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Abstract

The quantitative contribution of shoot and root organic matter (OM) to the soil carbon (C) stock is still unknown, mainly
because of methodological restrictions. The novel measurement of the nonexchangeable hydrogen (H) stable isotope ratio
(6*H,,) in bulk OM provides new opportunities to investigate the sources of soil C and its climate-dependent transformations.
Our objectives were to test whether (I) there are systematic differences between 5°H,, values of aboveground and belowground
plant OM and (II) 6°H,, values of litter and soil OM relate to climate and plant OM source 6°H,, signals. We determined 6°H,,
values of bulk shoot, root, litter and demineralized soil OM from 20 sampling sites along a 2100-km climosequence from the
Argentinean Pampas to the Patagonian steppe. The 6°H,, values of shoot and litter OM correlated closely with the aridity
index (r = —0.83, p <0.001 and r = —0.78, p <0.001, respectively) because of H isotope fractionation during aridity-con-
trolled transpiration in shoots. In contrast, °H,, values of root and soil OM showed a close correlation with modeled mean
annual 5°H values of local precipitation (r = 0.91, p <0.001 and r = 0.97, p < 0.001, respectively, root mean square error of
8.29, and 7.29,, respectively) and thus mean annual temperature (r = 0.80, p <0.001 and r = 0.88, p <0.001, respectively).
8°H,, values of shoot and root OM differed markedly (no linear correlation) most likely because of biosynthetic exchange
of C-bound H with ambient water in the roots. 6°H,, values of root and demineralized soil OM, however, were closely cor-
related (r =0.91, p <0.001) with a constant offset irrespective of climatic conditions, suggesting that root OM was a more
important source of soil OM than shoot OM. A possible contribution of shoot OM to soil OM could only be explained if
shoot OM underwent biosynthetic exchange of C-bound H with ambient water in soil during microbial and fungal
decomposition. This mechanism is known for substrates processed through the microbial and fungal glycolysis—gluconeogen-
esis metabolic pathways. Our modeling suggested that the *°H,, signature of soil OM is best explained under the assumption
that root OM is the predominant source of soil OM, rather than shoot and litter OM.
© 2015 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Soil organic matter (SOM) is the largest pool of terres-
trial organic carbon (C) (Jobbagy and Jackson, 2000).
Although large proportions of photosynthesized biomass
are allocated to roots to guarantee physical anchoring,
nutrient acquisition and nutrient and photosynthate stor-
age (Mokany et al., 2006), soil scientists have focused for
decades on aboveground inputs of shoot organic matter
(OM) as source material for SOM formation (Kleber and
Johnson, 2010; Schmidt et al., 2011). Belowground inputs
of root OM have not been appropriately considered, which
is largely caused by the difficulty of measuring contribu-
tions of roots to SOM rather than by a disregard of their
importance. A better understanding of the contribution of
root OM to SOM formation is therefore crucial for manag-
ing soil C stocks and enhancing C sequestration in soils.

Recently, the utilization of C and nitrogen (N) isotopic
analyses of bulk shoot, root and soil OM (Bird and Torn,
2006; Katterer et al., 2011) as well as analysis of biomarkers
in root and soil OM and their isotopic composition
(Mendez-Millan et al., 2010; Mambelli et al.,, 2011;
Hamer et al., 2012) pointed to a more important role of
roots for soil OM formation than previously thought
(Schmidt et al., 2011). Unfortunately, small contributions
of the biomarkers to total OM, low biomarker concentra-
tions and small C and N isotope fractionation in bulk
organic matter and individual compounds under control
of complex simultaneous processes limit the interpretation
of C and N isotope signals. A more promising isotope sys-
tem is that of H because of the large relative mass difference
between the two stable isotopes (‘H and *H) in nature. Uti-
lization of the H isotopic composition of bulk shoot, root
and soil OM, however, is still in its infancy and there is a
considerable lack of knowledge regarding the controls of
the H isotopic composition of bulk soil OM
(Schimmelmann et al., 2006). A major problem with the
previous use of 6°H data to trace sources of soil OM has
been to obtain accurate 6°H values without interference
of exchangeable H and inorganic H of minerals, i.e., the
8°H values of nonexchangeable H (6°H,,) (Schimmelmann,
1991; Wassenaar and Hobson, 2000; Sauer et al., 2009;
Ruppenthal et al., 2013).

It is known that 6°H values of global precipitation vary
systematically (Craig, 1961; Dansgaard, 1964; Bowen,
2012a) and that this variation is reflected in plant OM
(Roden et al., 2000; Hayes, 2001). Chemical and biochem-
ical processes usually discriminate against the heavier iso-
tope in the reaction product, thus depleting the reactant
in the lighter isotope (Urey and Rittenberg, 1933; Urey,
1947; Bigeleisen, 1965). In photosynthesis, water molecules
are split in photosystem II and H from leaf water is trans-
ferred to nicotinamide adenine dinucleotide phosphate
(NADPH), which enters the Calvin cycle to serve as an elec-
tron donor. Here, H from NADPH is transferred to the C;
position of glyceraldehyde 3-phosphate (GAP), which
combines with dihydroxyacetone phosphate (DHAP) to
yield fructose and ultimately glucose. Since dissociation of
'H,O is favored relative to '"H?HO, transfer of H from
water to NADPH strongly discriminates against H (Luo

et al., 1991), which is in line with the observation that auto-
trophically produced photosynthate is very depleted in H
(approx. —1709%,) relative to source water (Yakir and
DeNiro, 1990). However, this depletion of —1709, is the
net effect of two opposing fractionation mechanisms during
photosynthesis: (1) negative H isotope fractionation during
incorporation of H into NADPH, which is likely several
hundreds of per mil larger than the net fractionation of
—170%, (Luo et al., 1991; Yakir, 1992), and (2) a positive
H isotope fractionation of approx. +150%, associated with
exchange reactions of C-bound H in initial photosynthate
with cell water, which partially offsets the strongly negative
H isotope fractionation at the beginning of the Calvin cycle
(Yakir and DeNiro, 1990; Luo and Sternberg, 1992).
Although most C-bound H in OM does not spontaneously
exchange with environmental water and, in absence of dia-
genetic alteration, is stable over geologic time scales
(Sessions et al., 2004; Schimmelmann et al., 2006), exchange
of C-bound H can take place in biosynthetic reactions
(Yakir, 1992; Hayes, 2001). In the Calvin cycle, intercon-
version of DHAP with GAP is associated with enzymatic
cleavage of a C-H bond at the C, position, and formation
of a new C-H bond at the C; position. The reaction is cat-
alyzed by triosephosphate isomerase enzymes, which tem-
porarily abstract a C-bound H atom from the substrate
(Rose, 1975; Luo and Sternberg, 1992; Yakir, 1992; Berg
et al., 2012). This allows for H isotope fractionation effects
related to (1) cleavage of the substrate C-H bond, which
likely favors cleavage of C—'H relative to C-°H bonds
(Yakir, 1992), and (2) isotopic equilibration of the hydro-
gen nuclei abstracted by the enzyme with hydrogen nuclei
in the solvent (Albery and Knowles, 1976; Luo and
Sternberg, 1992; Yakir, 1992). Accordingly, it was postu-
lated that the 6°H value of photosynthates depends on
the balance between the two opposing H isotope fraction-
ation effects (Yakir and DeNiro, 1990). For obvious rea-
sons, 2H enrichment of leaf water during transpiration
also modifies the precipitation—plant OM relationship of
the 0°H signal (Ziegler et al., 1976; Smith and Ziegler,
1990; Roden et al., 2000; Hayes, 2001).

In post-photosynthetic metabolism, there is further
opportunity for exchange of C-bound H of photosynthates.
In glycolysis, photosynthesized glucose is not only broken
down to gain energy, but also to produce pyruvate, which
is the source material for gluconeogenesis and the synthesis
of important biomolecules (e.g., polysaccharides, proteins
and lipids). In glycolysis as well as gluconeogenesis, inter-
conversion of DHAP with GAP involves cleavage of C-H
bonds and therefore partial isotopic equilibration of C-
bound H with source water and a positive H isotope frac-
tionation effect in the product relative to the reactant
(Yakir and DeNiro, 1990; Luo and Sternberg, 1992;
Horita and Vass, 2003; Kreuzer-Martin et al., 2003,
2004). Because glycolysis and gluconeogenesis are the cen-
tral processes of carbohydrate metabolism shared by all
organisms on earth (Berg et al., 2012), exchange of C-
bound H with ambient water in heterotrophic biosynthesis
can be regarded as universal for all organisms. The possible
H isotope fractionations in the formation of organic matter
described above are summarized in Fig. 1.
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Fig. 1. Schematic representation of possible H isotope fractionations in the formation of organic matter (modified after Yakir (1992) and
Hayes (2001)). The major processes of transpirative ?H enrichment in the leaf, >’H depletion during NADPH production and *H enrichment in
post-photosynthetic and heterotrophic metabolism are shown. The uncertainties indicated refer to the possible evaporative enrichment of soil
water before root uptake and the uncertain magnitudes of 2H depletion during NADPH production and ?H enrichment during biosynthetic

exchange of C-bound H, respectively.

Numerous experiments dedicated to the study of H iso-
tope fractionation in heterotrophic processes have docu-
mented incorporation of the H isotopic signature of
ambient water into the biosynthesized product, accompa-
nied by positive net H isotope fractionation in the meta-
bolic product (Yakir and DeNiro, 1990; Luo and
Sternberg, 1992; Terwilliger and DeNiro, 1995; Horita
and Vass, 2003; Kreuzer-Martin et al., 2003, 2004). Luo
and Sternberg (1992) reported exchange of about 34%
and 67%, respectively, of C-bound H in cellulose with ambi-
ent water during heterotrophic growth of grass (7riticum
aestivum L. and Hordeum vulgare L.) seedlings having
starch, and castor bean (Ricinus communis L.) and peanut
(Arachis hypogaea L.) seedlings having lipids as the primary
substrate. The net H isotope fractionation factors for the
addition of C-bound H from water (szHOM/Water) during
carbohydrate metabolism were +152%, and +166%, for
the two grass species, and +849,, and +1449,, for castor
bean and peanut, respectively. Yakir and DeNiro (1990)
observed approx. 40% exchange of C-bound H with water
associated with a sZHOM/Waler value of +1589, for cellulose
synthesis during heterotrophic growth of the water plant
Lemna gibba L. Kreuzer-Martin et al. (2003, 2004) showed
that during growth of the heterotrophic soil bacterium
Bacillus subtilis in flasks containing nutrient solutions,
13% and 28% of the C-bound H in logarithmically growing
cells and spores, respectively, exchanged with the water

used for preparation of the nutrient solution. The respective
e?Hom/water Values were +122%, for logarithmically grow-
ing cells and +409, for spores. Horita and Vass (2003)
obtained very similar results (26-28% exchange of C-bound
H) growing heterotrophic Bacillus globigii and Erwinia
agglomerans bacteria in nutrient solution. The highest value
reported so far for the exchange of C-bound H in heterotro-
phic biosynthesis came from a study of Terwilliger and
DeNiro (1995), who stated that almost all (94%) of the H
used for leaf cellulose synthesis exchanged with ambient
water (associated with a net H isotope fractionation of
+539,) in avocado seedlings having considerable reserves
of stored metabolites. The available studies suggest that
heterotrophic biosynthesis is associated with exchange of
C-bound H, in most cases in the order of 20-40%, accom-
panied by a positive 82HOM/Water value in the order of
+409%, to +1609%,. Although the metabolic pathways of dif-
ferent compound classes are different and cause a large var-
jation in compound-specific 5°H values (Sternberg et al.,
1984; Yakir and DeNiro, 1990), it is remarkable that all
above cited studies on biosynthetic H isotope fractionation
consistently report isotopic exchange of organically bound
H with ambient water. This finding becomes comprehensi-
ble when considering the association of glycolysis with the
biosynthesis of a wide range of compound classes (e.g.,
polysaccharides, proteins and lipids), where glycolysis pro-
vides metabolites for downstream biosynthetic pathways,



M. Ruppenthal et al./ Geochimica et Cosmochimica Acta 152 (2015) 54-71 57

like for example glucose for cellulose synthesis or pyruvate
for fatty acid synthesis (Berg et al., 2012). However, our
understanding of H isotope fractionation during heterotro-
phic biosynthesis in different organisms is only at its begin-
ning, especially in the case of microbial and fungal
decomposition of OM in soils and sediments.

Currently, it remains unknown how the 5H value of
plant OM translates into the 6°H value of soil OM. After
incorporation into the soil, 8*H values of plant OM are
potentially modified through microbial and fungal decom-
position or leaching of dissolved organic matter, and both
processes are known to depend on soil properties and cli-
mate (Kalbitz et al., 2000; Raich et al., 2003; Davidson
and Janssens, 2006; von Lutzow et al., 2006; Kaiser and
Kalbitz, 2012). We are not aware of a previous study
addressing H isotope fractionation during decomposition
or leaching of terrestrial bulk plant OM. Macko et al.
(1983) and Fenton and Ritz (1988) studied the decomposi-
tion of seagrass and algae in beakers filled with seawater
and found inconsistent results. The results varied from con-
tinuously increasing (Macko et al., 1983), to increasing and
then decreasing, to unchanged 6°H values of the decompos-
ing algae (Fenton and Ritz, 1988), depending on the species
studied. The results were hypothesized to result from isoto-
pic exchange of (non C-bound) H with surrounding water
or preferential loss of 'H during decomposition (Macko
et al., 1983), and leaching of isotopically distinct com-
pounds (Fenton and Ritz, 1988), respectively, but both
studies ignored the possibility of biosynthetic exchange of
C-bound H.

To test the influence of plant OM 6°H,, signals, soil
properties and climate on §°H,, values of SOM, a climose-
quence provides an ideal setting (Schulze et al., 1996;
Austin and Sala, 2002; Peri et al., 2012). In the Argentinean
Pampas and Patagonia, latitudinal gradients of mean
annual temperature, precipitation and 6°H values of precip-
itation are among the worldwide most pronounced ones
(Hiymans et al., 2005; Bowen, 2012a) and this variation
likely affects the H isotopic composition of plant and soil
OM.

2. MATERIAL AND METHODS
2.1. Study sites and sampling

Topsoil samples (three replicates each, depth 0-10 to 0—
50 cm depending on the thickness of the A horizon), grass
shoots, roots and litter were collected at 20 sampling sites
along a 2100-km north to south climosequence from the
Argentinean Pampas to the Patagonian steppe (Table 1,
Fig. 2A, B) in March and April 2010. The climosequence
covers a large climate gradient, from warm humid subtrop-
ical conditions in the north to warm semiarid and arid con-
ditions in the central part, and warm humid temperate
conditions in the south (Peel et al., 2007). Mean annual
temperature and precipitation at the sampling sites
(Fig. 3B) range from 11.4 to 18.0°C and 185mma~" to
1100 mma~!, respectively (Instituto Nacional de
Technologia Agropecuaria, 2012). Modeled estimates of
mean annual 6°H values of precipitation (Bowen, 2012a)

showed a systematic trend towards more negative values
in the south (Figs. 2A and 3A). The considerable climate-
driven variability of characteristic terrestrial ecoregions
along the climosequence is depicted in Fig. 2B (Olson
et al., 2001). From north to south, the humid Pampas grass-
lands transition sharply into the semiarid Espinal steppe
and shrublands, which form a narrow transition zone to
the arid Low Monte semidesert shrublands. Further south,
the xerophytic grasslands of the semiarid Patagonian steppe
form a large, relatively homogeneous ecoregion (Olson
et al., 2001). Soils along the climosequence developed
mainly on Quaternary loess in the Pampas (Zarate, 2003)
and on Quaternary alluvial sediments in Patagonia (del
Valle, 1998; Abraham et al., 2009). Phaeozems, Chernoz-
ems and Kastanozems are the dominant soil types in the
Pampas and Solonetzes, Calcisols and Luvisols prevail in
Patagonia  (Instituto ~ Nacional de  Technologia
Agropecuaria, 1990; Dijkshoorn and Huting, 2009). All
sampling locations were utilized for more or less intensive
livestock farming.

From each of the 20 sampling sites, three replicates of
shoot material (only grasses), litter (i.e., the little decom-
posed plant material on top of the soil constituting the Oi
horizon), and A horizons were collected at a distance of
ca. 100 m from each other (except for the northernmost Site
1, where only two replicate samples were collected). One
replicate sample consisted of homogenized material from
several grass plants (at least five) clipped (shoot OM, entire
aboveground plant material) or picked from the ground
(litter OM) within an area of 5 x 5m. Dead and live root
OM was isolated from the soil samples by hand picking.
No litter was found at the two northernmost sites. The sam-
pling sites were between 70 and 160 km apart, depending on
the local gradient of modeled mean annual 6°H values of
precipitation (Fig. 2A). Table 1 summarizes selected geo-
graphical and climatological properties of the sampling
sites and selected chemical properties of shoot, litter, and
soil samples.

2.2. Sample processing, demineralization and water steam
equilibration

Samples were air-dried during the sampling campaign
and later dried at 50 °C in a laboratory drying furnace.
Dried soil samples were sieved through a 2 mm sieve. All
samples were ground in a ball mill prior to laboratory anal-
ysis. Roots picked from the sieved soil samples were washed
through gentle shaking in deionized water for one hour
inside 50 ml centrifuge tubes. Suspended soil material previ-
ously adhering to the root surface was allowed to settle at
the bottom of the centrifuge tube over a period of three
hours. The roots swimming at the water surface were then
decanted and picked with forceps, washed through a
63 um sieve and dried at 50 °C. A glass electrode (Sentix
81, WTW GmbH, Weilheim, Germany) immersed in a mix-
ture of 10 g of soil and 25 ml of deionized water was used
for pH measurement (International Union of Soil
Sciences Working Group WRB, 2006). The analysis of
0H values of bulk OM is analytically challenging because
correction for secondary H exchange is necessary to obtain



Table 1

Selected geographical and climatological properties of the sampling sites and chemical properties of shoot, litter and soil samples. Ecoregion names are abbreviated as follows: HP = humid
Pampas, E = Espinal, LM = Low Monte, PS = Patagonian steppe. Values shown represent the mean =+ s.d. of three replicates sampled approx. 100 m apart from each other (except for location
#1, where only two replicates were collected). The aridity index was calculated as the quotient of mean annual precipitation amount (Instituto Nacional de Technologia Agropecuaria, 2012) and
potential evapotranspiration (P/PET) (Trabucco and Zomer, 2009). The specified predominant graminoids correspond to predominant vegetation at the sampling sites except for Sites 1015,
where Larrea and Geoffiroea sp. (Site 10), Larrea sp. (Sites 11-14) and Stipa and Chuquiraga sp. (Site 15) form the predominant vegetation. We did not have enough sample material to determine
the C and N elemental and isotopic composition of root samples.

Location Geographic Geographic Altitude Ecoregion Precipitation Aridity Soil type Soil pH Soil Soil Soil 5'3COrg Soil Litter Litter 6'3C  Litter Predominant Photo-  Shoot Shoot 6'*C  Shoot
number latitude longitude [ma.s. amount index (WRB Corg Core/ [% VPDB] 6" N [%, C/N [%, VPDB] 6'°N[%, graminoids synthetic C/N ratio  [%, VPDB] 6"°N [%,
(north 1] [mma ! [P/ classification) [ekg™ '] Niow air N,] ratio air N,] mode air N,]

to south) PET] ratio

1 32°46'19"S  58°38'11"W 25 HP 1100 0.79 Vertisol 53-58 17 10.9 —183 3.6 N.A N.A. N.A. Triticum sp., Setaria sp. C5/Cy 223 —19.7 39

2 34°03/39"S  59°09'30"W 20 HP 1047 0.78 Phacozem 4853 18+2 99+02 —-195+04 3.6+02 N.A. N.A. N.A. Setaria sp., Eragrostis sp. Cy 251+29 —-120+03 43+0.6
3 35°18'10"S  58°53'02"W 30 HP 973 0.73 Planosol 53-59 1843 9.0+02 -229+03 3.7+1.1 20.5+3.1 —263+1.1 25403  Andropogon sp., Panicum sp. Cy 43.5+58 —122+04 3.6+03
4 36°08'50"S  59°16'04"W 40 HP 969 0.74 Phaeozem 52-57 2243 100+04 -2204+04 53+1.5 314405 -255+04 1.6+09  Triticum sp., Stipa sp. [ 176 £1.6  —27.7+2.0 33+0.8
5 36°52'43"S  59°50'23"W 155 HP 960 0.75 Chernozem  5.1-6.2 39+2 105+03 -232+1.7 63+0.7 204+13 -222+20 2.6+0.5 Triticum sp., Paspalum sp.  C3/Cy 387+9.6 —173+40 20+1.7
6 37°20'55"S  60°58'42"W 200 HP 873 0.69 Kastanozem 6.2-7.3 214+2 98+02 -23.14+04 65+1.0 25.1+44 —229+0.8 24+0.7 Festuca sp., Panicum sp. C3/Cy 31,6 +47 -226+23 3.0+1.1

7 38°08'57"S  61°29'45"W 315 HP 763 0.62 Kastanozem 54-6.0 27+6 102+04 -2514+0.1 59+0.2 145407 -2754+08 2.6+0.1  Festuca sp. Cs 1394+1.8 -288+0.6 3.6+0.7
8 38°09'34"S  62°17'15"W 255 HP 728 0.58 Chernozem 6267 10+1 97+06 -221+07 N.D." 294+42 —241+03 —03+02 Festuca sp., Cenchrus sp. C3/Cy 29.1+£18 —240+09 08+0.1

9 38°57'51"S  63°51'12"W 100 E 480 0.35 Kastanozem 6.6-7.5 134+1 94+02 -2434+0.1 2.6+0.8 327422 -26.1+£03 —23404 Festuca sp. C; 19.0+£08 —278+0.2 2.7+09
10 40°10'19”S  64°31'05"W 100 LM 320 0.24 Solonetz 6.9-70 9+1 92+02 -2484+03 29+1.0 266+12 -256+02 -2.6+02 Stipa sp. Cs 158+14 -259+1.1 -03+04
11 40°48'47"S  65°28'14"W 165 LM 224 0.18 Solonetz 6.7-7.1 6+£1 61+04 -2534+02 29+£05 4144+74 -260+02 —-32=+1.1 Stipa sp. Cs 158+14 -270+05 14+1.1
12 41°38'44"S  65°37'51"W 350 LM 193 0.16 Leptosol 7.1-73 1143 75+14 -2474+02 N.D. 39.74+11.2 —26.1 +£0.4 —1.340.6 Stipa sp. [ 36.0+7.7 —258+09 4.0+0.2
13 42°44'45"S  65°39'43"W 120 LM 185 0.16 Calcisol 6.9-70 9+2 71+03 -21.6+0.8 3.0+2.0 51.0+18 —-243+04 —1.1+0.8 Stipa sp. Cs 480+3.7 -257+0.1 06+0.2
14 43°40'36"S  65°4321"W 250 LM 212 0.19 Calcisol 6.6-7.0 6+2 58+05 -241+13 48+0.7 355+7.8 —27.1+08 1.1+0.9  Stipa sp. C; 312413 -285+04 28+0.5
15 44°44'29"S  66°39'56"W 455 PS 248 0.25 Solonetz 63-68 10+1 77406 -253+04 3.0+0.1 484 +14.8 —263+0.7 —0.6+0.5 Stipa sp. [ 5144121 —267+04 05+1.1
16 45°31'33"S  67°37'28"W 625 PS 247 0.27 Solonetz 6870 11+2 88+04 -258+0.1 25+02 654+45 -263+05 —1.5+0.6 Stipasp. Cs 67.5+174 -265+0.5 -1.0+£0.8
17 46°23'19"S  68°53'41"W 630 PS 272 0.30 Luvisol 6.5-7.1 144+5 129418 -2544+0.3 N.D. 57.7+17.0 —258+0.6 —0.6+ 1.7 Stipa sp. (& 629+86 —269+09 —0.5+0.6
18 46°55'10"S  69°41'43"W 500 PS 275 0.28 Luvisol 6870 8+5 128418 -2524+0.3 N.D. 66.8£17.0 —263+0.6 0.0+1.7  Stipa sp. (& 550486 —269+09 1.2+0.6
19 46°59'15"S  70°41'29"W 735 PS 294 0.36 Vertisol 69-74 15+2 13.6+04 -2574+03 35+13 57.0+48 -264+03 —09+0.9 Stipa sp. Cs 480+9.8 —-261+03 03+0.6
20 47°24'35"S  70°11'57"W 960 PS 268 0.32 Planosol 6.1-6.7 2242 122403 -2444+04 47+04 255406 —265+0.1 22+0.5 Stipa sp. C; 59.0+7.1 —267+0.1 1.7+0.5

% N.A. is not applicable.

® N.D. is not determined.
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the unbiased isotope ratio of nonexchangeable H
(Schimmelmann, 1991; Wassenaar and Hobson, 2000;
Sauer et al., 2009). In the case of bulk SOM, analysis of
the isotope ratio of nonexchangeable hydrogen (6°H,,) is
further complicated because SOM and mineral matrix need
to be separated. The isolation of SOM for 6°H,, analysis is
necessary to avoid ambiguities in the interpretation of soil
0°H,,, which constitutes a mixed signal of §*H, of SOM
and 6°H,, of pedogenic clay minerals (Ruppenthal et al.,
2010, 2013). Soil samples were thus demineralized accord-
ing to an optimized procedure which eliminates the influ-
ence of inorganic H without affecting the H isotopic
composition of SOM (Ruppenthal et al., 2013):
0.5 4+ 0.01 g of soil were weighed into 50 ml centrifuge tubes
and 40 £+ 1 ml of HF (20 vol.%) added. After shaking over-
night (approx. 14 h) at room temperature the suspension
was centrifuged and the sedimented SOM concentrate was
washed three times by resuspension in 0.1 M HCI to remove
salts and neoformed fluoride precipitates from the sample,
followed once by resuspension in deionized water. To
reduce losses of SOM because of solubilization during
HF treatment, the HF supernatant was kept for recovery
of solubilized SOM using Bond Elut PPL solid phase
extraction cartridges (200 mg, Agilent Technologies Inc.,
USA). The cartridges were preconditioned with acetone
and methanol and equilibrated with 0.1 M HCI (one car-
tridge volume each). After sample addition, the sorbents
were washed with 0.1 M HCI and the extracted organic
material eluted with methanol followed by acetone (one

cartridge volume each). Solubilized SOM recovered from
the supernatants in this way was combined with the demin-
eralized particulate SOM concentrate. The combined con-
centrates were dried at 40°C and disaggregated in an
agate mortar. All chemicals used were of analytical grade.
Average C,,, recovery and C,,, concentration of deminer-
alized SOM  concentrates was 85+8%  and
340 + 80 g kg ™!, respectively. Six (out of 59) SOM concen-
trates with a C,,, concentration below 200 g kg~' (indica-
tive of incomplete demineralization) were excluded from
further analysis.

The effect of secondary H exchange on 6°H measure-
ments was corrected by water steam equilibration
(Schimmelmann, 1991; Wassenaar and Hobson, 2000;
Sauer et al., 2009) of shoot, root, litter, and demineralized
soil OM samples with two waters of known H isotopic com-
positions (—268 + 1%, and +113 + 19,,). The equilibration
device used and the detailed procedure are described in
Ruppenthal et al. (2013). For calculation of §*H,, values
we followed the mass balance approach of
Schimmelmann (1991), later improved by Schimmelmann
et al. (1999) and Wassenaar and Hobson (2000):

 "H; — 1000Xe (Otexy — 1) — XeOlexwd H,,

H,
1 —x.

()

where 52Ht(:ma]) is the °H value measured for total sam-
ple H, x, is the proportion of total H that has been isotopi-
cally exchanged during equilibration, og., is the
equilibrium fractionation factor between the 6°H value of
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Fig. 3. Modeled mean annual 6°H values of local precipitation
(Bowen, 2012a.b), 6°H,, values of the different organic matrices
sampled (shoot OM (n = 58), litter OM (n = 54), root OM (n = 57)
and SOM (n = 53)) and the climatic aridity index (A, upper panel)
together with mean annual temperature and precipitation amount
(B, lower panel) along the climosequence from north (km 0) to
south (km 2100).

isotopically exchangeable sample H and equilibration water
H, and 6*H,, is the 6°H value measured for equilibration
water H. A provisional value of 1.08 was assigned to olex.
w (Schimmelmann, 1991; Schimmelmann et al., 1999;
Wassenaar and Hobson, 2000; Sauer et al., 2009). The over-
all analytical error of 5°H,, determinations was calculated
using Gaussian error propagation as detailed in
Ruppenthal et al. (2013). Typical overall analytical errors
of replicate samples (including both water steam equilibra-
tion and, in case of SOM concentrates, demineralization)
were +3%, for shoot and soil OM samples and +49, for
root and litter OM samples. Error calculation was based
on the pooled s.d. of ten independently processed subsam-
ples from four different samples of each organic material,
yielding n = 40 in total for each organic material.

2.3. EA-IRMS analyses

Concentrations of C were determined with an Elemental
Analyzer (EA) (vario EL III, Elementar Analysensysteme,
Hanau, Germany). C concentrations measured after com-
busting the soil samples for 4 h at 550 °C in a muffle furnace
(Heiri et al., 2001) were assumed to be inorganic C (Cinorg)
and organic C (C,,,) concentrations were calculated as the
difference of total C and Ci,ore. The 813C and 6'°N values
of shoot, litter and soil OM were determined on a vario

EL III EA (Elementar Analysensysteme, Hanau, Germany)
coupled to an Isotope Ratio Mass Spectrometer (IRMS)
(Isoprime, GV Instruments, Manchester, United King-
dom). Soil samples containing Ci,ors Were decarbonized
with sulfurous acid (4 wt.%) according to Verardo et al.
(1990) prior to 8'3C measurement to yield the 8'>C value
of organic soil C (613C0rg). The procedure allows efficient
dissolution of carbonates while largely preserving OM com-
position (Verardo et al., 1990; Fernandes and Krull, 2008).
Total N concentrations (N¢o¢,) and 8"°N values (6" Nyow1)
were determined without pretreatment for removal of inor-
ganic N because a feasible procedure was not available.
Inorganic N might therefore be present at certain locations
showing a low s0il Coya/Niora ratio (e.g., in the arid central
part of the climosequence, cf. Table 1). Reference materials
TAEA-CH-6, IAEA-CH-7, USGS-40 and TAEA-N-2 were
used for normalization of measured §'*C and §'°N values
to the VPDB and AIR-N, scales, respectively (Coplen
et al., 2006; Paul et al., 2007). Measurement accuracy of
IRMS analyses based on routine measurements of inter-
spersed samples of sulfanilic acid (Merck KGaA, Germany)
during the 4-month measurement period was +0.19, for
013C and +0.29, for 6"°N.

2.4. Stable hydrogen isotope ratio analyses

We determined 0*H values on a vario PyroCube EA
(Elementar Analysensysteme, Hanau, Germany) coupled
to an IRMS (Isoprime, GV Instruments, Manchester, Uni-
ted Kingdom). The H3 factor varied between 8.19 and
8.34 ppm nA~' over the 4-month measurement period.
Two internal laboratory water standards were used for nor-
malization of measured 6°H values to the VSMOW-SLAP
reference scale. The internal laboratory water standards
had been calibrated directly against VSMOW?2 and SLAP2,
using GISP as a measurement accuracy check (Coplen,
1988; Paul et al., 2007), and had H values of
—268 £ 1%, (n = 58) and +113 + 1%, (n = 26), respectively.
Liquid samples were sealed in tin capsules using end cutting
pliers and analyzed along with solid samples in the same
carousel run, applying the so called “packet dropping”
technique (Brand et al., 2009), similar to the approach of
Qi et al. (2010). The tin capsules did not have a measurable
H, blank. The H isotope reference material IAEA-CH-7
with a certified 0’H value of —100.3 & 2.0%, was included
in every carousel run as a permanent measurement quality
and normalization accuracy control and yielded a 6°H
value of —100 + 39, (n = 44).

2.5. Modeled data, statistical evaluations and error
calculations

Modeled mean annual *H values of local precipitation
at the sampling sites were retrieved from Bowen (2012a.b).
The Bowen model is based on data from the IAEA Global
Network of Isotopes in Precipitation (GNIP), which unfor-
tunately does not cover Central Patagonia. We therefore
reported the uncertainty of modeled mean annual 6°H val-
ues of local precipitation as specified in the Bowen model
(2012a,b) in the form of error bars in all figures and
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propagated the uncertainties in all calculations involving
modeled precipitation 6°H values. Mean annual precipita-
tion amounts were retrieved from the Argentinean National
Institute for Agricultural Technology (Instituto Nacional
de Technologia Agropecuaria, 2012) and values of mean
annual potential evapotranspiration from Trabucco and
Zomer (2009). Precipitation amount (P) was divided by
the value of potential evapotranspiration (PET) to give a
climatic aridity index for each sampling location (United
Nations Environmental Programme (UNEP), 1992). Mod-
eled mean annual soil respiration CO, flux at the sampling
sites was retrieved from Raich et al. (2003).

In order to disentangle the effect of changing source
water 0°H values from possible effects of plant physiology
and/or climate, we analyzed the differences between 5H,,
values of the organic materials and the modeled mean
annual 6°H values of precipitation (“net” or “apparent”
H isotope fractionation sensu Coplen, (2011)), in addition
to the actual 6*H,, values. If necessary, the systematic
change in the H isotopic composition of source water
(i.e., precipitation) along the climosequence was factored
out in this way. Apparent H isotope fractionation was cal-
culated according to Coplen (2011):

_ 52Hsample 1+ 1

= 1
52Hsamplez + 1

2

where sample 1 and sample 2 specify the compared entities,
e.g., the apparent H isotope fractionation between shoot
OM and precipitation (:82Hshoot OM/precipitation)~

We analyzed the data using independent samples ¢-test,
analysis of variance (ANOVA), and Kruskal-Wallis test.
We used functional regression (following the geometric
mean estimate procedure) instead of ordinary least-squares
regression according to the guidelines of Ricker (1973) to
account for variability in the independent variable, and to
facilitate back-calculation of values of the independent var-
iable from the dependent variable. All data sets were tested
for normality using the Shapiro-Wilk test. In regression
analyses, scatter plots of standardized predicted values vs.
standardized residuals were used to check whether a linear
relationship could be assumed. If the assumption of nor-
mality was violated for a parametric test, we used a non-
parametric counterpart according to the guidelines of
Field (2009). If Levene’s test showed inhomogeneous vari-
ances, Welch’s F ratio was used to determine the signifi-
cance of ANOVA (Field, 2009). Because of slight
differences in group sizes and unequal variances, we used
the Games-Howell post hoc test to identify significant
differences among groups. For the Kruskal-Wallis test,
Bonferroni-corrected Mann—Whitney tests were used as
non-parametric post hoc tests. To indicate the results of sta-
tistical comparisons, we used letter coding with the same
letters representing non-significant differences and different
letters representing significant differences between groups.
All statistical analyses were conducted with SPSS 20
(IBM Corp., Armonk, USA) software. All error estimates
given are onefold standard deviations (s.d.).

2 A2
& Hsample 1/sample 2 — o Hsample 1/sample 2 — 1

To assess possible changes of the 6°H,, value of OM dur-
ing decomposition, we used heterotrophic H exchange as an
exemplary process and adapted a mass balance equation
published by Yakir and DeNiro (1990) to the case of
decomposition of OM:
52Hn product — n(észater + SZHOM/Waler) + (1 - n)éan substrate

3)
where 6°H,supstrate 15 the initial 3°H,, value of the decompos-
ing substrate (root or litter OM), 52anroduct is the 6°H,,
value of the decomposition product (SOM), n is the fraction
of C-bound H exchanged with water, and 82HOM/wa[er is the
enzyme-mediated net isotopic fractionation between
C-bound H in the decomposition product and water during
glycolysis—gluconeogenesis ~ metabolism. We  made
conservative assumptions for the values of n (0.30) and
eHomjwater (+100%,) based on the available literature
(Yakir and DeNiro, 1990; Luo and Sternberg, 1992;
Horita and Vass, 2003; Kreuzer-Martin et al., 2003, 2004).
However, both values have not yet been determined for
the case of OM decomposition under natural conditions.

To account for varying decomposition rates and thus
varying magnitudes of heterotrophic incorporation of
water H along the climosequence, we extended Eq. (4) to
include mean annual soil respiration (Raich et al., 2003)
as a proxy for the climate-related decomposition rate:

52Hn product = m(n(észater + EZHOM/water)
+ (1 - n)éan substrate) + (1 - m) X 52Hn substrate
)

where m is the fraction of total OM undergoing heterotro-
phic decomposition, varying proportionally to mean annual
soil respiration at the sampling site. Since we are not aware
of knowledge about the magnitude of net H isotope frac-
tionation effects in relation to turnover rates of OM (here
approximated through mean annual soil respiration), we
only compared the relative differences in mean annual soil
respiration within the climosequence. This was done by
assigning the factor 1 to the site with the highest mean
annual soil respiration (846 Mg Ckm2a~!, Site 1) and
proportionally smaller factors to all other sites according
to their mean annual soil respiration. The comparably cool
and arid Site 17 had the lowest mean annual soil respiration
(377 Mg C km 2 a~!), thus yielding a proportional factor
of 0.44. Because realistically we can only assume partial
turnover of litter or root OM entering the soil, the factors
entering the model were in fact smaller, e.g., 0.5 and 0.22
for Sites 1 and 17, respectively, when decomposition of
50% of total OM is assumed. A sensitivity test was con-
ducted to assess the uncertainty of precipitation 8°H values
as input variable in the model. The presented model is an
attempt to provide proof of concept for the explanation
of measured 6°H,, values of SOM through biosynthetic H
isotope exchange with ambient water during SOM decom-
position. Current uncertainties in important parameters of
the model (i.e., the fraction of C-bound H exchanged with
water and the e?Hony/waeer value) limit its use for source
appointment of SOM at this stage of research.
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3. RESULTS
3.1. 6°H,, values of shoot organic matter

The 6°H,, values of shoot OM varied between —179%,
and —1049, and tended to increase from the north to the
central part of the climosequence and from there decrease
again to the south (Fig. 3). The x. values of shoot OM were
not significantly different from litter OM, but from both
root and soil OM (Fig. 4a), and &Hahoot OM/precipitation
was significantly larger and more variable than in all other
types of OM (Fig. 4b). In the humid Pampas where pure C,
grasslands and mixtures of C; and C4 plants were sampled
(Table 1), the values of €®Hgpoo OM/precipitation Were signifi-
cantly correlated with shoot 8'>C values (y = 1.8x — 64,
r=0.89, p <0.001). The value of &Hgnoot OM/precipitation
was smaller for C4 than C; plants (289, on average), with
C, plants showing significantly less discrimination against
’H than C; plants (—90%, vs. —118%,, independent r-test,
#(10) = 11.6, p <0.001). To eliminate the confounding effect
of different photosynthetic pathways on 6°H,, values in the
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ubsequent analysis of a possible aridity effect, we regressed
¢Hepoot OM/precipitation O11 5'3C values and corrected samples
from those sites with pure C; or mixed C3/C, vegetation
(Table 1) for their smaller discrimination against ?H. By
subtracting a correction factor according to their 6'>C value
(based on the above-mentioned regression), the °H,, values
of shoot samples could be recalculated as if all samples
originated from C; plants. The corrected values of
EHahoot OM/precipitation ~ decreased  significantly ~ with
increasing aridity (Fig. 5a). Similar results were obtained
if samples from sites with pure C; or mixed C3/C4
vegetation were simply discarded from the analysis instead
of corrected (r=0.77, p <0.001). There was no linear
relationship between o°H, values of shoot OM and
8°H values of local precipitation (Fig. 6a).

3.2. 6*H,, values of litter organic matter

5°H,, values of litter OM varied between —1619%, and
—99%, and showed a pattern similar to shoot OM along
the climosequence (Fig. 3). The x. values of litter OM were
not significantly different from shoot OM, but from both
root and soil OM (Fig. 4a). Litter OM was significantly
enriched in ?H relative to shoot OM and variation in
&Hiiteer OM/precipitation Was significantly reduced relative to
eHgpoot OM/precipitation (F12. 4b), but there was a close corre-
lation between 6°H,, values of litter and shoot OM (Fig. 5¢).
We found a significant correlation between 6'°C values of
shoot and litter OM (r =0.87, p <0.001). Site 3 was the
only site where 6'*C values of litter and shoot OM differed
markedly (—26.3 +1.1%, vs. —12.2 4 0.49,,), suggesting a
recent transition (from Cs to Cy4) in the grass species sown
at this managed pasture. In contrast to shoot OM, the
values of eHiier OM/precipitation Were not correlated with
litter 6'°C values, although some litter samples from the
humid Pampas had a 6'*C signature indicating C, or
mixed C;/C, vegetation (Table 1). Similar to the
lc:2Hshoot OM/precipitation values those of 82Hlitter OM/precipitation
were significantly correlated with the aridity index (Fig. 5b).

3.3. 6°H,, values of root organic matter

The 6°H,, values of root OM ranged from —161%, to
—919, without much variation in the north of the
climosequence and decreasing values in the south (Fig. 3).
The x. values of root OM were significantly higher than
those of shoot OM, but significantly lower than those of
SOM (Fig. 4a). Root OM was significantly enriched in *H
relative to shoot OM, the values of ¢?H, oo OM/precipitation
were less variable than those of shoot OM (Figs. 3 and
4b) and there was no linear relationship between 6°H,
values of root and shoot OM (Fig. 6b). Furthermore,
there was neither a significant correlation between
szHrool OM/precipitation and 62Hshoot OM/precipitation, 10T
between &*H, oo OM/precipitation and the aridity index. We
found a strong correlation between 6°H,, values of root
OM and modeled mean annual 6*H values of local
precipitation (slope of the regression line close to unity,
Fig. 7a, root mean square error of 8.2%,) and mean annual
temperature (Fig. 7b).
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Fig. 6. Relationships between (a) 6°H,, values of shoot and root
OM (n=57), (b) modeled mean annual &*H values of local
precipitation and 6°H,, values of shoot OM (n = 58), and (c) 5%H,
values of shoot and soil OM (n = 52). Scatter plots of standardized
predicted values vs. standardized residuals indicated that the
assumption of a linear relationship was not met in any case.

3.4. 5°H,, values of soil organic matter

In contrast to shoot and litter OM, §°H,, values of SOM
decreased continuously along the climosequence from
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Fig. 7. Regressions of §°H,, values of SOM (1= 53) on modeled mean annual 6’H values of local precipitation (a) and mean annual
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of data. Note the increase of x axis error bars along the regression line in (a) and (c), indicating the larger uncertainty of modeled mean annual
0%H values of local precipitation for sampling locations in Patagonia with large distances to the next Global Network of Isotopes in
Precipitation (GNIP) monitoring station. Y axis error bars show the overall analytical uncertainty (+s.d.) of 6°H,, analysis of root and soil
OM, respectively, evaluated by Gaussian error calculation.

—1619%, in the north to —719, in the south (Fig. 3). The (Fig. 4b). The H isotopic composition of SOM resembled
value of 82HSOM/precipjtaﬁon remained constant throughout that of root OM (Figs. 3 and 4a and b). However, soil
the climosequence with a mean value of —51 469, and root OM still were significantly different regarding x.
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Table 2

Measured and modeled 6*H,, values for SOM with litter OM and root OM, respectively, as the decomposing source substrates in the different

ecoregions along the climosequence.

Ecoregion Measured Modeled
Litter OM decomposition  Root OM decomposition
0%H, litter OM  &°H,, root OM  §°H,, SOM 0°H,, SOM 0°H,, SOM
%, VSMOW] %, VSMOW] %, VSMOW]  [%, VSMOW] %, VSMOW]
Humid Pampas —-122 —105 -97 -85
Espinal and Monte desert  —112 —118 -95 —104
Patagonian steppe —151 —149 —137 —138

values (because of the more oxidized state of SOM with
more hydroxyl and carboxyl functional groups) as well as
the apparent H isotope fractionation relative to precipita-
tion (approx. 159, offset, Fig. 4a and b). We found a strong
correlation between 6°H,, values of SOM and modeled
mean annual 6°H values of local precipitation (Fig. 7c),
suggesting that 6°H,, values of SOM can be predicted solely
from modeled mean annual 6*H values of local precipita-
tion (94% of variance explained, root mean square error
of 7.29,). Because of the temperature dependence of the
H isotopic composition of precipitation, we also found a
close correlation between §°H,, values of SOM and mean
annual temperature (Fig. 7d). There was a close correlation
of 6°H,, values of SOM with root OM with a regression
slope close to unity (Fig. 7e), whereas the relationship
between SOM and shoot OM clearly deviated from linear-
ity (Fig. 6¢). Decomposition of SOM with root OM as the
substrate modeled according to Eq. (4) showed a good
agreement between measured and modeled 0°H,, values
(Table 2), assuming that a maximum of approx. 50% of ini-
tial total root OM underwent decomposition in the humid
north and a minimum of approx. 25% in the arid central
part of the climosequence to form the current soil OM pool.
Modeling results with litter OM as the substrate for SOM
formation (assuming decomposition of a maximum of
approx. 65% of initial litter OM in the humid north and a
minimum of approx. 30% in the arid central part of the
climosequence) showed an acceptable agreement between
measured and modeled 6°H,, values (Table 2). However,
this model slightly underestimated 6°H,, values of SOM in
the humid Pampas while considerably overestimating them
in the Espinal and Monte desert (Table 2).

4. DISCUSSION

4.1. Effects of photosynthetic pathway and aridity on 6°H,,
values of aboveground plant organic matter

Photosynthetic pathway has an influence on the H isoto-
pic composition of plant OM. Previous studies documented
a correlation between discrimination against H and dis-
crimination against '>C in bulk OM and cellulose of Cs
and C, plants (Ziegler et al., 1976; Sternberg et al., 1984;
Leaney et al., 1985). Similarly, we found a close correlation
between shoot 8'°C and &Hgoof OM/precipitation values
(y=18x—-64, r=0.89, p<0.001). The difference in

ngshool OM/precipitation between C3 and C4 plants (28%0)
observed in our study is close to respective values reported
for dicotyledons (41%, and 30%,) (Ziegler et al., 1976;
Leaney et al., 1985) and monocotyledons (159,) (Leaney
et al., 1985). The effect of photosynthetic pathway on
5°H,, values of shoot OM was hypothesized to be caused
by differences in biochemical H isotope fractionation
(Ziegler et al., 1976; Smith and Ziegler, 1990) as opposed
to differences in transpiration rates of leaf water and thus
water-use efficiency (Sternberg et al., 1984). A compelling
explanation was provided by Helliker and Ehleringer
(2000, 2002), who attributed higher 6'%0 values of leaf
water and cellulose from C, relative to C3 grasses to the
shorter interveinal distance in C4 grasses, leading to greater
back-diffusion of isotopically enriched stomatal water and
thus more positive leaf water and cellulose 6'0 values in
C4 grasses. Smith and Freeman (2006) noted that the same
mechanism should also affect the H isotopic composition of
leaf water, explaining the enrichment of *H in n-alkanes
from C, relative to C; grasses. We suggest that the H isoto-
pic composition of bulk shoot OM from C; and C4 plants
would likewise be affected by the mechanism described by
Helliker and Ehleringer (2000, 2002).

Aridity significantly influenced the 6*°H,, values of shoot
OM (Figs. 3 and 5a), as expressed by a strong negative cor-
relation between &?Hgpoor OM/precipitation and the aridity
index (Fig. 5a). The observed enrichment of H at the more
arid locations is caused by a larger vapor pressure deficit
between leaf stomatal apertures and the surrounding atmo-
sphere, resulting in increased incorporation of H during
photosynthesis.(Roden et al., 2000; Hayes, 2001). We are
aware of only three prior studies documenting an aridity
effect on 52H,, values of bulk shoot OM (Ziegler et al.,
1976; Rundel et al., 1979; Leaney et al., 1985), but the effect
is well documented in compound-specific studies using
plant cellulose (Epstein et al., 1977, Yapp and Epstein,
1982) or n-alkanes (Smith and Freeman, 2006; Feakins
and Sessions, 2010). A close correlation between 5°H,, val-
ues of litter and shoot OM (Fig. 5c) confirmed that the H
isotopic composition of shoot OM and its aridity signal
were largely preserved in the litter.

The disregard of possible seasonality effects on the H iso-
topic composition of shoot OM is a limitation of our study.
Our study design was not suited for the investigation of sea-
sonality effects, which have recently started to receive
increased attention in studies of compound-specific d*H,,
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values of n-alkanes (Sachse et al., 2009; Zech et al., 2011).
However, possible seasonality effects might not have a piv-
otal impact on the interpretation of our results: (I) Many
of the sampled grass species are perennial and would there-
fore likely integrate environmental conditions over more
than one year (especially Festuca sp. and Stipa sp. dominat-
ing in the Espinal, Monte desert and Patagonia (cf. Table 1)).
In the Pampas on the other hand, the vegetation period is
long (270-300 days, van Leeuwen et al. (2013)), indicating
that substantial primary production is possible throughout
the whole year without a pronounced dormant period. (II)
Seasonal variation in primary production is not very pro-
nounced in the grass steppe and shrubland ecosystems along
the climosequence (van Leeuwen et al., 2013). In the Espi-
nal, Monte desert and Patagonia, seasonality of the primary
production in addition is primarily related to dormant peri-
ods of shrub species. Paruelo et al. (1998) noted that grasses
show green leaves all year round, without a clear dormant
period. (III) The modeled mean annual 6°H values of pre-
cipitation retrieved from Bowen (2012a) represent averages
weighted by monthly precipitation amount (Bowen and
Revenaugh, 2003). Months with higher precipitation
amount therefore have a larger impact in the calculation
of the mean annual 5°H value, which reduces the potential
bias from seasonality effects. A seasonality adjustment to
the calculated background precipitation &°H signature
could therefore only be achieved through complete exclu-
sion of certain months from the calculation, but such a pro-
cedure could introduce substantial bias, too (e.g., when soil
moisture from previous months is tapped at the onset of the
vegetation period). For these reasons, we regarded the use of
environmental data on an annual timescale as the best com-
promise between representativeness of the data for as many
sampling sites as possible on the one hand, and inevitable
regional bias on the other hand. However, appropriate con-
sideration of seasonality effects is important and could be
achieved through time-series analyses in future studies.

The difficulty to disentangle climatic effects from effects
of plant species composition on 6°H,, values of shoot OM is
another limitation of our study. As species composition
depends on climate, no separation of these two effects is
possible in a large-scale field study such as ours. Laboratory
studies are needed to test net H isotope fractionation effects
of different plant species e.g., xerophilic Stipa sp. dominat-
ing in the Monte desert and Patagonian steppe compared to
grass species typical of the humid Pampas.

4.2. Decoupling between 6°H,, values of aboveground and
belowground plant organic matter

In contrast to shoot OM, neither 6°H,, values of root
OM nor ¢H, oo OM/precipitation Were significantly correlated
with the aridity index. However, there was a strong and
positive correlation between 6*H values of local precipita-
tion and 6°H,, values of root OM (Fig. 7a), suggesting that
the H isotopic composition of root OM is not considerably
influenced by any environmental variables other than the
5°H value of local precipitation (83% of variance explained,
root mean square error of 8.2%,). The 6°H value of precip-
itation is mainly controlled by the temperature-dependent

equilibrium fractionation between liquid water and water
vapor during condensation, and thus correlates with mean
annual temperatures (Dansgaard, 1964; Bowen and
Revenaugh, 2003). We therefore found a close correlation
of 6°H,, values of root OM with mean annual temperature
along the studied climosequence (Fig. 7b). Aridity-driven
shoot OM and precipitation-driven root OM 6°H,, values
seem to be decoupled (no linear correlation, Fig. 3 and
6b). This finding is in contrast to expectations, because
the biosynthesis of OM in the root is fed from shoot photo-
synthates, which carry an aridity signal inherited during
photosynthesis in the leaf. From studies on the H isotopic
composition of plant cellulose it is known that post-photo-
synthetic processing of photosynthates causes enzyme-med-
iated, biosynthetic exchange of C-bound H with tissue
water in the order of 20-40% (Yakir and DeNiro, 1990;
Luo and Sternberg, 1992; Yakir, 1992; Roden et al., 2000;
Hayes, 2001). Such an exchange process would attenuate
the aridity signal inherited from the incorporation of H
from leaf water enriched in 2H through transpiration. At
the same time, biosynthetic exchange of C-bound H would
enrich the post-photosynthetic metabolic product in 2H rel-
ative to the initial photosynthates because of a positive net
fractionation effect associated with the exchange reaction
(Yakir and DeNiro, 1990; Luo and Sternberg, 1992). How-
ever, exchange of 20-40% of C-bound H would not result in
the complete reset of an aridity signal in post-photosyn-
thetic metabolic reactions, which seems to be the case for
root OM (Fig. 7a). We suggest that stored carbohydrates
instead of primary photosynthates are used for the biosyn-
thesis of more complex compounds in the roots. If storage
carbohydrates are metabolized through the glycolysis—glu-
coneogenesis pathways, biosynthetic exchange of C-bound
H with root tissue water could again enrich the metabolic
product in *H and push its H isotopic composition still clo-
ser to that of the source water (i.e., root tissue water and
thus precipitation) (Terwilliger and DeNiro, 1995;
Sessions, 2006; DeBond et al., 2013). We therefore suggest
that repeated cycles of storage and remobilization of
metabolites in the roots resulted in a marked attenuation
of the aridity signal inherited during photosynthesis in the
shoots and convergence of 6°H,, values of root OM towards
0°H values of root tissue water and thus precipitation
(Fig. 7a). This mechanism could explain the decoupling of
5*H,, values of root and shoot OM, the lack of a significant
correlation between &*H,oo OM/precipitation and the aridity
index, and the significant H enrichment of root OM rela-
tive to shoot OM (Fig. 4b). Indeed, 9*H,, values of cellulose,
hemicelluloses and lignin in roots have been reported to be
enriched in 2H relative to shoots (Roden et al., 2000;
DeBond et al., 2013), which is in line with the ’H enrich-
ment of bulk root OM observed in our study.

It should be noted that microbial and fungal biomass
adhering to root surfaces could create an artifact in the
measured root OM §°H,, value. Although we cannot rule
out the possibility that microbial and fungal biomass still
adhered to the root surfaces after washing, it is unlikely that
the absolute amount of epibiotic microbial and fungal bio-
mass can be large enough to fully explain the marked
decoupling of 6°H,, values of shoot and root OM.
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4.3. Effects of climate and source materials of organic matter
on 5°H,, values of litter and soil organic matter

The 6°H,, values of SOM were closely correlated with
mean annual 6°H values of local precipitation (taken from
Bowen (2012a), Fig. 7c) and thus with mean annual temper-
ature at the sampling site (Fig. 7d). As a consequence, 6°H,,
values of SOM can be predicted solely from modeled mean
annual 6°H values of local precipitation with high precision
(94% of variance explained, root mean square error of
7.2%,), while other environmental variables (e.g., aridity,
plant species composition, soil type, soil properties, cf.
Table 1) have no or only marginal effects on the H isotopic
composition of SOM. Hence, the value of ngSOM/precipimﬁon
was remarkably constant along the climosequence
(=51 £ 69%,, Fig. 4b) and it was very similar to another
recently reported 82HSOM/precipimion value of —46 + 79,
for SOM samples from southwest Germany (Ruppenthal
et al., 2013). If this holds true globally, the H isotopic com-
position of precipitation could be inferred from 6°H,, mea-
surements of SOM and vice versa. Under certain conditions
(in situ pedogenesis, no mixing of SOM with different ages),
this relationship could eventually be used to constrain the
geographical origin of soil samples or to reconstruct paleo-
environmental conditions from thermally immature
paleosols.

The strong positive correlation with a slope of the
regression line close to unity between 6°H, values of
SOM and mean annual §*H values of local precipitation
(Fig. 7a) cannot be explained by the 6°H,, values of shoot
OM as source material for SOM formation. Since the large
difference in aridity across the climosequence substantially
affected the 6°H,, values of shoot OM (Figs. 5a and 6a),
we would expect an aridity signal in the H isotopic compo-
sition of SOM if shoot OM had a substantial contribution
to SOM, which was not the case. Interestingly, the 5H,
values of root OM not only showed a strong positive corre-
lation with 6*H values of local precipitation (Fig. 7c), but
also with 6°H,, values of SOM (Fig. 7e). Furthermore, the
regression of 6°H,, values of root OM on §°H,, values of
SOM had a slope close to unity (Fig. 7e). In contrast, the
relationship between 6°H,, values of shoot OM as a possible
source material for SOM formation and 6°H,, values of
SOM clearly deviated from linearity (Fig. 6¢). Our results
therefore indicate that root OM is a more important source
for SOM formation than shoot OM at our study sites. First,
grazing activity associated with livestock farming reduces
ab initio inputs of litter OM (Carrera et al., 2008;
Golluscio et al., 2009) and has been shown to foster root
biomass production (Altesor et al., 2006; Derner et al.,
2006). Second, a higher likelihood of stabilization through
physical protection and organo-mineral interactions of
root OM relative to shoot OM leads to selective preserva-
tion and thus higher mean residence times of root OM rel-
ative to shoot OM (Rasse et al., 2005). This notion is
supported by recent biomarker studies identifying root-
derived C and root-derived molecular structures as domi-
nant constituents of SOM (Mendez-Millan et al., 2010;
Katterer et al., 2011; Mambelli et al., 2011). Based on
§°H,, values of bulk SOM as quantitative tool to trace

sources and sinks of OM, we suggest that plant roots could
be more important drivers of soil C sequestration in grass-
and shrubland biomes than previously thought.

Although 6*H,, values of shoot and litter OM as well as
root and soil OM were strongly correlated (Figs. 5¢c and 7e),
two systematic differences in 6°H,, values of litter relative to
shoot OM and soil relative to root OM were evident: (1)
Litter and soil OM were significantly enriched in ?H relative
to shoot and root OM, respectively, and (2) variation in
82Hlitter OM/precipitation and SZHSOM/precipitalion’ respectively,
was significantly lower than in eHgoor OM/precipitation and
EHioot OM/precipitation, espectively (Fig. 4b). These system-
atic changes of the 6°H,, value of SOM could be related
to turnover effects. We suggest two possible explanations:
(1) Selective loss or accumulation of certain organic com-
pounds (carrying a compound-specific 6*°H value) during
decomposition could alter the §°H,, value or (2) microbial
and fungal assimilation and processing could alter the
8°H,, value via biosynthetic H isotope fractionation.

Many compounds viewed as easily decomposable (e.g.,
proteins, sugars, cellulose) (Berg and McClaugherty, 2008;
Grandy and Neff, 2008) carry higher 8°H values than bulk
OM (Smith and Jacobson, 1976; Hayes, 2001). Preferential
loss or leaching of such compounds from litter or soil OM
should therefore lead to a depletion of ?H compared to the
source OM (i.e., shoot or litter and root OM, respectively).
This is in contrast to our observation (Figs. 3 and 4b).
However, to our knowledge, the H isotopic composition
of compounds leached from litter or soil OM has never
been investigated. We therefore cannot rule out that the
observed ?H enrichment of litter and soil OM compared
to source OM is caused by loss or leaching of certain com-
pounds (e.g., lipids) carrying a depleted 6°H value
(Sternberg et al., 1984; Sachse et al., 2012). Similarly, only
little is known about the H isotopic composition of com-
pounds eventually accumulating during decomposition rel-
ative to source OM, e.g., lignin, cutin and lignin-encrusted
carbohydrates (Berg and McClaugherty, 2008; Grandy and
Neff, 2008; Preston et al., 2009). We are aware of only three
studies reporting 6*°H values for lignin, which is quantita-
tively the most important compound accumulating rela-
tively during litter  decomposition (Berg and
McClaugherty, 2008; Wickings et al., 2012). Epstein et al.
(1976) and Schmidt et al. (2003) report H enrichment of
lignin relative to bulk OM. In contrast, DeBond et al.
(2013) in a recent more detailed study report 2H depletion
of lignin relative to bulk OM, which would alter the 6*H
value of litter towards more negative values during decom-
position, the opposite of the pattern observed in our study.
Because DeBond et al. (2013) present the more compelling
data and arguments for a *H depletion of lignin, we think
that lignin accumulation cannot explain the observed H
enrichment of litter and soil OM relative to source OM.
In addition, variation in the biomolecular composition of
litter and soil OM, respectively, would have to be unrealis-
tically large to account for the strong differences in mea-
sured 0°H,, values along the climosequence. To explain
the observed variation of approx. 60%, in 6°H,, values of lit-
ter and soil OM along the climosequence (Fig. 3), the rela-
tive proportions of cellulose and lipids in litter and soil OM,
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respectively, would for example have to shift by approx.
30% (assuming a mean 6°H value difference of approx.
200%, between cellulose and lipids (Sternberg et al.,
1984)). The relative proportions of cellulose and lignin
would have to shift by approx. 60% (assuming a mean
5°H value difference of approx. 100%, between cellulose
and lignin (DeBond et al., 2013)). Such large shifts in the
biochemical composition of decomposing litter and soil
OM are very unlikely (Preston et al., 2009; Wickings
et al., 2012). However, we cannot rule out explanation (1)
at the current state of knowledge.

It is known that substrates processed through the het-
erotrophic glycolysis—gluconeogenesis pathways undergo
biosynthetic exchange of C-bound H with ambient water
(Yakir and DeNiro, 1990; Luo and Sternberg, 1992;
Horita and Vass, 2003; Kreuzer-Martin et al., 2003,
2004). Furthermore, the H isotope fractionation factors
associated with biosynthetic exchange of C-bound H in het-
erotrophic soil bacteria were shown to be strongly positive
(+409%, to +1229,) (Kreuzer-Martin et al., 2003). In our
study, precipitation as the dominant source of soil water
and tissue water of microorganisms (Kreuzer-Martin
et al., 2003, 2004) was considerably enriched in *H relative
to both shoot and root OM (Figs. 3 and 4b). In addition,
the process of incorporation of water H into the biosynthe-
sized product strongly discriminates against 'H (Kreuzer-
Martin et al., 2003). Biosynthetic exchange of C-bound H
could therefore lead to *H enrichment of decomposing
OM. The observed ?H enrichment of litter and soil OM,
respectively, relative to their source OM (i.e., shoot, litter
and root OM, respectively, Figs. 3 and 4b) could therefore
be explained through explanation (2).

It should be noted that grasses did not form the predom-
inant vegetation in the Low Monte desert (cf. Table 1). It is
therefore possible that SOM in this region derives in large
part from OM inputs of shrubland species (particularly
Larrea sp.) which we did not sample. It is likely that aridity
would drive the H isotopic composition of aboveground
OM of woody plants towards more positive 9°H,, values,
as observed for grasses. However, substantial interspecies
differences in net H isotope fractionation effects have been
reported for compound-specific °H,, values (Feakins and
Sessions, 2010). We therefore cannot rule out that the mea-
sured 6°H,, values of shoot and litter OM are not suffi-
ciently representative for inputs of aboveground OM in
the Low Monte desert.

Modeling of decomposition under the assumption of
biosynthetic exchange of C-bound H of the source material
with ambient water (i.e., precipitation) according to Eq. (4)
adequately reproduced the 6°H, values of SOM from
decomposition of root OM (Table 2). However, decompo-
sition of SOM with litter instead of root OM as the decom-
posing substrate slightly underestimated 6°H,, values in the
humid Pampas while considerably overestimating them in
the Espinal and Monte desert (Table 2). In general, higher
decomposition rates (approximated through mean annual
soil respiration, cf. Eq. (4)) in the humid Pampas became
manifest in a larger magnitude of *H enrichment in the
model and thus more pronounced shifts towards higher
5°H,, values of decomposing SOM compared to source

OM, relative to the cooler and more arid Patagonian
steppe. While uncertainty of modeled precipitation 6°H val-
ues (Bowen, 2012b) had a negligible effect on the modeling
results (variation of <19,), the model was much more
sensitive (i.e., variation of up to 209%,) to variations in
the fraction of C-bound H exchanged with water and the
82H0M/Waler value (cf. Eq. (3)). At the present state of
knowledge, it is not possible to judge whether these values
are eventually subject to substantial interspecies-variability
or whether they could be better constrained in future labo-
ratory studies. Because of the possible uncertainties associ-
ated with the above-mentioned determining parameters of
the model for heterotrophic H exchange, it should be
emphasized that the values are not to be regarded as inde-
pendent proxies for SOM decomposition. We suggest that
this application might be possible, but only after the deter-
mining parameters (particularly the fraction of C-bound H
exchanged with water and the szHOM/Water value) have been
constrained better in independent laboratory incubation
studies. The sole purpose of the reported model is to high-
light that the H isotopic composition of SOM could be
explained through heterotrophic H isotope exchange during
decomposition. Furthermore, it is important to note that
the presented model is simplistic in that it assumes decom-
position in steady state condition of only one source mate-
rial, while in reality decomposition of a mixture of different
source materials at variable rates has to be expected.
Previous work has shown that turnover of SOM is a
multi-layered process complicated by spatial and chemical
heterogeneity of the SOM pool and variations in SOM
sequestration rates among types of organic matter, soils
and ecoregions (Trumbore, 2006; Bol et al., 2009;
Trumbore, 2009; Schmidt et al., 2011). None of these
important aspects is fully covered by our study, and further
research on these topics would likely yield valuable contri-
butions to the understanding of the hydrogen isotope bio-
geochemistry of plant-soil systems.

5. IMPLICATIONS AND CONCLUSIONS

We found a close relationship between 6°H values of
precipitation and demineralized SOM (root mean square
error of 7.29,,) irrespective of climatic and edaphic condi-
tions. We therefore suggest that concerns regarding the
robustness of information gained from H isotope analysis
of bulk OM in plants and soil (Sachse et al., 2012) can be
overcome by use of appropriate analytical methods, includ-
ing separation of SOM from the mineral matrix and water
steam equilibration to remove the influence of exchangeable
H. We showed that 52Hn values of bulk shoot, root, litter
and soil OM differ systematically and can provide valuable
information on environmental conditions (isotope
hydrology, temperature, aridity), which might be used to
reconstruct paleoclimatic conditions from paleosols, to con-
strain the geographical origin of soil samples, or eventually
to trace OM decomposition in the environment. Since 6°H,,
values represent all C-bound H in SOM, our results high-
light the importance of root OM for soil OM formation
and hence soil C sequestration. Alterations of climatic con-
ditions and resource availability, which influence allocation
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of biomass between shoot and root OM (Mokany et al.,
2006), are therefore likely to have great effects on soil C
sequestration rates. Rising temperatures could for example
lead to lower root to shoot ratios in grass- and shrubland
biomes and thus cause a positive feedback on climate
change (Mokany et al., 2006). The prevalent focus on shoot
OM as the major determinant of soil C sequestration
should therefore shift towards root OM and its role in soil
OM formation.
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