each
litterbag-lysimeter combination was connected to a glass bottle (Schott AG, Germany) via a PVC tube.
Discharge out of the lysimeters was aligned with a small slope in the field, to guarantee the complete
outlet of the percolates and exclude anaerobic conditions within the lysimeters and litterbags during
decomposition. To prevent external leaf input, a PE net was stretched over the containers. At each
time step (4, 12 and 20 weeks) one set of litterbag replicates (n = 36) was collected. Percolate samples
of each litterbag container were taken in bi-weekly intervals, with exception for the first time point
after four weeks because of dry conditions with no precipitation. After sampling, percolate and
precipitation samples were immediately frozen at -20 °C. In the laboratory, litterbags were opened and
residual leaves were cleaned manually from macrofauna and dirt, dried in a drying oven at 40 °C for
48 hours and subsequently weighed. Additionally, the amount of percolates (M percolate) fOr each
replicate was determined by weighing. Individual percolate samples taken in biweekly intervals were
merged to one composite sample that matched with the collection of the corresponding litterbag
samples (e.g., six biweekly samples merged to one composite sample for each of the litterbag
replicates collected after 12 weeks). However, for the litterbags that were exposed to field conditions
for 20 weeks, we kept the biweekly percolate samples in favour of a higher temporal resolution.
Percolate samples were not filtered. Therefore, the term TOM for OM originated from percolates was
used. TOM of percolates was gained by lyophilization at NaProFood GmbH, Germany. For all

subsequent chemical analyses, leaf and TOM samples were ground (Pulverisette 5, Fritsch, Germany).

Steam equilibration and stable H analysis

The steam equilibration setup is composed of a stainless-steel vacuum vessel which is connected to the
vacuum pump at the one end and to an Argon-flask at the other end. Ground leaf and TOM samples
were weighed in tin capsules (IVA Analysetechnik GmbH + Co KG) placed in brass sample holder.
Steam equilibration was conducted by using two equilibration waters with measured §*H values
(0*Hew) (AWI= -268 %o and deionized water= -75 %o) resulting in two aliquots of one and the same
sample equilibrated with a different water. After Ruppenthal et al.! this approach guarantees the full
exchange of isotopically exchangeable H with the corresponding equilibrium water H. Through a
silicone rubber septum, 3.5 mL of equilibration water (corresponding to a ratio of exchangeable
sample H to equilibration water H of at least 1:100) was injected into the evacuated vessel using a
syringe. While disconnecting the vessel from the vacuum line with quick connectors (Swaglock
Company, USA) and putting the vessel into a fan-assisted heating oven at 120 °C overnight,
equilibration took place. The vessel was reconnected to the vacuum line at the next morning and the

equilibration water vapour was evacuated while the residual heat of the vessel caused drying the
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samples for approx. 2 h. After the vessel cooled down, it was repressurized to ambient pressure with
dried Ar gas (purity grade 5.0) while the flushing avoids isotopic reequilibration of equilibrated
samples with ambient air moisture. Equilibrated samples were sealed airtight with end cutting pliers in
the vessel during continuous flow of Ar into the vessel. After Equilibration, samples were taken
transferred to the autosampler of the Thermal Conversion/Elemental Analyzer-Isotope Mass
Spectrometer (TC/EA-IRMS) for ¢*H analysis. The sample removal from the argon-filled vessel and
the subsequently sealing never exceeded 30 s which minimized the risk of reequilibration of sample H
with ambient moisture H. The samples in tin (Sn) capsules were pyrolyzed in the EA filled with glassy
carbon granulate reactor at 1450 °C. Several studies mentioned both materials, Sn and Zn capsules as
suitable.>* Many ¢°H studies note the use of Sn capsules without further explanations.>® We used Sn
capsules, because Sn is the softer material, which can be more easily crimp-sealed. For Ag capsules
we realized, that a gas-tight crimp-sealing only lasts sufficiently long when much more force is
applied as compared with Sn. We see the so-called cold-welding by hand tools’ as a questionable
practice for Ag, since a pressure of 4950 kg/cm? for 30 s at room-temperature is only sufficient when
the thin Ag sheets were pre-heated but if not, even 7000 kg/cm? are insufficient.!” For this study, we
used the crimp-sealing technique of Sn capsules with the same tools as described in Ruppenthal et
al.''. We tested the exchange with ambient air by filling a Sn capsule with the volatile acetone and
found that the weight of acetone in the capsules remained constant for weeks.!? Similarly, Ruppenthal
et al.!! sealed water in tin capsules, without a weight loss over a period of a month. Furthermore, we
tested the tightness of crimp-sealed Sn capsules by measuring steam-equilibrated samples immediately
after equilibration and days later and found that &H values did not change. Finally, we measured
GISP and IAEA-CH?7 both in Ag and Sn capsules and the values were undistinguishable from the
certified or recommended values (GISP: -188.8+1.9 %o (n=72) in Ag capsules vs. -189.3=1.1 %o
(n=46) in Sn capsules; TAEA-CH7: -100.3£1.5 %o (n = 88) vs. -100.6+1.7 %o (n = 90). In addition,
we measured USGS57 biotite and USGS58 muscovite in Sn capsules yielding 6°H values of
+93.8+1.7 %o and +31.3+£0.9 %o, respectively, which is indistinguishable from the reference values of
+91.5£2.4 %o and +28.4+1.6 %o, respectively, given by the USGS, which were measured in Ag
capsules.'* Moreover, we never detected a H, blank in Sn capsules. Thus, the use of Sn capsules
instead of Ag reduces outliers and increases repeatability, prevents re-equilibration and is reliable for
the steam equilibration device. Precipitation samples were pipetted in tin capsules as well and sealed
with end cutting pliers.

Stable hydrogen isotope ratios of equilibrated leaf (6*Hiear) and TOM (6*Hrom) samples as well as
precipitation samples (6*Hprec) were measured via a TC/EA-IRMS device (vario, Pyro Cube and
Isoprime 100, Elementar Analysesysteme GmbH, Germany). In the EA reactor, samples were
pyrolzed at 1450 °C. The glassy carbon tube of the EA was packed with glassy carbon granules while
we used a glassy carbon cup on the top of the granules to collect molten tin capsules and ash residues.

&’H analysis of blank tin capsules did not show a measurable H, blank. The correction factor for
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H;" ions produced in the ion source was determined before measurements of each batch of 120
samples using the automated procedure of the IRMS software (Ion vantage, Elementar GmbH,
Germany). Over six weeks of ¢*H analysis, the H;* correction factor varied between 7.2 and 7.6 ppm
nA'. We used three certified international laboratory standards USGS46 (certified as -235.8+0.7 %o),
VSMOW?2 (certified as 0+0.4 %o0) and GFLES-2 (+159.9+0.5 %o) delivered by USGS and sealed in
silver tubes. Reproducibility of a certified H isotope standard material IAEA-CH7 (certified as
-100.3+£2.0 %0) which was included as duplicate measurements to determine the trueness and the
precision of our measurements was -101.5+3.6 %o (n = 54). All §°H values are expressed relative to
VSMOW-SLAP scale in per mill. Furthermore, C and N concentrations of initial leaves (before the
litterbag experiment) and the remaining leaves (after exposure in the field) as well as lyophilized TOM
were measured with the vario EL III Element Analyzer (Elementar Analysesysteme GmbH,

Germany).

Calculations and statistical evaluation

The proportion of C-bonded H with the respective §°H, value of leaf and TOM samples via a mass
balance approach!* adopted by Ruppenthal et al.! Therefore, the total H pool of a sample (Hy) is
composed of an exchangeable O-, N- and S-bonded H fraction (Hcx) that isotopically exchanges with
water-H and a C-bonded H fraction (H,) with respective 6°Hex and 6°H, values. 6°H values of the total
pool (6*Hy) could be measured directly and this pool can be described by Eq. S1.%1417

0’H,=(1-x,)0H,+x,0°H,, (Eq. S1)

xe represents the H fraction that isotopically exchanged during equilibration. For different organic
compounds, this fraction varies from 0.0 for simple hydrocarbons up to 0.4 (i.e. 40 wt.% of Hy) for
complex compounds like cellulose, kerogen or humic acid.>!'*!618 In SOM, the fraction of isotopically
exchangeable H varies substantially and depends on the degree of humification and the leaf quality
input. The 6°Hex value is equal to the 6°H value of the equilibration water (6*Hew) with the equilibrium
fractionation factor (dex-w), if the exchangeable H fraction of a sample is in isotopic equilibrium with

the equilibration water (Eq. S2).!

_S87H, +1000

P =57 H 1000 (Eq. 52)

The equilibrium fractionation factor oex.w depends on the chemical composition and the equilibration
temperature of the analyzed samples. However, the direct experimental determination of dex.w for

chemically complex organic substances is hard to determine, because it is necessary to asses Oex-w
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values through 6°H values of isotopically equilibrated samples with those of samples with chemically

removed H.'* Several studies''$!”

used an approximation of oex.w for substances like humic acid,
kerogen, keratin or collagen. Here, a provisional value for aex.w of 1.08 was assigned, which is based
on the cellulose equilibrium isotopic fractionation factor between isotopically exchangeable H and
water-H at 114 °C, which has been experimentally determined by Schimmelmann.'® Over a range of
1.06 to 1.10 for oex-w, the use of provisional o.x.w value is admissible and the isotopic shift, which is
caused by the equilibration procedure is a function of isotopically exchangeable H and xe, which has

1.2° and Wassenaar and Hobson.'* Because

been shown via a sensitivity analysis by Schimmelmann et a
of this circumstance, in our study, we used a dexw value of 1.08.
If xe is constant among aliquots, a plot of ¢*H; versus 0*Hew should result in a straight line defined by

Eq. S3, which is derived by solving Eq. S2 for *Hex and substituting into Eq. S1.!

O’H, =x,a, O0°H, +(1-x,)0"H, +1000x,(c, _, 1) (Eq. S3)

e ex—w

When the isotopically exchangeable H fraction is in equilibrium with the water-H, §°H, from Eq. S3 is
equivalent to ¢°H of the C-bonded H fraction in the sample. Therein, 6°H, can be calculated by
rearranging Eq. S3 to Eq. S4.!

2 2
sy = O H ~1000x, (2, =) =X, O H, (Eq. $4)

’ (I-x,)

Different physical conditions during equilibration e.g. temperature fluctuations can cause uncertainties
in the isotopic sample equilibration and errors concerning the determination of 0*H, values. Here, in a
previous study'? we used three waters for equilibration of leaf litter samples resulting in more reliable
regression analysis of ¢’H; values on &’Hew values of equilibrated samples and an increase of the
accuracy of ¢°H, determinations.! However, in this study we used two waters, which is sufficient to
determine reliable 0*H, values. For further information about the steam equilibration and the

calculation of 6*H, values see Ruppenthal et al.!

Statistical analyses

All statistical analyses were conducted with SPSS 11.5 (SPSS Inc., USA) and/or Microsoft Excel 2010
(Microsoft Corp., USA) software. Prerequisites for statistical analyses were checked (normal
distribution: Shapiro-Wilk test; homogeneity of variances: Levene's test). If normal distribution of
residues or variance homogeneity was violated, data were logjo-transformed. In case of
heteroscedasticity we used the Huynh-Feldt- or Greenhose-Geisser-correction according to Girden.”!

Significant differences between tree species or among leaf labels during the temporal course of the
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decomposition experiment were analyzed using repeated measure analysis of variance (rmANOVA)
while #-tests were used to determine differences between the means of tree species and leaf label for a

given sampling interval.

HDPE free drainage lysimeter

PVC tube

Glass bottle

Fig. D-S1: Experimental setup consisting of free drainage lysimeters filled with litterbags connected
to a glass bottle via a PVC tube to collect TOM samples. A PE mesh at the top of the lysimeters was

installed to prevent external leaf litter input and undisturbed permeability of precipitation was

ensured.
a) Time [weeks] b) Time [weeks]
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Fig. D-S2: 6°H, teaves (i-10) for beech (a) and lime (b) differentiated according to the type of leaf label
treatment (C: 6°H= -70 %o, 50: 0*H= +50 %o, and 250: §*H= +250 %o) during the 20 weeks of
decomposition. Error bars show the standard deviation of §?Hy, ieaves for each time step (n = 6). To ease
readability, the sampling times have been shifted slightly along the x axis. Asterisks indicate

significant differences from zero at a given time step (* p <0.05; ** p <0.01, *** p <0.001).
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Fig. D-S3: 5°H, values of leaves and biweekly bulked TOM (with exception for the first time step

after four weeks) for beech and lime according to the type of leaf label treatment 50: °H= +50 %o (a)

and 250: 6’H= +250 %o (b) during the 20 weeks of decomposition. Error bars show the standard

deviation for each time step (n = 6). To ease readability, the sampling times have been shifted slightly

along the x axis. Asterisks indicate significant differences from zero at a given time step (* p <0.05;

% p <0.01; *** p <0.001).
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Table D-S1: Repeated measure ANOVA results for effects of time, site, tree species and leaf label and
the corresponding interactions of factors on the mass losses of solid-state leaves (relative mass loss),
C:N, the exchangeable H fraction of leaves (xe icaves) and TOM (xe tom), the hydrogen isotope
signature of leaves (6*Hy ieaves), the hydrogen isotope signature of TOM according to leaf sampling
time steps (0*Ha tom 1) and biweekly intervals (6*Ha tom ) and the associated isotope fractionation

(etomicaves) for beech and lime. DF is degrees of freedom, F is F value, and P is error probability.

Fixed terms nDF F P

Relative mass loss

Time 3 84.82 <0.001
Site 1 0.12 0.734
Tree species 1 414.47 <0.001
Leaf label 2 0.55 0.582
Time x Site 2 0.42 0.663
Time x Tree species 2 2.12 0.130
Time x Leaf label 2 1.11 0.361
Site x Tree species 1 0.30 0.590
Site x Leaf Label 2 1.57 0.227
Tree species x Leaf label 2 224 0.126
C:N
e 2 110 0343
Tree species 1 0.232 0.635
P 1 4842 <0.001
Leaf label 5 1.50 0244
Time x Site 2 259 0.087
Time x Tree species 2 0.22 0.806
Time x Leaf label 4 0.78 0.546
Site x Tree species 1 0.52 0.480
Site x Leaf Label ) 0.48 0.626
Tree species x Leaf label 2 0.67 0.521
X€ leaves
ome 3 11001 <0.001
. 1 0.66 0.426
Tree species 1 2094 <0.001
Leaf label ’ 078 0468
Time x Site 3 039 0760
Time x Tree species 3 40.43 <0.001
Time x Leaf label 6 1.64 0.148
Site x Tree species 1 0.003 0.960
Site x Leaf Label 2 0.009 0.991
Tree species x Leaf label 2 4.36 0.023

Table continued on the next page.
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Xe Tom

Time

Site

Tree species

Leaf label

Time x Site

Time x Tree species
Time x Leaf label
Site x Tree species
Site x Leaf Label
Tree species x Leaf label

52Hn leaves

Time

Site

Tree species

Leaf label

Time x Site

Time x Tree species
Time x Leaf label
Site x Tree species
Site x Leaf Label
Tree species x Leaf label

6*Hu tom1

Time

Site

Tree species

Leaf label

Time x Site

Time x Tree species
Time x Leaf label
Site x Tree species
Site x Leaf Label
Tree species x Leaf label

0’Hntomb

Time

Site

Tree species

Leaf label

Time x Site

Time x Tree species
Time x Leaf label
Site x Tree species
Site x Leaf Label
Tree species x Leaf label

Table continued on the next page.

NN = BN = =D NN —= BN~ =D NS SR SN \S B S I N R el V)
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2.07
0.17
0.07
2.16
0.43
2.23
1.20
0.02
0.76
5.47

18.87
0.12
0.33

112.07
0.52
3.53
4.99

0.283
1.06
6.88

0.65
0.96
3.98
0.03
0.07
0.08
0.54
0.71
0.26
0.24

3.86
1.53
1.69
0.28
0.61
0.49
1.07
0.66
2.00
0.47

0.14
0.684
0.794
0.143
0.656
0.121
0.325
0.896
0.483
0.013

<0.001
0.733
0.572
<0.001
0.599
0.037
0.002
0.599
0.361
0.004

0.528
0.340
0.061
0.975
0.932
0.922
0.709
0.793
0.774
0.792

0.006
0.228
0.206
0.755
0.655
0.744
0.391
0.425
0.158
0.634



2
¢H TOM/ leaves

Time 2 0.61 0.560
Site 1 0.55 0.487
Tree species 1 3.652 0.105
Time x Site 2 0.51 0.615
Time x Tree species 2 1.00 0.394

1 0.08 0.788

Site x Tree species

Table D-S2: Repeated measure ANOVA results for effects of time, tree species and leaf label on the
mass losses of solid-state leaves (relative mass loss), C:N, the exchangeable H fraction of leaves
(x€ 1caves) and TOM (xe tom), the hydrogen isotope signature of leaves (J*Hx icaves), the hydrogen
isotope signature of TOM according to leaf sampling time steps (6*Ha tom 1) and biweekly intervals
(0*Hx Tom v) and the associated isotope fractionation (£romieaves) for beech and lime. Non-significant

interactions between factors are not displayed.

Fixed terms nDF F P

Relative mass loss

Time 3 3742.39 <0.001

Tree species 1 420.62 <0.001

Leaf label 2 0.56 0.577

C:N

Time 2 1.32 0.277

Tree species 1 55.59 <0.001

Leaf label 2 1.53 0.236

X€ leaves

Time 3 81.35 <0.001

Tree species 1 35.78 <0.001

Leaf label 2 0.36 0.703
. . 3 42.11 <0.001

Time x Tree species

Xe Tom

Time 3 3.23 0.049

Tree species ; éég 8?;;

Leaf label | :

Table continued on the next page.
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2
5 Hn leaves

Time 2 17.42 <0.001
Tree species 1 0.345 0.561
Leaf label 1 117.87 <0.001
Time x Tree species 2 3.26 0.045
Time x Leaf label 4 4.61 0.003
Tree species x Leaf label 2 7.23 0.003
6*Hu tom1

Time 2 8.41 0.001
Tree species 1 2.25 0.144
Leaf label 2 1.06 0.378
62Hn TOM b

Time 4 4.30 0.003
Tree species 1 1.73 0.199
Leaf label 2 0.22 0.805
£2H TOM/ leaves

Time 2 0.183 0.835
Tree species 1 5.741 0.043

Table D-S3: Results for the coefficient of determination and the slope of the linear regressions of

&’Hn v on 6°H, i values of leaves of beech and lime with the corresponding statistical parameters.

Time 4 weeks 12 weeks 20 weeks

Leaf label C 450 %0 +250 %o C +50 %0 +250 %o C +50 %0 +250 %o
£2Hn (ti-t0)

Beech -8.0  -26.6 243 -13.5  -348 -26.2 -19.6  -33.8 -39.6
Lime -5.0 -6.2 2.4 -4.1 9.1 2.1 -6.1 -9.6 -12.6

Table D-S4: Overall ratios of the amount of biweekly bulked leached TOM (Mrowm) to leaf C-mass
loss (C-mass loss) summarized for both tree species (non-significance of tree species). Despite the

non-significant time effect data is presented for all time steps.

Time 4 weeks 12 weeks 20 weeks

Mrom/ C-mass loss 2.02+1.43 241£2.06  2.33+1.48
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