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Abstract
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Soils represent a major terrestrial carbon (C) reservoir and are herewith an important constituent of global
climate change. They can act either as C sinks or as C sources, depending on the respective environmental
conditions and management practices. At present, global forest ecosystems, including temperate European
forests, are considered as C sinks. Whereas mineral topsoils under forest were found to be close to C
saturation, it is assumed that especially subsoils provide large capacities for additional C storage in future.
This is related to a high availability of sorption sites on mineral surfaces for organic matter compounds,
which is frequently observed in laboratory experiments. However, sources of subsoil C are still under
discussion and the potentials of mineral subsoils for C stabilization were not sufficiently investigated
under field conditions so far. The crucial question remains, if forest subsoils can effectively retain and
stabilize additional C inputs under the current environmental conditions, and thus contribute to mitigate
global climate change. Therefore, this thesis aimed at evaluating (1) the role of the recent litter layer as a
source for soil organic carbon (SOC), (2) at investigating dissolved organic carbon (DOC) dynamics as a
controlling factor for organic C (OC) translocation in soils, and (3) the capability of subsoil to retain and
stabilize fresh OC inputs.

The objectives were addressed by conducting different **C manipulation experiments in central
European beech forests (Lower Saxony, Germany). This included (i) a **C litter manipulation combined
with DOC and CO, monitoring at the Grinderwald subsoil observatories, (ii) injection of DOC solution
into three forest top- and subsoils, and (iii) burial and subsequent field incubation of **C-coated minerals.
Field approaches were complemented by (iv) laboratory sorption and desorption experiments. The field
approaches comprised soil samplings down to the deep subsoil of > 100 cm and included recurring
samplings for assessing the stability of the translocated OC. The soils in this thesis included Cambisols
and Luvisols and the parent materials ranged from Pleistocene glacio-fluvial sand and Triassic upper red
sandstone to Weichselian loess.

Litter manipulation revealed that carbon inputs originating from the recent litter layer facilitated the
actively cycling C pool in the mineral topsoil, but were not a major source of subsoil OC. Main acceptors
of the litter-derived inputs in the soil were mineral surfaces, thereby forming mineral-associated organic
carbon (MAOC). Migration of OC from the soil surface to the subsoil followed a sequence of sorption,
microbial processing, and desorption cycles, resulting in a time offset until significant inputs reached the
subsoil via DOC in the leaching soil solution. Bypassing this cascade of cycles in preferential flow paths
caused a fast translocation into the subsoil, but DOC and CO, monitoring suggest that these inputs were
prone to microbial decomposition.

Undersaturation of sorption capacities for OC binding in the forest subsoil, obtained in laboratory
experiments, was not replicated under field conditions, since the injection of a 200 ppm DOC solution into
subsoils did not result in additional C accumulation three months later. This suggests that under natural
conditions, the stability of retained OC is more decisive for C accumulation in subsoils than the potential
free sorption capacities based on laboratory experiments. But at a scale of years, the majority of fresh
inputs of OC to top- and subsoils were not effectively preserved, neither in particulate form, nor in
association with soil minerals. Accumulation of organic matter (OM) on mineral surfaces may even
stimulate the activity of the microbial community due to an increased availability of easily accessible OM
substrate, thus promoting decomposition and mobilization instead of stabilization.

At present, the temperate forest top- and subsoils are neither sinks nor sources of C since they are
situated in an equilibrium state of C inputs and C outputs, thereby maintaining their current C level
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through processes including sorption, microbial processing, and desorption. Additional C inputs likely
promote mineralization and mobilization of fresh and also older SOC and thus cannot be effectively
stabilized in forest subsoils. Hence it can be expected that the potential free capacities of forest subsoils
for additional C uptake are not exploitable under the current environmental conditions and eventually,
forest (sub)soils will not notably contribute to climate change mitigation. Upcoming investigations of
subsoils and estimations of their OM stabilization potential should not rely on laboratory studies only, but
rather integrate both laboratory and field approaches to obtain more precise insights into subsoil C
dynamics.

Keywords: Forest soils, subsoils, soil organic matter, carbon stabilization, climate change mitigation
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Bdden stellen ein grofles terrestrisches Kohlenstoff (C)-Reservoir dar und sind damit ein wichtiger
Wirkungsfaktor beim globalen Klimawandel. Sie kénnen entweder als C-Senken oder als C-Quellen
fungieren, abhéngig von den jeweiligen Umweltbedingungen und ihrer Bewirtschaftung. Gegenwartig
werden die globalen Waldokosysteme, einschlieBlich der gemaRigten europdischen Wélder, als C-Senken
angesehen. Wahrend die mineralischen Oberbdden unter Wald nahezu C-gesattigt sind, wird
angenommen, dass insbesondere die Unterbdden grofle Kapazitaten fiir eine zusétzliche C-Speicherung in
der Zukunft bieten. Dies hangt mit einer hohen Verfiigbarkeit von Sorptionsplatzen an mineralischen
Oberflachen fir Komponenten der organischen Substanz zusammen, die in Laborexperimenten h&ufig
beobachtet wird. Die Quellen des Unterboden-Cs werden jedoch noch diskutiert, und die Potenziale
mineralischer Unterbéden zur C-Stabilisierung wurden bisher unter Feldbedingungen nicht ausreichend
untersucht. Die entscheidende Frage bleibt, ob Waldbtden unter den derzeitigen Umweltbedingungen
zusétzliche C-Eintrage effektiv zuriickhalten und stabilisieren kénnen und damit einen Beitrag zur
Abschwéachung des globalen Klimawandels leisten kdnnen. Daher zielte diese Arbeit darauf ab, (1) die
Rolle der rezenten Streuschicht als Quelle fir organischen Kohlenstoff (SOC) im Boden zu untersuchen,
(2) die Dynamik des gel6sten organischen Kohlenstoffs (DOC) als kontrollierenden Faktor fiir die
Verlagerung von organischem Kohlenstoff (OC) in Bdden zu untersuchen und (3) die Fahigkeit des
Unterbodens zu bewerten, frische OC-Eintrége zuriickzuhalten und zu stabilisieren.

Die Ziele wurden durch die Durchfiihrung verschiedener *C-Manipulationsexperimente in
mitteleuropdischen Buchenwaldern (Niedersachsen, Deutschland) verfolgt. Dazu gehorten (i) eine *C-
Streu-Manipulation in Kombination mit DOC- und CO.-Messungen in den Grinderwald-Unterboden-
Observatorien, (ii) die Injektion von DO*C-Lésung in drei Ober- und —Unterbdden unter Wald, und (iii)
das Vergraben mit anschlieBender Feldinkubation von *C-belegten Mineralen. Die Feldansatze wurden
erganzt durch (iv) Sorptions- und Desorptionsexperimente im Labor. Die Feldansatze umfassten
Probenahmen bis in den tiefen Unterboden von > 100 cm und beinhalteten wiederkehrende Beprobungen
zur Beurteilung der Stabilitat des verlagerten OCs. Die Boden in dieser Arbeit umfassten Braunerden und
Parabraunerden und die Ausgangsmaterialien reichten von pleistozénen glazi-fluviatilen Sand und
triassischem Buntsandstein bis hin zu weichselzeitlichem L&ss.

Die Streu-Manipulation ergab, dass Kohlenstoffeintrdge aus der rezenten Streuschicht den aktiv
zirkulierenden C-Pool im mineralischen Oberboden unterstiitzten, aber keine wesentliche Quelle fir OC
im Unterboden darstellten. Die Hauptempfanger der Streu-blrtigen Eintrdge in den Boden waren
mineralische Oberflachen, wodurch mineral-assoziierter organischer Kohlenstoff (MAOC) gebildet
wurde. Die Migration von OC von der Bodenoberflache in den Unterboden folgte einer Abfolge von
Sorptions-, mikrobiellen Verarbeitungs- und Desorptionszyklen, was zu einer zeitlichen Verschiebung
fihrte, bis signifikante Eintrdge den Unterboden, Uber DOC in der Bodenldsung, erreichten.
Praferentieller Fluss umging diese Kaskade von Zyklen und flhrte zu einer schnellen Verlagerung in den
Unterboden. Die DOC- und CO>-Messungen deuten aber darauf hin, dass diese Eintrdge anféllig fir
mikrobiellen Abbau waren.

Die in Laborexperimenten ermittelte Unterséttigung der Sorptionskapazitaten fur die Bindung von
OC in Waldunterbdden konnte unter Feldbedingungen nicht repliziert werden, denn die Injektion einer
200 ppm DOC-Lo6sung in Unterbdden fiihrte drei Monate spéter nicht zu einer zusétzlichen C-
Akkumulation. Dies deutet darauf hin, dass unter natlrlichen Bedingungen die Stabilitat des gebundenen
OC in Unterboden entscheidender fur die C-Akkumulation ist als die potenziellen freien
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Sorptionskapazitaten, die auf Laborexperimenten basieren. Auf einer Skala von Jahren wurde der GroRteil
der frischen Eintrdge von OC in Ober- und Unterbdden jedoch nicht effektiv konserviert, weder in
partikularer Form noch in Verbindung mit Bodenmineralen. Die Akkumulation von organischer Substanz
(OM) auf mineralischen Oberflachen kénnte sogar die Aktivitat der mikrobiellen Gemeinschaft aufgrund
einer erhohten Verfugbarkeit von leicht zugédnglichem OM-Substrat stimulieren und so Zersetzung und
Mobilisierung statt Stabilisierung fordern.

Gegenwartig sind die Ober- und Unterbdden geméaRigter Wélder weder Senken noch Quellen fur C,
da sie sich in einem Gleichgewichtszustand von C-Eintrdgen und C-Austragen befinden und somit ihr
aktuelles C-Niveau durch Prozesse wie Sorption, mikrobielle Verarbeitung und Desorption
aufrechterhalten. Voraussichtlich fordern zusétzliche C-Eintrdge eher die Mineralisierung und
Mobilisierung von frischem und auch alterem SOC und kdnnen daher im Waldunterboden nicht effektiv
stabilisiert werden. Folglich ist anzunehmen, dass die potenziellen freien Kapazitaten von
Waldunterbdden fur eine zusatzliche C-Aufnahme unter den gegenwértigen Umweltbedingungen nicht
ausgenutzt werden koénnen und Wald(unter)béden letztlich keinen nennenswerten Beitrag zur
Abschwdachung des Klimawandels leisten werden. Zukiinftige Untersuchungen von Unterbéden und
Abschétzungen ihres OM-Stabilisierungspotenzials sollten sich nicht nur auf Laborstudien stiitzen,
sondern sowohl Labor- als auch Feldansétze integrieren, um genauere Erkenntnisse lber die C-Dynamik
im Unterboden zu erhalten.

Stichworter:  Waldboden, Unterboden, organische Bodensubstanz, Kohlenstoffstabilisierung,
Klimawandelabschwachung
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General Introduction

Fig. 1.1 Framework and connecting processes of atmosphere, hydrosphere, lithosphere, biosphere,
and pedosphere within the ecosphere, modified from Lal et al. (1997), is shown in (a). Carbon
cycling and connecting processes within the ecosphere, modified from Lal (2014), is shown in (b).

Fig. 1.2 Schematic illustration of sources, inputs, and translocation of organic matter (OM) in
individual functional OM fractions in the soil profile during downward cycling with inspirations
from Kaiser and Kalbitz (2012), Mikutta et al. (2019), Sokol et al. (2019), and Lehmann et al.
(2020). Several processes are included in OM cycling in soil. Litter-derived OM predominantly
enters the soil via particulate organic matter (POM) bioturbations (1) and dissolved organic matter
(DOM) leaching (2). In soil, the free POM particles (fPOM) can be occluded by soil particles
(oPOM; 3). Belowground OM sources are roots, which contribute either to the POM fractions by
decay of dead roots (4) or to DOM due to root exudation (5). Dissolved OM in the soil solution is
continuously interacting with the mineral matrix. Those interactions include sorption of DOM
compounds to mineral surfaces — potentially by exchange/displacement of older inherent soil OM
(SOM; 6), microbial processing of sorbed SOM and DOM (7), and consequently desorption and
dissolution of microbial metabolites and altered SOM (8). Organic matter undergoes multiple
sorption, microbial processing, desorption cycles while migrating down the soil profile (Kaiser
and Kalbitz, 2012). Such interactions affect the amount and the composition of DOM with
increasing soil depth, from a plant-derived signature (DOMeian) in the upper parts of the soil
profile towards a microbial-derived signature (DOMwicro) in the deeper parts of the soil profile
(right hand side of the figure). Small DOM fluxes in the deep subsoil including mainly processed,
microbial-derived organic compounds leaves it uncertain to which extent stable mineral-
associated OM (MAOM) formation (9) is taking place under natural conditions.

Study |

Figure 1 Mean bulk OC contents of both sampling times (November 2016 and May 2018) (a) and
calculated OC stocks as the mean of both sampling times (b). Apparent re-increasing OC stocks
below 100 cm are the result of doubling the thickness of the analyzed depth increments (i.e., 5 cm
increments from 0 to 10 cm, 10 cm increments from 10 to 100 cm, and 20 cm increments from
100 to 180 cm). Data show the mean of 12 samples, and error bars depict the standard deviation.

Figure 2 Soil OC (SOC) distribution in the Dystric Cambisol at the Grinderwald site as a function
of soil depth: C in mineral-associated OM (Cmaom), occluded particulate OM (Cqpom), and free
particulate OM (Cirom); C mobilized by sodium polytungstate during density fractionation (Cspr).
All data are given as mean of both samplings (n = 12; standard deviation varied for Cuaom
between 7 and 19 %, for Corom between 2 and 5 %, for Crom between 7 and 19 %, and for Cspr
between 0.3 and 5 %). Note that the Cuaom fraction was corrected for the C loss during washing
(see material and method section).

Figure 3 Mean OC contents in the heavy fraction (HF) (a) and mean C/N ratios (b) of the
mineral-associated organic matter fraction (MAOM) from both sampling times, 22 months and 40
months after labeled litter application (n = 6; error bars represent the standard deviation). Nitrogen
contents in the HF were corrected for extractable nitrate and ammonium contents; N contents in
samples below 100 cm were unreliable, and C/N ratios are therefore marked in grey.
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Figure 4 Mean proportion of water-extractable—OC (Cweom) per depth increment given in
percentage of the total soil OC in bulk soil for both sampling times, 22 months and 40 months
after labeled litter application (n = 6; error bars represent the standard deviation) is shown in (a).
Specific UV absorbance at 280 nm (b) and humification index deduced from fluorescence spectra
(c) of the water extracts are given as the mean (n = 6) of the first sampling in November 2016.
Error bars represent the standard error.

Figure 5. Mean 8**C values of the bulk soil (a), mineral-associated OM (Cwmaom) (b), and water-
extractable OM (Cweowm) (€). The graphs show labeled samples of both sampling times, 22 months
and 40 months after labeled litter application in colored symbols, compared to the respective
unlabeled background distribution in white symbols. Labeled samples represent the mean of three
replicates per sampling time, while the control represents the mean of both sampling times (n = 6).
Please note that the x axis in (c) has a different scale.

Figure 6. Mean labeled litter-derived *C recovered in different OM fractions: C in mineral-
associated OM (Cwmaowm), occluded particulate OM (Corom), and free particulate OM (Ctom); C
mobilized by sodium polytungstate during density fractionation (Cspr). The upper x axis shows
the recovered *C in g m? and the lower x axis shows the percentage recovery of initially added
labeled litter after 22 months (a) and 40 months following labeled litter application (b). Bars show
the sum of all fractions per depth increment, while the different colors represent the respective
contribution of each fraction to the total recovery (n = 3). According to ANOVA tests there were
no significant changes in *3C recovery for each fraction with depth per sampling, due to high
standard deviations in the range of 0.02-0.53 for Cmaom, 0.01-0.75 for Copom, 0.02—4.9 for Ctrowm,
and 0.01-0.13 for Cspr.

Figure 7. Mean proportion of litter-derived C in water extractable organic OM (WEOM) in
percentage of the initial label input for both sampling times, 22 months and 40 months after
labeled litter application, with soil depth (n = 3; error bars represent the standard deviation).
According to ANOVA tests, significant changes between both samplings were only present in the
0-5 cm and 10-20 cm increments (p < 0.05). Significant differences between soil increments were
only present for the topsoil increments compared to all subsoil increments for each sampling time.

Supplementary Figure S1 Mean C/N ratio of the bulk soil from both sampling times, 22 months
and 40 months after labeled litter application. Data show the mean of 6 samples and error bars
show the standard deviation. The y-axis shows the mean depth of each soil increment. Nitrogen
contents of the MAOM fraction were corrected for extractable nitrate and ammonium contents.
Nitrogen contents in samples below 100 cm were increasingly below the detection limit and not
reliable, therefore C/N ratios are marked in grey.

Supplementary Figure S2 Mean mass recovery and fraction distribution of the soil density
fractions heavy fraction (HF), occluded particulate organic matter (0POM), and free particulate
organic matter (fPOM) as the mean of both sampling times (November 2016 and May 2018). The
y-axis shows the mean depth of each soil increment. Bars show the mean of 12 samples, the
standard deviation varied for HF between 0.3-15 %, for oPOM between 0.1-1.6 %, and for fPOM
between 0.1-18 %. Please note that for better visibility, both axes have breaks.

Supplementary Figure S3 Mean 3C recovered at each sampling time, 22 months and 40 months
after labeled litter application, in % of the initial label input (n = 3). Bars show the sum of all
fractions per depth increments, error bars depict the standard deviation. According to ANOVA
analysis, there were no significant differences (p > 0.05) in the total recovered *C per depth
increment between both sampling times, except of the depth 30-40 cm (p = 0.004). Please note
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that for better visibility, both axes have breaks.

Supplementary Figure S4 Correlation of the *C abundance of the mineral-associated organic
matter (Cmaowm) in the unlabeled control samples on the Y-axis and the corresponding C/N ratio on
the X-axis from both sampling times, 22 months and 40 months after labeled litter application.
Data show the mean of three replicates, error bars depict the standard deviation. Spearman
correlation resulted in a significant negative correlation for both variables for the first sampling in
November 2016 (r = -0.677, p < 0.05) and the second sampling in May 2018 (r = -0.883, p <
0.05).

Supplementary Figure S5 Contents of selected elements on the heavy fraction (HF) mineral
surface layer according to XPS analysis. Bars show the mean of three spots measured per sample
per plot and depth increment, error bars represent the standard deviation. Please note that the X-
axis have different scales. Please note, element contents were highly correlated as a function of
soil depth. Negative correlations were observed for example for Fe-C (r> = 0.82, p = 0.0021) and
Al-C (r> = 0.58, p = 0.0295). Positive correlations were observed for example for Fe-Al (r? = 0.85,
p =0.0012) and C-N (r> = 0.90, p = 0.0004).

Study Il

Fig. 1 Injection of DOC at 10 cm depth at the Red Sandstone site (left) and in 50 and 100 cm
depth at the Loess site (right). Note that on the right site, the injection at 100 cm depth is shown.
The injection at 50 cm depth was conducted on the opposite site. The injection area was designed
for three possible samplings.

Fig. 2 Concept of the sampling design for each of the three sites. The plots were approximately 50
m apart from each other. First sampling was conducted in August 2017, resulting in nine cores
from the injection sites plus three respective control cores. Second sampling was conducted in
October 2018. The water control (CaCl,) was completely sampled after 3 months.

Fig. 3 Summarised recovered labelled material over the first meter below
injection depth after 3 (white boxes) and 17 months (grey boxes). Columns
represent mean values from the three plots. Error bars represent standard
errors.

Fig. 4 Depth distribution of retained DOC after three and after seventeen months. Values
represent mean values of retained DOC (n = 3) and their respective standard errors. Dashed lines
represent respective injection depths.

Fig. 5 Cumulative bulk SOC-normalised (upper panel) and labelled SOC-normalised (lower
panel) respiration in a 103 days laboratory incubation experiment. Values for SOC and labelled
SOC-normalised respiration represent mean values from samples 0-5, 5-10 and 10-20 cm depth
below injection with three repetitions per substrate (n = 9). Error bars represent standard errors.
Different letters indicate significant differences (P < 0.05) for cumulative respiration after 103
days of incubation. Because only samples with positive recovery values were taken into account
for labelled SOC-normalised respiration, number of observations strongly differs (loess: 5-6, red
sandstone: 3-5, sand: 2-3).

Supplementary Fig. A1l Bulk SOC content after 3 (upper panels) and 17 months (lower panels)
of injection. Values represent mean values derived from the different plots (n = 3) and the
respective standard deviations
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Supplementary Fig. A2 Amount of retained DOC after 3 (upper panels) and 17 months (lower
panels) in relation to bulk SOC content. Values represent mean values derived from the different
plots (n = 3) and the respective standard deviations.

Supplementary Fig. A3 Comparison of cumulative respiration normalised to bulk
SOC respiration for the samples with labelled substrate and control samples. Values
represent mean values derived from the different plots and injection depths (n = 9) and
the respective standard deviations

Supplementary Fig. A4 Cumulative respiration normalised to the bulk soil. Values represent
mean values from samples 0-5, 5-10 and 10-20 cm depth below injection with three repetitions
per substrate (n = 9). Error bars represent standard errors. Different letters indicate significant
differences (p < 0.05) for cumulative respiration after 103 days of incubation.

Supplementary Fig. A5 Possible influence of the water added with the DOC injection on bulk
SOC investigated with the injection of water (CaCl; solution). Values represent mean values for
samples 3 months after injection. For the Red Sandstone site only one sample per injection depth
was taken.

Supplementary Fig. A6 Possible influence of the water added with the DOC injection on §*C
values investigated with the injection of water (CaCl, solution). Values represent mean values for
samples 3 months after injection. For the Red Sandstone site only one sample per injection depth
was taken.

Study 11

Fig. 1 Recovery of litter-derived C into different C pools in topsoil (10 cm), upper subsoil (50
cm), and deeper subsoil (150 cm) over the course of 22 months in a Dystric Cambisol located in a
temperate European beech forest in Germany. Values are given in percent of the initially applied
labelled litter. Evaluated C pools included the CO, production at the soil surface and in the depth
increments 10-50 and 50-90 cm (white), leachates of dissolved organic C (DOC) in 10, 50, and
150 cm soil depth (blue), and incorporation of litter material in the depth increments 0-10, 10-50,
and 50-150 cm, due to bioturbations as C in particulate organic matter (POC; green) and due to
sorption to mineral surfaces thereby forming mineral-associated organic C (MAOC; brown).
Residual litter after the field exposure was quantified and is given in the litter layer. The complete
C balance revealed a recovery of initially applied litter of about 85 %. CO, data were adapted
from Wordell-Dietrich et al.®2, and MAOC/POC differentiation was adapted from Liebmann et
al.*°. The latter authors did not analyse the MAOC in the depth increment 50-100 cm, but reported
an interpolation of 0.03 % which we added here.

Fig. 2 Dissolved organic C (DOC) sorption isotherms of soil from 10, 50, and 150 cm soil depth
of a Dystric Cambisol located in a temperate European beech forest in Germany. Both x-axes
show the DOC added to the soil, on the bottom x-axis normalised to soil mass, on the top x-axis
as concentration. Sorption isotherms (yellow circles and red line) show the released or sorbed
DOC after the experiment (left y-axis, n = 3) as a function of added DOC. Black bars show the
quantified DOC sorption (right y-axis, n = 3), estimated for one m? and a soil thickness of 10 cm
(since soil samples for the sorption experiments were taken as composite samples of a 10-cm
increment; 10-20, 50-60, 100-110 cm). The blue-marked areas represent typical DOC
concentrations (top x-axis) in the respective soil depths measured at this study site (see
Supplementary Table S1). Concentrations were calculated as the mean of all samples taken during
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the timeframe February 2015 to November 2016, and amounted to 51.5 + 22.0 mg L™ in 10 cm (n
=112), 13.0£ 9.0 in 50 cm (n = 60), and 8.6 = 11.2 in 150 cm (n = 88). The DOC concentration
in 150 cm soil depth was used for the 100-cm variant in this figure.

Fig. 3 Depth-dependent gross C exchange of **C-labelled mineral-associated organic C (MAOC)
after two-years of field exposure in a Dystric Cambisol located in a temperate European beech
forest in Germany. Goethite was chosen as a representative pedogenic Fe oxyhydroxide (left side)
and vermiculite as representative 2:1 clay mineral (right side). The net difference in C content
before and after the field exposure is given in percent of the initial MAOC content (AC). The
amount of mobilizable C (MC) during the field exposure is given in percent of initial MAOC as
well. The final C content after field exposure was differentiated in pre-existent *C-labelled
mineral-derived C (MDC) and fresh unlabelled solution-derived C (SDC; yellow color). The soil
profile in the center representatively shows a Dystric Cambisol in the Grinderwald forest
(Germany); left and right figures show scanning electron microscope (SEM) images of the
respective C-loaded minerals.

Supplementary Fig. S1 Rates of the litter-derived CO; efflux at the soil surface during the 22
months of the labelling at observatory 1 (a), observatory 2 (b), and observatory 3 (c), calculated
with the Lloyd-Taylor model®® in g per m? and day. For a better visibility, data points are
connected by dotted lines, but do not represent functions or regressions. Data adapted from
Wordell-Dietrich et al.®.

Supplementary Fig. S2 Contribution of labelled litter-derived DOC to the total DOC flux
(DOCtot) during the 22 months of the labelling per depth (10, 50, 150 cm) in observatory 1 (a),
observatory 2 (b), and observatory 3 (c). Variations in the data quantities and gaps at some time
points are the results of insufficient water flow or insignificant DOC enrichment. Please note
that only twelve out of 57 sampling campaigns were analysed for DOC, thus the data points in
between were calculated by linear interpolations as stated in the supplementary methods section.

Supplementary Fig. S3 Cumulative litter-derived DOC fluxes during the 22 months of the
labelling in g DO®C per m?2. Graph (a) shows the 10 cm data of each observatory, (b) data from
50 cm, and (c) data from 150 cm. Please note the different scales for the y-axes.

Supplementary Fig. S4 Cumulated litter-derived CO; flux during the 22 months of the labelling
at the soil surface (a), in a soil depth of 10 to 50 cm (b), and in a soil depth of 50 to 90 cm (c)
during the label experiment for the three observatories, calculated with the Lloyd-Taylor model®®.
Data were generated by multiplying the rates per day with the interval between two sampling
dates. Please note the different scales for the y-axes.

Supplementary Fig. S5 Concentrations of individual compounds (hexoses, pentoses, amino
acids, proteins, phenols) and the total DOC concentration in the soil solution at different soil
depths. Boxplots show the data of four samplings between January and April 2015, with a total
sample size of n = 133 for 10 cm, n = 69 for 50 cm, and n = 58 for 150 cm. Boxes represent 50 %
of the concentrations, the solid line shows the median. Dotted lines represent the mean and error
bars depict the 10 % and 90 % quantiles with black circles as outliers. Please note that the x-axes
have different scales.

Supplementary Fig. S6 Mean SOC stocks per depth increment at observatory 1 (a), observatory
2 (b), and observatory 3 (c). Data show the mean of three replicate soil cores, error bars represent
the standard deviation. Only soil cores from the labelled plots were used for the analyses. Data
were adopted from Liebmann et al.*2.
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Supplementary Fig. S7 X-ray diffraction patterns of oriented clay specimens from three studies
sites (a—c) Grinderwald, (d—f) Riidershausen, and (g—i) Ebergdtzen and the depth increments 10-
20 cm (left), 30-40/50-60 cm (center), and 60-70/100-110 cm (right). Each sample was analysed
in the following four depicted treatments (from top to bottom): Mg-saturated and solvated in
ethylene glycol (MgEG), magnesium-saturated (Mg), potassium-saturated and heated to 550°C
(K550°C), and potassium-saturated (K). Peaks at 14 A in the K treatment indicate d(001)
reflections of pedogenic chlorite together with a d(003) reflection at 4.7 A; peaks at 7 A and 3.5 A
reveal d(001) and d(002) reflections of kaolinite (both signals vanish in the K550°C treatment).
The presence of illitic clay is indicated by a d(001) peak at 10 A in the Mg/MgEG treatments.
Increasing intensities at ~14 A in the Mg/MgEG treatments relative to the K treatment indicate the
presence of expandable vermiculite. Broad unresolved signals between ~10-14 A in the K
treatments suggest the presence of hydroxy-interlayered vermiculites with varying degrees of Al
hydroxide incorporation.

Supplementary Fig. S8 Sorption isotherms of the Rldershausen site (left) and Ebergdtzen site
(right), including three depths according to the initial mass approach by Nodvin et al.**. Numbers
represent the soil depth. Data show the mean of three replicates and the error bars represent the
standard deviation.

Supplementary Fig. S9 Specific UV absorbance (SUVA) at 280 nm of the initial DOC solution
before the sorption experiment (SUV A, x-axis) and in the solution after the experiment (SUVAs,
y-axis). The Grinderwald site is on the left, the Ridershausen site in the middle, and the
Ebergotzen site on the right. Numbers represent the soil depth. Data are given as the mean (n = 3)
with error bars representing the standard deviation. Values above the 1:1 line indicate a net release
of aromatic DOM components, while values below indicate a net retention. Colors depict the
different DOC concentrations of the sorption experiments. Yellow show the concentrations
between 0-10 mg L?* (1, 5, 10 mg L), orange show the concentrations between 11-100 mg L*
(25, 50, 100 mg L), and red show the concentrations between 101-400 mg L (200 and 400 mg
LY.

Supplementary Fig. S10 Soil organic C (SOC) and mobilisable C (MC) in the 9 different soil
samples determined before and after batch sorption experiments with (a) “altered” DOM extracted
from the field exposed labelled beech litter and with (b) “fresh” DOM extracted from recently
fallen un-labelled beech litter. Data show the mean of three replicates and the error bars represent
the standard deviation. The Grinderwald site is on the left, the Ridershausen site in the middle,
and the Ebergotzen site on the right. On the x-axis, numbers represent the soil depth. Black and
grey bars show the data before the experiment (B), green bars show the data after the DOC
sorption experiment (S), and blue bars show the data after the desorption experiment (D).

Supplementary Fig. S11 Distribution of native soil organic C (SOC) and label-derived SOC in
topsoil, upper subsoil, and deeper subsoil samples of the three sites in percent of the total SOC
(SOCiot). Bars show the results of the “altered” DOM approach and include the distribution in the
bulk soil (black), which is naturally 100 % native, after the sorption experiment (green), and after
the desorption experiment (blue). Bright colored bars represent the label-derived SOC, while dark
colored bars depict the native SOC. Bars show the mean of three replicates, error bars show the
standard deviation. The Grinderwald site (sandy deposits) is on the left, the Rldershausen site
(loess deposits) in the middle, and the Ebergétzen site (red sandstone) on the right. On the x-axis,
numbers represent the soil depth.

Supplementary Fig. S12 Bacterial community composition of the goethite (a) and vermiculite
(b), respectively, after 24 months of in-situ field exposure in combination with the bulk soil
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samples taken above and below each mineral meshbag. Sample names on the y-axes are a
combination of the mineral types goethite (G) or vermiculite (V), the soil depth (10, 50, 150 cm),
and in case of the bulk samples the suffix above (a) or below (b) the meshbag. Data show the
mean of three replicates and the error bars represent the standard deviation.

Supplementary Fig. S13 Microbial community composition of the goethite (a) and vermiculite
(b), respectively, after 24 months of in-situ field exposure in combination with the bulk soil
samples taken above and below each mineral meshbag. Sample names on the y-axes are a
combination of the mineral types goethite (G) or vermiculite (V), the soil depth (10, 50, 150 cm),
and in case of the bulk samples the suffix above (a) or below (b) the meshbag. Data show the
mean of three replicates and the error bars represent the standard deviation.

Supplementary Fig. S14 Schematic illustration of the installations in the Grinderwald subsoil
observatories (a) and a top view of the catchment area divided into a **C-labelled and un-labelled
side (b). llustrations were adapted and modified from Wordell-Dietrich et al.®. Please note that
the suction plates were not installed below each other in the soil profile as pictured in this 2D
scheme (a). To avoid mutual influences of the plates, they were installed with a horizontal offset.

Synthesis

Fig. 5.1 Correlation of mean litter-derived DOC in 10 cm (n = 3) and mean litter-derived CO,
production in the soil increment of 10-50 cm (n = 3, data from Study IlI). The red point and the
dotted line mark the value from the 20.11.15. The solid line represents the 1:1 line. Due to a better
visibility of the general trend, the error bars were excluded in this figure.

Fig. 5.2 Cumulative water flux in 50 cm (a) and 150 cm (b) cm soil depth collected by the
segmented suction plates installed in the Grinderwald Observatory 1, next to the cumulative DOC
flux in 50 cm (c) and 150 cm (d) from the same installations (Liebmann, unpublished). Colors
depict each of the 16 segments per suction plate. Graphs include data from the 10.04.2014 (t=0
d) until 09.04.2019 (t = 1825 d), covering 5 years of monitoring.

Fig. 5.3 Classification of the C-coated goethite (G-L), the 10 cm buried goethite MAOM (G-10),
and the 150 cm buried goethite MAOM (G-150) regions of interest (ROIs) classified according to
their *C values [at%] measured with the low energy deposit method (Liebmann, unpublished).
The classification was done according to Leinemann et al. (2018) by defining three classes,
including a low [< 1.4 at%], intermediate [> 1.4 & < 2.2 at%], and high [> 2.2 at%] =C
enrichment. The 3C value of each ROI was normalized to the area of all identified ROIs and is
given in percent of the total ROl area.

Conclusion and outlook

Fig. 6.1 Proportions of litter-derived DOC averaged per suction plate in 10, 50, and 150 cm soil
depth in OB1 (a), OB2 (b) and OB3 (c). The area marked in dark blue represent the time of
labelled litter application from Mai 2015 until November 2016, which is given in Study IlI
(Supplementary Fig. S2). The area marked in light blue represent nearly three years after labelled
litter application from November 2016 until June 2019.

Fig. 6.2 Cumulative litter-derived DOC in all three observatories (OB1-3) detected with the
segmented suction plates in 10 cm (a), 50 cm (b) and 150 ¢cm (c) soil depth. The area marked in
dark blue represent the time of labelled litter application from Mai 2015 until November 2016,
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which is given in Study Il (Supplementary Fig. S3). The area marked in light blue represent
nearly three years after labelled litter application from November 2016 until June 2019. 160
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General Introduction

1. General Introduction

1.1. Soils in times of global climate change

Soils inhere a key role in the global ecosystem. They are centered in the critical zone, which is defined as
the zone from groundwater to the top of the canopy (Brooks et al., 2015; Field et al., 2015). Beyond that,
soils serve as a link between atmosphere, hydrosphere, lithosphere, and biosphere (Lal et al., 1997),
connected by multiple comprehensive processes as shown in Fig. 1.1a. Globally, they harbor of up to 2500
Pg C as organic C (OC) in the top 3 m of soil (Batjes, 1996; Jobbagy and Jackson, 2000), which is more
than the combined pools of vegetation C (~610 Pg) and atmospheric C (750 Pg) (Schimel, 1995) and
clearly demonstrates the outstanding function of soils as C reservoirs. Thus, global carbon cycling, with
the pedosphere in its center, can be displayed analogously to the ecosphere framework from Fig. 1.1a (Fig.
1.1b; Lal, 2014). The OC in the soil organic layer and the mineral horizons represent up to 50 % of the
organic matter (OM) in soil (Blume et al., 2016). While many environmental studies focus on the climate
change-relevant and directly measurable OC (e.g. Jobbagy and Jackson, 2000; Paustian et al., 2016), both
terms, organic matter and carbon, are used in this thesis for presenting measurement results (OC) and for

discussing OM as an entity.

(a) Ecosphere (b)
Atmosphere
Q temperature
Q precipitation
Atlnosphere Q wind current

A

respiration

gaseous emissions
energy exchange

Hydrosphere

O blue water
Q green water
Q gray water

Pedosphere

Q humification
O mineralization
Q aggregation
Q illuviation

Biosphere

C input

Q photosynthesis
O respiration
Q elemental cycling

elemeptal cycling

Biosphere Pedosphere Hydrosphere

soil flora & fauna

transformation

gastous emissions
energy exchange

Lithosphere
QO weathering
Q volcanism
QO metamorphism

Lithosphere

Fig. 1.1 Framework and connecting processes of atmosphere, hydrosphere, lithosphere, biosphere, and pedosphere
within the ecosphere, modified from Lal et al. (1997), is shown in (a). Carbon cycling and connecting processes
within the ecosphere, modified from Lal (2014), is shown in (b).
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With regard to the omnipresent debates about climate change and greenhouse gas emissions (e.g. Althor et
al., 2016; Paustian et al., 2016), interactions between pedosphere, atmosphere, and biosphere appear to be
of special interest, either negatively due to the release of greenhouse gases like CO, and CH. from soils to
the atmosphere (respiration, Fig. 1.1b), or positively due to preservation of biologically fixed carbon
removed from the atmosphere (C input, Fig. 1.1b; Keenan and Williams, 2018) to name just a few.

1.2. Subsoils — the neglected part in soil science

In past research most studies focused on topsoils in forest and grassland ecosystems (e.g. Baisden et al.,
2002; Schoning and Koégel-Knabner, 2006; Crow et al., 2009; Robertson et al., 2019), or down to the
ploughing depth in arable soils (e.g. Lugato et al., 2014; Poeplau and Don, 2015). And this is legit as
roots, microorganisms, and organic matter are often concentrated in topsoil horizons compared to
frequently depleted subsoils (Kandeler et al., 2005; Fontaine et al., 2007; Heinze et al., 2018). However,
subsoils exhibit a huge C pool due to their thickness. Considering the upper 200 cm of soils, only about 30
% of OC is located in the top 30 cm (Batjes, 1996), which are typically topsoil horizons depending on the
soil type. The other 70 % of OC are present in subsoils, 39 % even in deep mineral subsoils of 100-200 cm
depth (Batjes, 1996). Therefore, it is evident that the dynamic and processes affecting subsoil C deserve a
similar research attention.

Because OC concentrations are small, sufficient undersaturated mineral surfaces are theoretically
available for further retention and stabilization (Guggenberger and Kaiser, 2003). This highlights subsoils
as potential future sinks for atmospheric C (Lavania and Lavania, 2009; Lorenz et al., 2011), meeting their
C sink function and thus take part in mitigating anthropogenic climate change. But it is not adequately

evaluated if these theoretical capacities are exploitable under natural conditions.

1.3. Soil organic matter as a heterogeneous carbon pool
Organic matter in soil is a heterogeneous mixture of all kind of organic molecules, ranging from the
simplest sugar or organic acid to the complex structures of lignin and suberin (Kdgel-Knabner, 2002). It
largely originates from the vegetation and its photosynthesis, but can directly derive from a variety of
sources, including litter, root exudates and dead roots, microorganisms, the parent material, or
sedimentation (Fig. 1.1b).

Soil organic matter (SOM) can be divided into different fractions, which differ in size, composition,
degree of degradation, and their function (Wander, 2004). Fragments of aboveground leaves and branches
or belowground roots are summarized as particulate OM (POM; Cerli et al., 2012). Particulate OM is

primarily fragmented into small pieces with a low degree of decomposition and thus the composition
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resembles its source (Cerli et al., 2012). This type of POM typically exists unattached in the mineral soil
matrix and is referred to as free POM (fPOM; Golchin et al., 1994). The fPOM fraction is generally prone
to microbial decomposition due to a lack of physical protection, thus representing an easily available
substrate for soil microorganisms and is in this context considered rather active (Schrumpf et al., 2013;
Lajtha et al., 2014b). A result of this microbial activity is a further fragmentation into much smaller
organic particles. Albeit still in a particulate form, they exhibit partial microbial alteration (Golchin et al.,
1994). The small size enables this fraction for example to take part in new aggregate formation or to reach
the pore space of soil aggregates. Such physical protection makes them temporarily inaccessible for
further microbial decomposition (von Litzow et al., 2006). Hence, occluded POM (0POM) has a longer
residence time compared to fPOM (Wagai et al., 2009). However, decomposition will resume after
aggregate breakdown.

Apart from particulate fractions, the predominant part of SOM is associated with the mineral phase
(Crow et al., 2007; Schrumpf et al., 2013). This fraction is facilitated by dissolved organic compounds,
including dissolved organic matter (DOM) like forest floor leachates (Michalzik et al., 2001; Froberg et
al., 2003), microbial residues and metabolites (Kalbitz et al., 2000; Cotrufo et al., 2013; Sokol et al.,
2019), and root exudates (Zsolnay et al., 1999). Sorption of these dissolved compounds to mineral
surfaces leads to the formation of mineral-associated organic matter (MAOM) in soil (Kaiser and
Guggenberger, 2000; Mikutta et al., 2019; Sokol et al., 2019). Organic matter associated with minerals is
generally better protected when compared to POM (Schrumpf et al., 2013). Kalbitz and Kaiser (2008)
even stated that sorption of OM to reactive minerals like goethite, ferrihydrite, or amorphous Al
hydroxides can inhibit mineralization of sorbed OM almost completely. Decomposition of MAOM
primarily takes place upon desorption of the mineral protected OM (Mikutta et al., 2007). Thus, the level
of protection against desorption and microbial consumption depends on the strength and amount of bonds
between OM and mineral surface (Kalbitz et al., 2005; Mikutta et al., 2007). This, in return, is given by
the mineral type and the DOM composition (Mikutta et al., 2007).

The three common functional OM fractions can be complemented by a fraction which describes the
mobile part of SOM (= DOM). Organic matter in the percolating soil solution may represent the smallest
of the four fractions and in the total SOM pool (Chantigny, 2003), but it should be considered as equally
important. The mobile fraction connects POM and MAOM fractions through the soil profile, thereby
mediating the distribution of OM in the soil profile. For a given site, percolating DOM can be responsible
for up to half of the total SOM pool (Kalbitz and Kaiser, 2008). However, while in the soil solution, DOM
is exposed to its consumers and a large part is considered to be potentially microbially degradable (Kalbitz
et al., 2000; Kalbitz and Kaiser, 2008). Certainly, this is related to the composition of DOM, as especially
microbial-derived compounds were found to feature an intrinsic stability towards further degradation
(Marschner and Kalbitz, 2003).
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1.4. Organic matter dynamics — A cascade of input, transformation, and output

Dividing SOM into fractions with different functionality in soil (section 1.3) provides insights into the
dynamic of OM in soil. Pathways of organic matter into soils, especially subsoils, are multifaceted and can
be ascribed to four major input paths: (1) bioturbations, (2) root exudation, (3) root biomass, and (4) DOM
movement (Rumpel and Kodgel-Knabner, 2011; Fig. 1.2). Aboveground inputs derive from the surface
litter. Activity of meso- and macrofauna, e.g. burial, translocate POM from the organic layer to the
mineral soil (Wilkinson et al., 2009). Such bioturbations (1) translocate particularly plant-derived POM
into the upper part of forest soil profiles, where it contributes considerably to SOM (Kaiser et al., 2002;
Schrumpf et al., 2013). In greater soil depth, POM mainly derives from necrotic roots (root biomass), but
POM contributions to subsoil SOM are only minor (Kaiser et al., 2002; Angst et al., 2018). A number of
long-term litter manipulation studies investigated the role of the litter layer for OC inputs to the mineral
soil. Despite varying locations and forest stands, the similar approach of plots with doubled litter and
exclusion of litter uniformly showed that an increase in litter material did not result in a concomitant
increase in SOM whereas exclusion of litter induced significant loss of soil OC (SOC) within decades
(e.g. Bowden et al., 2014; Fekete et al., 2014; Lajtha et al., 2014a). Consequently, litter-derived OM can
be considered as a source of the actively cycling C in the upper mineral soil (Crow et al., 2009; Bowden et
al., 2014; Angst et al., 2016).

The contribution of roots (exudation (2) and biomass (3)) is controversially discussed. On the one
side, previous publications give evidence that SOM is to a large extent root-derived due to a slow turnover
and effective protection in soil (Rasse et al., 2005; Clemmensen et al., 2013; Angst et al., 2018). But on
the other side, rhizosphere priming was found to be able to greatly enhance SOM decomposition (Dijkstra
and Cheng, 2007), while root exudation can remove the mineral protection of MAOM thereby enhancing
microbial decomposition (Keiluweit et al., 2015). Therefore, it seems evident that a field approach with
exclusion of roots had less significant impact on SOC losses in a deciduous forest compared to litter
exclusion (Lajtha et al., 2014b).

Movement of DOM (4) illustrates another major input path, which can contribute up to 50 % to the
buildup of SOM in forest soils (Kalbitz and Kaiser, 2008). A substantial part of DOM originates from the
recent litter layer (Froberg et al., 2005) but the majority is lost during passage through the organic layer by
sorption and mineralization (Froberg et al., 2005, 2007; Fig. 1.2). Dissolved OM entering the mineral soil
largely originate from altered OM of the Oe and Oa horizons (Fréberg et al., 2003; Hagedorn et al., 2004),
and is predominantly plant-derived (Fig. 1.2). Dissolved organic carbon (DOC) concentrations in the soil
solution entering temperate forest mineral topsoils were reported to vary between 30-80 mg L, which
correspond to fluxes of 10-40 g m? yr* (Fréberg et al., 2006; Michalzik et al., 2001).
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Fig. 1.2 Schematic illustration of sources, inputs, and translocation of organic matter (OM) in individual functional
OM fractions in the soil profile during downward cycling with inspirations from Kaiser and Kalbitz (2012), Mikutta
et al. (2019), Sokol et al. (2019), and Lehmann et al. (2020). Several processes are included in OM cycling in soil.
Litter-derived OM predominantly enters the soil via particulate organic matter (POM) bioturbations (1) and
dissolved organic matter (DOM) leaching (2). In soil, the free POM particles (fPOM) can be occluded by soil
particles (0POM; 3). Belowground OM sources are roots, which contribute either to the POM fractions by decay of
dead roots (4) or to DOM due to root exudation (5). Dissolved OM in the soil solution is continuously interacting
with the mineral matrix. Those interactions include sorption of DOM compounds to mineral surfaces — potentially by
exchange/displacement of older inherent soil OM (SOM; 6), microbial processing of sorbed SOM and DOM (7), and
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consequently desorption and dissolution of microbial metabolites and altered SOM (8). Organic matter undergoes
multiple sorption, microbial processing, desorption cycles while migrating down the soil profile (Kaiser and Kalbitz,
2012). Such interactions affect the amount and the composition of DOM with increasing soil depth, from a plant-
derived signature (DOMpiant) in the upper parts of the soil profile towards a microbial-derived signature (DOMwicro)
in the deeper parts of the soil profile (right hand side of the figure). Small DOM fluxes in the deep subsoil including
mainly processed, microbial-derived organic compounds leaves it uncertain to which extent stable mineral-associated
OM (MAOM) formation (9) is taking place under natural conditions.

When entering the mineral soil, complex organic compounds, e.g. hydrophobic lignin-derived phenols
with a high affinity to mineral surfaces, are strongly retained by the mineral matrix (Kaiser and
Guggenberger, 2000; Kaiser et al., 2004). In contrast, the carbohydrate-rich hydrophilic part of DOM
remains in solution (Kaiser et al., 2004). Since most mineral surfaces are already occupied in forest
topsoils, sorption of high affinity DOM is coupled to displacement of less strongly bound OM (Mikutta et
al., 2019). The DOM fraction is frequently affected by abiotic processes like component fractionation
during sorption and exchange (“sorptive fractionation”; Kaiser et al., 1996; Mikutta et al., 2007) and
hysteresis effects during desorption (Mikutta et al., 2007; Saidy et al., 2013) while migrating down the soil
profile. From the biotic perspective, sorbed OM is better protected against microbial processing compared
to OM in solution (Kalbitz and Kaiser, 2008), however microbial mineralization and transformation of
MAOM is slowed down but not interrupted completely (Kalbitz et al., 2005). Products of such
biodegradation are either directly released to the soil solution or remain mineral-associated but likely more
easily desorbable/exchangeable then before (Kaiser and Kalbitz, 2012). Another major product of the
microbial consumption is CO,, which is released to the atmosphere and thus lost for further stabilization in
soil. With increasing soil depth, the soil solution has substantially smaller DOC concentrations, with 0-47
mg L in the upper subsoil of about 20-50 ¢cm to 0-36 mg L™ in the deeper subsoil in 70-150 cm
(Michalzik et al., 2001; Kindler et al., 2011; Leinemann et al., 2016) and its composition shifts from a
plant-derived signature towards a microbial-derived signature (Kaiser and Kalbitz, 2012; Roth et al., 2019;
Fig. 1.2). Carbon fluxes into the upper subsoil of 20-50 cm were recorded to about 0-9 g m2 yr?, whereas
only 0-3 g m2 yr? reaches the deeper subsoil in 90-150 cm soil depth (Michalzik et al., 2001; Leinemann
et al., 2016). Since DOM movement has a determining influence on SOM distribution in the whole soil
profile, the composition of SOM changes accordingly with increasing soil depth (Kaiser and Kalbitz,
2012). Individual observations of several previous studies suggest that DOM undergoes a sequence of
repeating sorption, microbial processing, and desorption cycles, combined in the recently postulated
conceptual model or “cascade model” by Kaiser and Kalbitz (2012), albeit comprehensive field evidence
is still missing. It should be noted that the model does not cover the transportation of DOM in preferential
flow paths (Kaiser and Kalbitz, 2012). Preferential flow in macropores or old root channels (biopores)
appears to be much faster than matrix flow, which results in fewer interactions between DOM and mineral

surfaces (Hagedorn et al., 2015; Leinemann et al., 2016) and can be of relevance in high leaching forest
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ecosystems. DO C concentrations showed that DOM is much younger than SOM especially in subsoils,
contradicting the conceptual model and suggesting that DOM mainly originates from fresh sources (Don
and Schulze, 2008). The authors concluded that DOM has little connection to the SOM pool apart from its
flow paths. However, preferential flow paths are assumed to be relatively stable and can persist over years
(Hagedorn and Bundt, 2002). Consequently, annual DOC fluxes to the subsoil in these flow paths are
likely larger and comprise a larger share of complex organic compounds compared to matrix flow DOM,
while fluxes and composition particularly depends on the flow velocity.

Cycling of DOM and SOM continues until reaching the aquifer. Export of DOC from temperate
forest soils to the groundwater was reported to be in the range of 2.7-3.7 g m?2 yr (Evans et al., 2020).
However, the contribution of aboveground C inputs to the C cycling in the deep mineral subsoil remains

understudied, thereby the dynamic of preferential and matrix flow deserves more attention.

1.5. Preservation and persistence of soil organic matter

The difference between C inputs and C outputs defines the retention of OC in soils, whereby more inputs
than outputs denote a (C) sink and vice versa a (C) source. Thus, a key factor in the preservation of SOM
is the level of stabilization against microbial decomposition, thereby prolonging its turnover. Stabilization
of organic matter in soil can be achieved by several mechanisms, including selective preservation (1),
spatial inaccessibility (2), and interactions with mineral surfaces (3) (Guggenberger and Kaiser, 2003; von
Litzow et al., 2006). But selective preservation in terms of recalcitrance was recently questioned (Mikutta
et al., 2006; Marschner et al., 2008), with reference to the formation of MAOM as the most important
mechanism. Spatial inaccessibility refers to occlusion of OM in larger aggregates, which was found to
considerably prolong the turnover (von Litzow et al., 2006; Schrumpf et al., 2013). However, the majority
of SOM is in most cases found in the MAOM fraction (Crow et al., 2009; Schrumpf et al., 2013). It is
estimated that currently about a quarter of the global SOC is retained by reactive Fe- and Al-bearing
minerals alone (Kramer and Chadwick, 2018).

Most efficient ways of OM stabilization combine multiple mechanisms. For example, sorptive
fractionation (see section 1.4.) connects selective preservation (in terms of selective sorption not
recalcitrance) to the interactions with mineral surfaces (Mikutta et al., 2006). Sorption of OM into small
pores or at the mouth of micropores (Kaiser and Guggenberger, 2003) connects mineral fixation to spatial
inaccessibility for microorganisms, and likely also include selective preservation due to a preferential
sorption of compounds able to form multiple attachments (Kaiser and Guggenberger, 2003). It was
estimated that SOM stabilized as MAOM has an up to 10 times larger mean residence time in soils

compared to “free” SOM with no mineral association (Tipping et al., 2012).
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At present, forest soils are assumed to be close to an equilibrium state of OM inputs and outputs
(Guggenberger and Kaiser, 2003), thereby maintaining their current C reservoir. Topsoils were attested to
be close to C saturation (Wiesmeier et al., 2014; Mikutta et al., 2019). Hence, continuous OM inputs into
the topsoil and a passing of comparably small outputs to the subsoil require a highly dynamic cycling and
a fast turnover of topsoil OM (Tipping et al., 2012; Schrumpf et al., 2013). Young/modern ages further
illustrate short residence times of topsoil SOM (Rumpel et al., 2012). There is a strong correlation
between the age of organic matter and soil depth (Rumpel et al., 2012), which can be explained by OM
passing through multiple sorption, microbial processing, desorption cycles until reaching a certain soil
depth (Kaiser and Kalbitz, 2012). Accordingly, high **C ages up to millennia were observed for subsoil
SOM (Fontaine et al., 2007; Rumpel et al., 2012). The compositional change with depth may further
benefit the prolonged turnover in subsoils. Cotrufo et al. (2013) introduced the MEMS framework,
suggesting that microbial decomposition converts labile plant-derived OM into stable microbial-derived
SOM. For example, plant-derived carbohydrates in DOM are easily available for microorganisms,
whereas microbial-derived carbohydrates in DOM can be relatively stable (Kalbitz and Kaiser, 2008). In
addition, subsoil SOM often exists spatially separated from its decomposers (Schmidt et al., 2011;
Lehmann et al., 2020), concentrating decomposition to microbial hotspots (Kuzyakov and Blagodatskaya,
2015; Leinemann et al., 2018). But until now, dominating processes in subsoil OC preservation are not
fully understood, and the question remains if additional C inputs into forest subsoils can persist for

decades and centuries.

1.6. Importance of forest ecosystems as carbon sinks
Worldwide, forests cover an area of about 40 million km? which account for 30 % of the global terrestrial
area (MacDicken et al., 2015). Temperate forests represent the third biggest part, following boreal and
tropical/subtropical forests, and are characterized by the second strongest human footprint (Watson et al.,
2018). Moreover, OC stored in temperate forest soils is considered as highly sensitive since mineral-
retained OC is responsive to changes in effective soil moisture and thus to future climate change (Kramer
and Chadwick, 2018). On the other side, it is expected that a climate change induced greening of the
vegetation will particularly promote the growth of young forests < 140 yrs (McDowell et al., 2020),
thereby positively influencing net primary production and C inputs to soils (Pan et al., 2011; Liu et al.,
2015). However, more extreme weather events such as droughts and storms may offset the increasing
productivity (Lindner et al., 2010) whilst promoting C inputs to soil through dead biomass as well
(Anderegg et al., 2020).

Globally, forest ecosystems are currently considered as C sinks (Luyssaert et al., 2008), in line with

findings from European forests (Schils et al., 2008; Luyssaert et al., 2010). Mineral topsoils in German
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forests for example showed an average increase of the OC stock of about 0.4 Mg C ha? yr?! between
1987/1993 and 2006/2008 (Griineberg et al., 2014). Nave et al. (2018) further estimated that re-forestation
could result in retention of additional 2 Pg of C in US topsoils within a century. Consequences of
increasing C inputs into forest soils, either as a natural consequence of climate change (e.g. greening) or as
a human induced measure to mitigate climate change by increasing C sequestration in soils (Paustian et
al., 2016), are controversially discussed. While some reported on potentials of soils as future C sinks,
others observed that OM additions to forest soils increased microbial respiration rates to the same extent
(Sulzman et al., 2005; Phillips et al., 2012). Moreover, additions of such labile OM can induce priming in
deep subsoil horizons, activating microorganisms to decompose old stabilized OM (Fontaine et al., 2007
Bernal et al., 2016). Hence, more research is needed to evaluate the function of forest soils as sink or
source of C under current field conditions and in scenarios of increasing C inputs with particular focus on

its fate in the subsoil.

1.7. Rationale and objectives

Understanding the global C dynamics require an understanding of the subsoils to the same extent as
topsoils (Salomé et al., 2010). But subsoils were largely underrepresented in past research and processes
are not well understood (Rumpel and Kdgel-Knabner, 2011; Schmidt et al., 2011; Simo et al., 2019).

While sources and paths of OM in subsoils are principally known (Rumpel and Kdgel-Knabner,
2011), there is no consensus about their relevance. The conceptual model by Kaiser and Kalbitz (2012)
includes the interacting DOM and SOM dynamics from the aboveground litter layer to the aquifer and is
supported by laboratory experiments (e.g. Leinemann et al., 2018) and in parts by field approaches
(Hagedorn et al., 2015; Roth et al., 2019). Rothstein et al. (2018) determined litter C inputs in a forest
subsoil down to 60 cm depth, but they were not able to quantify and differentiate between illuvial DOM
and root-derived OM as subsoil C sources and ultimately tracked podsolization in their soil profiles. There
is a lack of comprehensive field experiments for the conceptual model with the use of stable isotopes in
order to determine sources and fluxes of the translocated OM. Apart from that, there are no field studies
available which examine the contribution of aboveground litter to the subsoil C cycling below 50-60 cm
soil depth. In addition, the stability of newly formed SOM in subsoils has not been determined by in-situ
field experiments so far.

Subsoils are generally accepted as an OM stabilizing environment, but reasons for stability of SOM
are still under discussion. As emphasized in sections 1.3. to 1.5., this includes Mikutta et al. (2019), Roth
et al. (2019), and Lehmann et al. (2020). Additionally, in a recent compilation of > 400 laboratory sorption
experiments, Abramoff et al. (2021) reported on a larger global DOC sorption potential of subsoils over

topsoils. Nevertheless, soil monitoring approaches showed that there is considerable input of OC into
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subsoils (Michalzik et al., 2001; Leinemann et al., 2016), but SOC concentrations are often observed to be
relatively small (Schoning and Kdgel-Knabner, 2006; Bowden et al., 2014). This seems contradictory,
since considerable capacities for OM sorption were attested to subsoils in the past (Lorenz et al., 2011). In
this context, the assumption of stabilizing additional OM in subsoils needs to be critically reviewed.

The overarching goal of this thesis was therefore to evaluate the fate of aboveground litter and its
contribution to the formation of SOM in temperate forest soils and specifically to subsoils. Hence, a first
objective was to quantify the inputs of litter-derived C to top- and subsoil OC stocks. Further emphasis
was on the stability of such newly formed SOM in different functional OM fractions, particularly
translocated via the DOC pathway and associated with reactive soil minerals. Moreover, this thesis aimed
at providing field insights for the role of forest subsoils as potential contributor to climate change

mitigation.

1.8. Hypotheses
To achieve these objectives, the following hypotheses were tested, addressing the fate of litter-derived C

inputs during downward cycling:

H1 The majority of aboveground inputs does not reach the subsoil due to retention in the topsoil
alongside microbial utilization, thus only a small share of aboveground inputs enters deeper parts
of the soil profile after a considerable time lag as a succession of passing through several cascade
cycles before. With the translocation of organic matter through the soil profile and its concurrent
microbial processing there is a shift in the composition of DOM and SOM from a plant-derived

signature to a microbial-derived signature.

H2 Organic matter inputs and movement through the soil profile is predominantly controlled by DOM

flux, enhanced by stable preferential flow paths depending on soil texture.

H3 The overall capability to retain OM is higher in subsoils due to a high availability of sorption sites

compared to topsoils with largely occupied mineral surfaces.

H4 Organic matter actually retained in subsoils is highly stable, especially when compared to topsoil
OM, as a result of more interactions with mineral surfaces and a reduced availability for the

microbial community.
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In order to verify these hypotheses three studies were conducted to test them in the following way:

Relevance of aboveground litter for soil organic matter formation — a soil profile perspective
Study | was conducted to quantify the contributions of aboveground litter to the SOM pool in a
soil profile down to 180 cm depth, thus testing H1. Separation of functionally different OM
fractions at two time points was done in order to assess the stability of fresh litter-derived OM
inputs depending on their level of protection, thus contributing to H4.

In the Grinderwald beech forest, the natural litter layer on top of the subsoil observatories
(e.g. Leinemann et al., 2016) was exchanged with 3C-enriched litter. After 22 months of field
exposure, residues of *C-enriched litter were removed and the natural litter layer was re-
established. Soil cores down to 180 cm, taken at re-establishment and 18 months later, were
separated into different density fractions (MAOM, fPOM, oPOM) and water-extractable OM and

analyzed for litter-derived **C.

Fate and stability of dissolved organic carbon in topsoils and subsoils under beech forests
Study Il aimed at evaluating sorption of *C-enriched leaf litter leachates (= DOM) in top- and
subsoils of undisturbed field profiles at three beech forest locations. Due to variations in parent
material, the effects of soil texture and available mineral surfaces on translocation and sorption of
percolating DOM was investigated, thus contributing to H2 and H3. Sampling at two time points
and subsequent laboratory incubation experiments provided insights into the stability of recently
sorbed DOM, thus contributing to H4.

Besides the experimental setup of study | and Ill, another field approach involved the
injection of *C-enriched DOM solution into undisturbed topsoils (in 10 cm soil depth) and
subsoils (in 30/50 cm upper subsoil and 60/100 cm deeper subsoil). Three and 17 months after
injection, soil cores were sampled up to 100 cm below the injection depth and samples were
analyzed for DOM-derived *C. In the laboratory, incubation experiments with a duration of 103
days at 20°C were conducted and mineralization of both, native SOM and fresh DOM-derived

SOM, was determined by **CO, measurements at 5 time points.

Biogeochemical constraints limit carbon storage in forest subsoils
Study Il integrated a variety of laboratory and field experiments in order to yield a
comprehensive picture of litter-derived C cycling and stabilization by the mineral phase. Since a
variety of experiments were incorporated, this study contributes to all hypotheses H1-4.

The unique field setup at the Grinderwald study site, consisting of three subsoil observatories,

made it possible to sample soil solution and soil air down to a depth of 150 cm, thereby
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monitoring fluxes of DOC and CO- through the soil profile and relate them to C pools. The
extensive use of *C-enriched leaf litter on top of the observatory areas allowed quantification of
litter-derived C fluxes within top- and subsoils. Soil cores taken at re-establishment (see Study 1)
completed the major C pools. Further, an in-situ incubation experiment of *C-coated minerals
(MAOM burial experiment) specifically examined sorption, exchange, and desorption processes
of two major acceptors of OM in soil, clay minerals and Fe oxyhydroxides. Field approaches were
complemented by laboratory batch sorption and desorption experiments in order to compare the
theoretically possible (laboratory) and the actually occurring (field) interactions between OM and
the mineral phase.
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Abstract. In contrast to mineral topsoils, in subsoils the origin and processes leading to the formation and
stabilization of organic matter (OM) are still not well known. This study addresses the fate of litter-
derived carbon (C) in whole soil profiles with regard to the conceptual cascade model, which proposes
that OM formation in subsoils is linked to sorption-microbial processing-remobilization cycles during the
downward migration of dissolved organic carbon (DOC). Our main objectives were to quantify the
contribution of recent litter to subsoil C stocks via DOC translocation and to evaluate the stability of litter-
derived OM in different functional OM fractions.

A plot-scale stable isotope-labeling experiment was conducted in a temperate beech forest by
replacing the natural litter layer with *C enriched litter on an area of 20 m? above a Dystric Cambisol.
After 22 months of field exposure, the labeled litter was replaced again by natural litter and soil cores
were drilled down to 180 cm soil depth. Water extraction and density fractionation were combined with
stable isotope measurements in order to link the fluxes of recent litter-derived C to its allocation into
different functional OM fractions. A second sampling was conducted 18 months later to further account
for the stability of translocated young litter-derived C.

Almost no litter-derived particulate OM (POM) entered the subsoil, suggesting root biomass as the
major source of subsoil POM. The contribution of aboveground litter to the formation of mineral-
associated OM (MAOM) in topsoils (0-10 cm) was 1.88 + 0.83 g C m? and decreased to 0.69+ 0.19 g C
m2 in the upper subsoil (10-50 cm) and 0.01 + 0.02 g C m2 in the deep subsoil > 100 cm soil depth during
the 22 months. This finding suggests a subordinate importance of recent litter layer inputs via DOC
translocation to subsoil C stocks, and implies that most of the OM in the subsoil is of older age. Smaller
losses of litter-derived C within MAOM of about 66 % compared to POM (77-89 %) over 18 months
indicate that recent carbon can be stabilized by interaction with mineral surfaces; although the overall
stabilization in the sandy study soils is limited. Our isotope-labeling approach supports the concept of OM
undergoing a sequence of cycles of sorption, microbial processing, and desorption while migrating down a

soil profile, which needs to be considered in models of soil OM formation and subsoil C cycling.
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1 Introduction

The capability of soils to incorporate and preserve large quantities of organic matter (OM) is a key
function in the global carbon (C) cycle (Wiesmeier et al., 2019). While in the past most studies on carbon
inventories focused on topsoils, only some of the recent research also expands to subsoil environments
(Fontaine et al., 2007; Salomé et al., 2010; Bernal et al., 2016), considering that a significant proportion of
soil OM (SOM) is stored in subsoil horizons (Batjes, 1996; Jobbagy and Jackson, 2000). In forest
ecosystems, major pathways of OM to enter subsoils are rhizodeposition, root exudation and dissolved
organic matter (DOM) leached from the horizons above (Wilkinson et al., 2009; Rumpel and Kdgel-
Knabner, 2011; Kaiser and Kalbitz, 2012). Dissolved organic matter was estimated to contribute about 19
to 50 % to the total mineral soil C stock in forest soils (Kalbitz and Kaiser, 2008; Sanderman and
Amundson, 2008) and is considered a main source of subsoil OM in temperate forest soils (Kaiser and
Guggenberger, 2000), next to belowground inputs (Nadelhoffer and Raich, 1992; Majdi, 2001). Further,
its high affinity towards reactive mineral phases, thus forming mineral-associated OM (MAOM) makes
DOM an important contributor to stabilized SOM (Scheel et al., 2007; Leinemann et al., 2016).

Kaiser and Kalbitz (2012) described the interaction of OM with minerals as a sequence of processes
including DOM sorption, microbial processing, and desorption, often referred to as the “cascade model”.
This model not only accounts for changes in dissolved organic carbon (DOC) concentration and
bioavailability with depth but also considers the depth-dependent changes in the *C age of SOM
(Trumbore et al., 1992) and in DOM and SOM composition from plant-derived towards microbial-derived
OM, as was found in e.g., forest soils (Guggenberger and Zech, 1994; Kaiser et al., 2004). The cascade
model also points at a microbial impact on exchange reactions of OM at mineral surfaces, which has been
recently confirmed in a laboratory percolation experiment (Leinemann et al., 2018). Modern “C ages of
MAOM in mineral topsoil horizons, where most sorption sites are likely already occupied, also suggest
such exchange of OM (Angst et al., 2018). Increasing OM degradation and transformation with soil depth
often result in changes in the stable isotopic composition of SOM. In most soils, §*3C values increase with
soil depth, which is related to the isotopic discrimination of the heavier C isotopes during microbial
respiration (Nadelhoffer and Fry, 1988; Balesdent et al., 1993; van Dam et al., 1997) or a shift in the
fungal to bacterial ratio in favor of the more *3C-enriched bacteria (Kohl et al., 2015). This depth trend can
also reflect a translocation of relatively *3C-enriched OM to greater depth due to preferential sorption of
the &%C-depleted carboxylated lignin degradation products via multiple sorption-decomposition-
desorption steps (Kaiser et al., 2001). On the other hand, Rumpel et al. (2012) questioned the slow
turnover of subsoil OM, since DOC and root exudate fluxes can substantially increase the subsoil C pool

within decades, a view which is in contrast to the frequently high *4C ages of subsoil OM.
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While the qualitative aspects of subsoil C cycling with respect to possible OM sources and processes are
known, e.g., as summarized by Schmidt et al. (2011) and Rumpel et al. (2012), this does not refer to the
controlling mechanisms and the turnover of the different subsoil C fractions. Assessment of OM turnover
in the subsoil under real conditions still remains a major challenge, as it has to involve analysis of the
different C sources (plant-derived versus microbial-derived) and the quantification of respective inputs
and outputs. In order to quantify individual C fractions and fluxes, isotope labeling, e.g. using **C- or *C-
enriched litter material, has been proven to be a very powerful tool (Bird et al., 2008; Moore-Kucera and
Dick, 2008; Kramer et al., 2010). Extensive retention of DOC in topsoil horizons has been documented for
field-exposed mesocosms (Froberg et al. 2009) or in field approaches (Kammer et al. 2012). Yet, to the
best of our knowledge, there are no field studies available that employed stable isotope tracing to estimate
the contribution of recent aboveground litter to subsoil C cycling. Additionally, the role of recent litter-
derived DOM in the formation of MAOM in the soil profile has not been quantified so far, nor has the
biological stability of this newly incorporated OM been determined.

This study therefore addresses the fate of litter-derived C in the subsoil with regard to the
conceptual cascade model (Kaiser and Kalbitz, 2012) under field conditions. Specifically, we aim to
answer the following questions.

1. Does recent aboveground litter significantly contribute to the accumulation of OM in subsoils?
2. Is OM transferred into the subsoil directly via the DOM pathway or is subsoil OM the result of
repeated sorption-microbial processing-desorption cycles?
3. To what extent is recent aboveground litter-derived C sorbed to soil minerals and does this
fraction represent a source of stable SOM?
To quantify the contribution of recent litter to subsoil C stocks via DOM movement and evaluate the
stability of litter-derived SOM, we carried out a **C-labeling experiment, where the natural litter layer on a
Dystric Cambisol underneath European beech was replaced by a **C-enriched leaf litter. The contribution
of litter to subsoil OM was assessed by §'°C analysis in soil cores down to 180 cm soil depth sampled 22
and 40 months after field labeling. The labeled litter was changed back to unlabeled litter before sampling
of the first cores, allowing an indication of exchange processes of labeled C in the soil in the subsequent
18 months. Soil density fractionation was used to assess the contribution of young DOM to the formation
of MAOM and to differentiate between particulate and dissolved pathways in the contribution of litter-
derived C to subsoil OM.
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2 Materials and methods
2.1 Site description

The field experiment was carried out in the Grinderwald beech forest (Fagus sylvatica), 40 km north of
Hanover, Germany (52°34°22”’ N, 9°18°49”" E), comprising a stand age of 103 years. The common soil
type in the research area is a Dystric Cambisol (IUSS Working Group WRB, 2014), which developed
from periglacial fluviatile sandy deposits. The mean annual temperature is 9.7°C, and the mean annual
precipitation is 762 mm (Deutscher Wetterdienst, Nienburg, 1981-2010). Selected soil properties of the
Grinderwald sites are given in Table 1. More detailed site descriptions can be found in Angst et al. (2016)
and Bachmann et al. (2016).

Table 1 Selected soil properties given as the mean of all three sites (n = 3) and standard deviation in brackets (data
adapted from Leinemann et al. (2016)).

Horizon Depth oc? TN* pH Clay Silt Sand
WRBY/
KAB? [em]  [mgg®] [mgg”] [CaCl] oo Mg g7l -
15.18 0.59 3.2 19 282 699
AE/Ahe 0-10
(1.72) (0.06) (0.2) (3) (56) (57)
9.59 0.41 3.5 27 307 666
Bsw/Bsv 10-23
(2.52) (0.09) (0.4) (11) (81) (90)
4.65 0.26 3.9 26 332 642
Bw/Bv 23-67
(1.96) (0.04) (0.1) (4) (99) (103)
1.07 0.08 3.9 29 255 716
C/Cv 67-99
(0.46) (0.02) (0.2) @) (41) (47)
0.34 0.07 4.1 21 87 891
2C/lICv 99-138
(0.11) (0.09) (0.1) (14) (55) (66)
1.05 0.10 4.0 32 268 700
3C/lIlICv  138-175
(0.11) (0.11) (0.3) (44) (422) (466)
0.29 0.03 3.9 19 58 923
4C/IVCv 175+
(0.14) (0.04) (0.2) (6) (8) (14)

Taccording to IUSS Working Group WRB (2014)

2according to German soil classification (Ad-hoc-Arbeitsgruppe Boden, 2005)
3 Organic carbon (OC)

4 Total nitrogen (TN)
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2.2 Experimental setup

The study site Grinderwald includes three soil observatories on which *C-labeled beech litter was applied
(Leinemann et al., 2016; Wordell-Dietrich et al., 2019); hereafter referred to as plots 1 to 3. Each plot was
divided in two compartments of 6.57 m? each. One compartment was labeled with *C-enriched litter and
the other remained unlabeled as a control. The experiment started in January 2015. For the labeling, the
natural litter layer was removed manually and replaced by an equivalent amount of 275 g **C-enriched
beech litter per square meter representing a typical input of beech litter in Germany (Meier et al., 2005).
Labeled litter was prepared as a mixture of highly labeled beech litter (10 atom-% uniformly labeled due
to growth under *CO-enriched atmosphere in a greenhouse, IsoLife, Wageningen, the Netherlands) and
beech litter, which resulted in a final 3C-enrichment of 1241 to 1880 %o (Wordell-Dietrich et al., 2019). A
net (2 cm mesh size) was installed on top of the litter layer to, first, prevent surface translocation by wind,
and, second, avoid dilution of the labeled litter over time by the seasonally fallen litter. The labeled litter
stayed in the field for 22 months. In November 2016, the labeled litter was removed manually and
amounted to an average of about 405 g m per plot. We thus removed more litter than we initially applied
due to incorporation of small leaf debris and beechnut shells during the 22 months. About 25 % of the
removed litter were residues of the applied labeled litter. A total of about 36-40 % of the initially applied
labeled litter C left as CO. (Wordell-Dietrich, unpublished).

Following the removal of the labeled litter, three soil cores per plot and treatment (labeled versus
unlabeled) were taken down to a depth of 200 cm using a machine-driven percussion coring system
(Nordmeyer Geotool, Berlin, Germany). Since it was not possible for each soil core to secure the lowest
increment of 180-200 cm, this depth was rejected from further processing. The cores were divided into 15
increments, starting with 5 cm increments from 0 to 10 cm, 10 cm increments from 10 to 100 cm, and 20
cm increments from 100 to 180 cm. Depth increments of the soil cores taken from 0 to 5 and 5 to 10 cm
are defined as “topsoil”, increments between 10 and 50 cm are defined as “upper subsoil”, those between
50 to 100 cm are defined as “mid subsoil”, and increments below 100 cm are defined as “deep subsoil”.
Directly after sampling, an equivalent amount of the natural beech litter of the surrounding area was used
for the replacement of the litter that was removed before. A second sampling was conducted 18 months
later, in May 2018, in total 40 months after applying the labeled litter on the plots.

Soil samples were oven-dried at 60°C and sieved to < 2 mm. Three replicates per plot and treatment
were combined to one composite sample per depth increment on a mass equivalent basis for further

processing. Aliquots for water extractions were stored frozen (-20°C) directly after sampling.
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2.3 Analysis of bulk soil

Bulk samples were analyzed for organic C (OC), total nitrogen (TN) and **C/*2C ratio, using a vario
ISOPRIME cube (Elementar Analysesysteme GmbH, Hanau, Germany) elemental analyzer coupled to an
IsoPrime100 (IsoPrime Ltd, Cheadle Hulme, UK) stabile isotope ratio mass spectrometer (EA-IRMS).
Carbon isotope values are given in delta notation relative to the Vienna Pee Dee Belemnite standard
(VPDB; Hut, 1987). Data were corrected with a variety of standards from the International Atomic Energy
Agency (IAEA) and in-house standards (Supplement, Table S1). Pedogenic Fe and Al fractions were
analyzed by selective extractions. Oxalate extractions were conducted according to McKeague and Day
(1966) by using 0.2 M ammonium oxalate (pH 3) to dissolve poorly crystalline aluminosilicates and Fe
hydroxides like ferrihydrite as well as Fe and Al from organic complexes (Feo, Aly). Iron present in
organic complexes, poorly crystalline and crystalline Fe oxides (Feq) was analyzed by extraction in
dithionite-citrate following the method created by Mehra and Jackson (1960) and modified by Sheldrick
and McKeague (1975). All extraction solutions were analyzed for dissolved Fe and Al by inductively
coupled plasma optical emission spectroscopy (ICP-OES; Varian 725-ES, Palo Alto, California, USA).
Water-extractable OM (WEOM) was used as surrogate of DOM migrating in the soil profile
(Corvasce et al., 2006). Prior to the extraction, the frozen samples were thawed for 24 hours at 4°C and
thereafter sieved to < 2 mm. Following the procedure of Chantigny et al. (2007), 25 g of fresh, field-moist
soil was extracted with 1 mM CaCl, solution at a soil/solution ratio of 1/3. Samples were shaken
horizontally for 1 h at a frequency of 3 s* at 4°C. After centrifugation for 30 min at 3,500 g at 4°C,
extracts were filtered through 0.45-um cellulose-nitrate membranes (Sartorius Stedim Biotech GmbH,
Gattingen, Germany). Prior to the filtration, filters were pre-rinsed with 250 mL of the 1 mM CaCl,
solution. Organic carbon concentrations in the extracts (Cweom) Were measured by high-temperature
combustion with a varioTOC elemental analyzer (Elementar, Hanau, Germany). The 8°C values of
WEOM were measured with an isoTOC cube coupled to an IRMS vision (Elementar, Hanau, Germany;
Leinemann et al., 2018). The ultraviolet (UV) absorbance at 280 nm of WEOC was measured with the
Specord 200 UV-VIS spectrometer (Analytic Jena AG, Jena, Germany). Specific ultra violet absorbance
at 280 nm (SUVA) was calculated according to Chin et al. (1994) as the ratio of UV absorbance at 280 nm
and DOC concentration. Prior to fluorescence measurements, samples, if necessary, were diluted to
absorbance values < 0.1 at 280 nm. Thereafter emission spectra from 300 nm to 500 nm were measured at
an excitation wavelength of 254 nm (Zsolnay et al., 1999) at a Perkin Elmer LS 50 luminescence
spectrometer (Perkin Elmer, Waltham, MA, USA). For all measurements the scan rate was 100 nm min*
and the ex-slit/em-slit was 15/10. The stability of the instrument was checked with the Raman peak of

deionized water at 350 nm. The fluorescence emission index (HIX) was calculated as the ratio of the area
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between 435 and 480 nm and the area between 300 and 345 nm of the emission spectrum (Zsolnay et al.,
1999) using FL Winlab Software.

2.4 Density fractionation

Samples for density fractionation were selected in order to represent the topsoil (0-5, 5-10 cm), the upper
subsoil (10-20, 20-30, 30-40, 40-50 cm), and the deeper subsoil (100-120, 120-140 cm). Density
fractionation was conducted according to Golchin et al. (1994a, 1994b), with the following adjustments
based on pretests. Aliquots of 25 £ 0.05 g bulk soil were separated into two light fractions (LF), free and
occluded particulate OM (fPOM and oPOM), and one heavy fraction (HF) containing MAOM. After
adding 125 mL sodium polytungstate (SPT) solution (SPT 0, TC-Tungsten Compounds, Grub am Forst,
Germany) with a density of 1.6 g cm?® (Kaiser and Guggenberger, 2007; Cerli et al., 2012), the
suspensions were manually stirred and allowed to rest for 1 h. Afterwards, the samples were centrifuged at
4,000 g and 17°C for 30 min (Cryofuge 6000, Heraeus Holding GmbH, Hanau, Germany) and the
supernatant, containing fPOM material, was filtered through 0.45-um polyethersulfone filters (PALL Life
Sciences, Ann Arbor, Michigan, USA). The fractionation of the fPOM was repeated once. In a second
step, aggregates were destroyed to release o0POM by ultrasonic treatment (Sonopuls HD2200, Bandelin
electronic GmbH & Co KG, Berlin, Germany) with an energy input of 60 J mL* (Gentsch et al., 2015;
Schiedung et al., 2016). Prior to the treatment, ultrasonic power of the sonotrode was assessed
calorimetrically and ultrasound durations were calculated according to North (1976). After centrifugation
at 6,000 g for 30 min, the supernatant with oPOM material was filtered as well. Both fPOM and oPOM
were washed with ultrapure water (18.2 MQ) until the electrical conductivity of the eluate was <5 puS cm’
1 (Angst et al., 2016). The HF was washed three to four times with 200 mL ultrapure water until the
conductivity was < 50 uS cm™. The water used for washing the HF was collected and measured for
dissolved OC (Cw). We also measured dissolved OC in all posttreatment SPT solutions. This SPT-
mobilized C (Cspr) was taken to represent mobilizable and potentially labile soil OC (Gentsch et al.,
2018), derived from POM and MAOM. The dissolved OC concentrations were measured within 2 d after
the fractionation by high-temperature combustion with a limit of quantification of 1 mg C L (Leinemann
et al., 2016), using a vario TOC cube (Elementar, Hanau, Germany). Aliquots of both liquid phases were
freeze-dried similar to the soil fractions for analysis of OC, TN, and **C/*?C ratios by EA-IRMS. Due to
negligible amounts of POM material in the deeper subsoil samples (100-140 cm), fPOM and oPOM were
no longer differentiated. The mean mass recovery in fPOM, oPOM, and HF after fractionation was 99.1 +
0.9 %. The mean C recovery after fractionation was 98.3 + 26.5 %, including data for the mobilized Cw
and Cspr. On average, 2.0 = 2.2 % of the C was mobilized by the fractionation procedure. Nitrate and

ammonium were extracted from bulk and HF samples to analyze inorganic N contents (Nmin). Extraction
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was carried out according to Blume et al. (2010) by mixing 4 = 0.01 g soil with 16 mL 0.0125 M CacCl;
solution and shaking the mixture for 1 h on an overhead shaker. After sedimentation, the supernatant was
filtered through 0.45-um cellulose acetate filters (BerryTec GmbH, Griinwald, Germany) and measured
by a segmented flow analyzer (San++ analyzer, Breda, the Netherlands) with a limit of quantification of
0.1 mg N L™ Organic N contents were calculated by subtraction of Nmin from TN. Surfaces of the HF
were further investigated by X-ray photoelectron spectroscopy (XPS) with respect to the elemental
composition as a function of soil depth. Method description and data are presented in the Supplement.

2.5 Calculations and statistics

Soil OC stocks (kg m) were calculated according to Eq. (1):
OC stock = OC x density x increment thickness x 0.01, (D)

with the OC content (mg g*) and bulk density of the fine earth fraction (g cm=) of each soil increment
multiplied by the increment thickness (cm). The proportion of each SOM fraction (OCrc, in %) in percent

of the total recovered OC was calculated based on the sum of all fractions (XOC):

OCfraQ
Y. 0C (Cpom» Corom> Cmaoms Cspr)

OCfpe = x 100 %. 2)
Water-extractable OC (Cweom) was calculated as the percentage proportion relative to OC in the
respective bulk soil sample, according to Eq. (3):

OCextracted
= Seuned o 10() 0,
CweoM = o oc < 100 % ®3)

As mentioned earlier, all soil fractions released C to the Cspr pool, whereas the Cw fraction solely
originated from the MAOM in the HF fraction. Thus, the Cw fraction was added to the MAOM. Further,
the 8'°C values of the MAOM (Cwmaowm, in %o) were corrected for the 3*3C values of Cw by using Eq. (4):

13 13
_ Mmaom % 8" Cpmaom T Mcw X877 Cy

Mmaom + Mcw

with Mmaowm as the C mass (mg) of the HF fraction, Mcw as the C mass (mg) in the total washing solution,
and the 8"3C values (%o) of both fractions (§**Cmaom and 3*3Cw, respectively).

The C-labeled samples were used to calculate the proportion of native SOC (SOCra, in %) and label-
derived SOC (SOC,, in %) by Eqg. (5) and Eq. (6):

SOChu = e * 100 %, (5)
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SOC; = 100 — SOC,,;, (6)

with 3C_ as the 8'°C value of the labeled sample, *Cy. as the 5'C value of the unlabeled control in the
same soil depth, and *3Ci, as the §'°C value of the initial labeled litter.

The recovered label-derived SOC was further quantified by calculating the SOC stocks in each
respective depth, further calculating the proportion of label-derived SOC, and finally relating the label-
derived SOC to the amount of the labeled C in the litter input. The total recovered label was calculated as
the sum of the label recovered in all OM fractions and respective soil depth increments and given in g C
m2. The potential loss over time was calculated as the relative decrease in recovered label in the 18-
month interval between both sampling times.

If not stated differently, data are given as the mean of the three replicates + the standard deviation
(SD). Depths refer to the mean depth per depth increment. §3C values (%o) of the labeled samples and
fractions (*3C.) were tested for significant enrichments compared to the natural variations in the control

with the upper 90 % quantile limit of the frequency distribution (Nielsen and Wendroth, 2003), using Eq.
(7):

BCL> Xy + (SDyLteyp), (7

with Xy as the mean and SDy. as the standard deviation of the unlabeled control samples of the respective
soil increment (n = 3). The t value originated from the Student’s t distribution (® = n-1; p = 0.9). Only
values passing this comparison were used for recovery calculations. Data were tested for normal
distribution by using Shapiro-Wilk normality test, prior to linear correlation analyses. Analyses were
performed with SigmaPlot 14 (Systat Software GmbH, San Jose, USA) by using Pearson correlations (for
normal distributed data, p < 0.05) or Spearman rank-order correlations (for not normal distributed data, p
< 0.05). Label recoveries in density fractions and WEOM were tested for significant changes with depth
and between both sampling times by analysis of variance (ANOVA, p < 0.05) with the Tukey test as post

hoc analysis.

3 Results
3.1 Depth distribution and properties of SOC

Soil OC contents decreased strongly from about 82 + 57 mg g in the upper topsoil increment (0-5 cm) to
4 +1 mg g? in the upper subsoil at 40-50 cm soil depth (Fig. 1a). Within the deeper subsoil, OC content
further decreased to about 0.2 mg g in the deepest increment at 160-180 cm. Organic C stocks in the

topsoil (0-10 cm depth) averaged about 5.5 kg C m2 at both sampling dates, representing 48 % of the OC
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stock down to a soil depth of 180 cm (Table 2). Deeper subsoil only accounted for 5 % of the SOC stock
(Table 2).

Directly underneath the litter layer, the majority of SOC was present as POM (Fig. 2). With
increasing soil depth, the relative contribution of Cpom to SOC decreased to < 25 %, whereas the
contribution of Cuaowm increased. As for SOC, the Cmaom content also declined from about 10 to 22 mg C
g HF in the topsoil to 0.3 to 0.4 mg C g HF in the deeper subsoil of 100-140 cm soil depth (Fig. 3a).
The C/N ratio of the MAOM decreased with depth from about 20 in the topsoil to ~ 5 in the deep subsoil
(Fig. 3b), similar to the bulk soil C/N (Fig. S1). Mean ratios from the first sampling in November 2016
were insignificantly (but consistently) higher compared to the second sampling in May 2018. The Cspr
fraction amounted to 1 to 3 % of the SOC for all soil depths without a consistent trend (Fig. 2). The
contribution of Cweom showed an increase with soil depth from 0.2 % of SOC in the topsoil to 0.7 to 1.3
% in the deeper subsoil (Fig. 4a). In addition, water extracts showed a compositional change with
increasing soil depth, as SUVA values decreased below 10 cm soil depth until reaching the minimum in
the deep subsoil (Fig. 4b). The humification index derived from fluorescence spectra first increased from
the topsoil to its maximum in the heavily rooted upper subsoil (Heinze et al., 2018; Wordell-Dietrich et

al., 2019). Below this, a constant decrease with increasing soil depth was observed (Fig. 4c).
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Figure 1 Mean bulk OC contents of both sampling times (November 2016 and May 2018) (a) and calculated OC
stocks as the mean of both sampling times (b). Apparent re-increasing OC stocks below 100 cm are the result of
doubling the thickness of the analyzed depth increments (i.e., 5 cm increments from 0 to 10 cm, 10 cm increments
from 10 to 100 cm, and 20 cm increments from 100 to 180 cm). Data show the mean of 12 samples, and error bars
depict the standard deviation.
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Table 2 Mean OC stocks in bulk soil of different soil compartments down to 180 cm presented as absolute values
and as a percent of total soil OC stock (n = 12; standard deviation is given in brackets).

Soil compartment  Depth [cm]  Mean OC stock [kg m?] % of total OC stock

Topsoil 0-10 5.51 (3.67) 48 (13)
Upper subsoil 10-50 3.91 (0.67) 40 (10)
Mid-subsoil 50-100 0.76 (0.35) 7@3)
Deeper subsoil 100-180 0.50 (0.33) 5@13)

SOC distribution [% of C__]
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Figure 2 Soil OC (SOC) distribution in the Dystric Cambisol at the Grinderwald site as a function of soil depth: C in
mineral-associated OM (Cwmaom), occluded particulate OM (Copom), and free particulate OM (Csrom); C mobilized by
sodium polytungstate during density fractionation (Cspr). All data are given as mean of both samplings (n = 12;
standard deviation varied for Cmaom between 7 and 19 %, for Copom between 2 and 5 %, for Cipom between 7 and 19
%, and for Cspr between 0.3 and 5 %). Note that the Cmaom fraction was corrected for the C loss during washing (see
material and method section).
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Figure 3 Mean OC contents in the heavy fraction (HF) (a) and mean C/N ratios (b) of the mineral-associated organic
matter fraction (MAOM) from both sampling times, 22 months and 40 months after labeled litter application (n = 6;
error bars represent the standard deviation). Nitrogen contents in the HF were corrected for extractable nitrate and
ammonium contents; N contents in samples below 100 cm were unreliable, and C/N ratios are therefore marked in

grey.
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Figure 4 Mean proportion of water-extractable-OC (Cweowm) per depth increment given in percentage of the total soil
OC in bulk soil for both sampling times, 22 months and 40 months after labeled litter application (n = 6; error bars
represent the standard deviation) is shown in (a). Specific UV absorbance at 280 nm (b) and humification index
deduced from fluorescence spectra (c) of the water extracts are given as the mean (n = 6) of the first sampling in
November 2016. Error bars represent the standard error.
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3.2 Labeled litter-derived C in functional soil OM fractions

Based on 8°C values, bulk OM was more enriched in *C from labeled litter than MAOM (Fig. 5a, b).
Enrichments in MAOM were significant down to 20 cm soil depth compared to the control. After 40
months, the **C-enrichment of MAOM was still significant down to 20 cm, but §*C values shifted closer
towards the background (Fig. 5b). Water-extractable OC showed a significant *C-enrichment at greater
soil depth (60 cm) compared to the bulk soil and MAOM at both sampling dates (Fig. 5a-c). Below this
depth, there was still a noticeable *C-enrichment of Cweoc in the labeled plots, albeit not a significant
one.

After 22 months, about 11.2 % of the *C-labeled litter exposed at the soil surface was recovered in
the selected depth increments (0-50, 100-140 cm), with a minor contribution of the deeper depth
increments (Fig. 6a, Fig. S3). Considering the *C of litter origin at 50-100 c¢cm soil depth by linear
interpolation between the increments of 40-50 cm and 100-120 cm, this value would increase by only 0.03
%. The majority of 87 % of the C label was recovered in the first 5 cm of the topsoil, while below 40 cm
the recovery was negligible (< 0.2 % of total labeled litter). A total of 18 months later, the recovered
labeled *3C was lower in all depths compared to the first sampling, albeit not significant due to large
variations between the plots, with a total recovery of 1.8 %. In the soil increments below 40 cm, the label
vanished completely in the density fractions at the second sampling, while minor proportions of label were
still recovered within Cweom (Fig. 5¢).

In total, we found that within 22 months about 8.7 + 5.6 % of the applied labeled litter was
incorporated as POM in the mineral topsoil (Fig. 6a). This corresponds t0 9.9 + 6.1 g C m? fPOM and 1.0
+0.9 g C m2 oPOM, most of it located in the 0-5 cm topsoil increment. Below, the contribution of labeled
litter-derived POM decreased strongly. Nevertheless, recovered labeled litter in the o0POM fraction was
detected at even greater depth (30-40 cm) after 40 months. Litter-derived *3C in the MAOM fraction
represented 0.7 to 2.0 % of the recovered label in the top 20 cm at both sampling dates (Fig. 6),
representing a contribution of litter-derived C to the total Cuaom Of only about ~ 0.2 %. Below,
contributions were even lower. Additionally, the Cspr fraction, particularly that of the topsoil and upper
subsoil of the first sampling date, showed a *C-enrichment (Fig. 6a).

However, 18 months after replacing the labeled by unlabeled litter, the proportion of labeled litter-
derived C in the SPT solution decreased by 84 % on average (Table 3) and the label was only detectable
down to 20 cm soil depth (Fig. 6b).

Proportions of labeled litter-derived C in WEOM illustrated clear depth and temporal trends (Fig.
7). The Cweowm fraction in the topsoil contained more than 1 % of C originally derived from the litter layer

at the end of the labeling period in November 2016, with a strong decrease with depth. Below 40 cm,
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proportions were consistently < 0.2 %. A total of 18 months after litter replacement, the contribution of

labeled litter-derived C in WEOM decreased to < 0.3 % in the whole soil profile.
Mean loss of the recovered litter-derived **C over the time period of 18 months between the two

samplings was 79 %, and all fractions showed a considerable loss of > 65 % (Table 3). The losses
followed the sequence: fPOM (89 %) > WEOM (80%) > oPOM (77 %) > MAOM (66 %). The decline of
the label from mass-weighted individual OM fractions was similar in magnitude to the loss of labeled

litter-derived C in the bulk samples (77 %; data not shown).
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Figure 5 Mean &§'°C values of the bulk soil (a), mineral-associated OM (Cmaom) (b), and water-extractable OM
(Cweowm) (). The graphs show labeled samples of both sampling times, 22 months and 40 months after labeled litter
application in colored symbols, compared to the respective unlabeled background distribution in white symbols.
Labeled samples represent the mean of three replicates per sampling time, while the control represents the mean of
both sampling times (n = 6). Please note that the x axis in (c) has a different scale.
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Figure 6 Mean labeled litter-derived *3C recovered in different OM fractions: C in mineral-associated OM (Cmaom),
occluded particulate OM (Copom), and free particulate OM (Cteom); C mobilized by sodium polytungstate during
density fractionation (Cspr). The upper x axis shows the recovered *C in g m? and the lower x axis shows the
percentage recovery of initially added labeled litter after 22 months (a) and 40 months following labeled litter
application (b). Bars show the sum of all fractions per depth increment, while the different colors represent the
respective contribution of each fraction to the total recovery (n = 3). According to ANOVA tests there were no
significant changes in 3C recovery for each fraction with depth per sampling, due to high standard deviations in the
range of 0.02-0.53 for Cmaom, 0.01-0.75 for Copom, 0.02—4.9 for Creom, and 0.01-0.13 for Cspr.

Table 3 Mean contents of labeled litter-derived OM in different soil fractions of all depth increments used for
density fractionation (0-50 cm, 100-140 cm) 22 months (November 2016) and 40 months (May 2018) after labeled
litter application (n = 3; standard deviation is given in brackets). The percentage loss over 18 months was calculated
based on differences in C contents in OM fractions at both samplings. Overall, 36-40 % of the initially applied litter
was lost by respiration during 22 months of field exposure (Wordell-Dietrich, unpublished).

Recovered November 2016 Recovered May 2018  Loss over time

[g m?] [g m?] [%]
Cmaom? 2.54 (0.92) 0.85 (0.52) 66
Ctrom? 9.89 (6.14) 1.11 (0.96) 89
Corom® 0.98 (0.91) 0.23 (0.24) 77
Cspr? 0.54 (0.35) 0.08 (0.08) 84
Cweom® 0.15 (0.06) 0.03 (0.01) 80
L Carbon in mineral-associated OM (Cmaom) 2 Carbon in free particulate OM (Ctrom)
3 Carbon in occluded particulate OM (Corom) 4 Sodium polytungstate-mobilizable C (Cspr)

5 Carbon in water-extractable organic matter (Cweom)
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Figure 7 Mean proportion of litter-derived C in water extractable organic OM (WEOM) in percentage of the initial
label input for both sampling times, 22 months and 40 months after labeled litter application, with soil depth (n = 3;
error bars represent the standard deviation). According to ANOVA tests, significant changes between both samplings
were only present in the 0-5 cm and 10-20 cm increments (p < 0.05). Significant differences between soil increments
were only present for the topsoil increments compared to all subsoil increments for each sampling time.

4 Discussion
4.1 Particulate OM in the soil profile and contribution of litter-derived POM

Particulate OC contributed 59 + 16 % to SOC in the Grinderwald topsoil. This high contribution of POM
is likely a consequence of translocation by the mesofauna and macrofauna, as bioturbation can drive both
inputs and mineralization of SOC (Wilkinson et al., 2009). Results are somewhat higher than findings of
Schrumpf et al. (2013) who reported 25 + 16 % POM contribution to the SOC for several European study
sites. Below the topsoil, amounts of POM were only minor (Supplement, Fig. S2). The proportional
decrease in POM with soil depth confirms the findings of Kaiser et al. (2002), who reported a similar
decrease in the contribution of POM to SOM from about 65 % in the topsoil to 5 % in the subsoil C
horizons, illustrating a decreasing role of root input and bioturbation in subsoil horizons (Heinze et al.,
2018). Our results suggest that the majority of POM in the topsoil is not directly connected to annual litter
inputs as these are very small compared to the total POM pool. Similar to our observations, Lajtha et al.
(2014b) reported that a 2-fold increase in litter input did not affect the C concentrations in either the bulk
soil, POM, or the HF fraction of the mineral topsoil and upper subsoil within 20 years. They concluded

that forest SOC pools are not tightly coupled to changes in aboveground litter inputs in the short term. In
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the upper and deeper subsoil, recent litter-derived POM was barely present after 22 months, and
completely vanished after 40 months, suggesting that most POM in the subsoil instead derives from root
biomass.

In the 18 months between both samplings, we found that 89 % of recent litter-derived fPOM and 77
% of the oPOM material were lost in the soil profile. Consequently, new POM inputs are unstable and
prone to decomposition, in line with reported turnover times of < 10 years (Gaudinski et al., 2000;
Baisden et al., 2002). Along with that, Crow et al. (2009) described the aboveground litter as the source of
the most actively cycling soil C. The smaller C loss from oPOM compared to fPOM within 18 months (77
and 89 %) reflects a better protection of occluded POM compared to free POM—even in this loamy sand
soil (Table 1).

4.2 Mineral-associated OM and incorporation of litter-derived C via the DOC pathway

Beside bioturbation and rhizodeposition, translocation and sorption of DOM to the soil matrix are the
other prominent processes transferring C to the subsoil (Kaiser and Kalbitz, 2012; Mikutta et al., 2019).
The observed strong decrease in the contents of mineral-associated OC with soil depth (Fig. 3a) is in line
with smaller root exudation rates (Ttickmantel et al., 2017) and DOC fluxes (Leinemann et al., 2016) with
increasing soil depth at the Grinderwald site. This also reflects a decrease in available sorption sites with
depth due to increasing sand contents (Table 1) and decreasing amounts of poorly crystalline Fe phases
(Feo contents; Supplement, Table S2). Leinemann et al. (2016) observed a decrease in SUVA values of
DOM with increasing soil depth, indicating a preferential sorption of plant-derived compounds in the
upper parts of the soil profile. Specific UV absorbance and the fluorescence indices (HIX) of our water
extracts showed a similar decline with soil depth, thus underpinning sorption as a relevant process.
Decomposition of roots can substantially contribute to the subsoil SOM pool as well (Rasse et al., 2005).
But since root density (Heinze et al., 2018; Wordell-Dietrich et al., 2019) and root exudation (Tuckmantel
et al., 2017) are low in the Grinderwald subsoil, we assume that the increasing share of MAOM with soil
depth instead suggests an increasing importance of DOM as a dominant source of C in this forest subsoil,
irrespective of its origin. This depth trend was accompanied by a compositional change of MAOM, as
indicated by decreasing C/N ratios and increasing 8'*C values. Fresh litter-derived MAOM in the topsoil
had typically wide C/N ratios of about 19 to 22 and low natural abundance 3*3C values of about -27 to -28
%o (Figs. 3b, 5b). Microbial processing (Six et al., 2001; Schmidt et al., 2011) and preferential sorption of
13C-depleted plant-derived phenols in the topsoil (Guggenberger and Zech, 1994; Kaiser et al., 2001) alter
the SOM characteristics with increasing soil depth by narrowing the C/N ratio and increasing the *C
content. In line with this view, the 8**C of MAOM in the unlabeled control soil showed a consistent

increase with decreasing C/N ratio with depth (Supplement, Fig. S4), thus pointing towards an increasing
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contribution of microbially processed MAOM with soil depth, as proposed in the “dynamic exchange” or
“cascade model” (Kaiser and Kalbitz, 2012). Gleixner (2005) likewise attributed this trend to a higher
contribution of plant and root litter in topsoil horizons, whereas the deeper subsoil horizons are dominated
by microbial-derived OM. A change towards microbial-derived OM is further supported by decreasing
SUVA and HIX values of WEOM from the upper subsoil downwards, suggesting more aromatic and
complex plant-derived OM components like phenols being retained in the topsoil, while more microbial-
derived components like carbohydrates are present in the subsoil.

On average 1.46 + 0.67 % of the fresh litter layer C was associated with minerals in the topsoil
(0.57 £ 0.12 % in the upper subsoil and only 0.01 + 0.02 % in deeper subsoil compartments) 22 months
after adding the labeled beech litter, emphasizing the subordinate importance of recent aboveground litter
inputs to soil C stocks in all depths, especially in the deeper subsoil. Lajtha et al. (2014a) also showed that
50 years of doubled litter inputs in a deciduous forest stand did not result in a net accumulation of OC in
the topsoil HF, likely as sorption sites in topsoils are already largely occupied by OM (Mikutta et al.,
2019). The chemical composition of the HF particle surface layer supports this assumption, as the C and N
contents decreased with increasing soil depth (Supplement, Fig. S5). Additionally, a higher content of
mineral-borne Al and Fe within the HF surface layer with increasing depth suggests a higher proportion of
uncovered mineral surfaces (Supplement, Fig. S5).

For the Dystric Cambisol under European beech, the average annual inputs from the recent litter
layer into the HF were estimated as 0.99 + 0.45 g C m2 yr? in the topsoil, 0.37 £ 0.10 g C m?2 yr? in the
upper subsoil, and 0.01 £ 0.01 g C m2 yr! in the deeper subsoil. This estimation follows the assumption of
a constant input of labeled litter-derived OM during the 22 months, which is a sufficient approximation for
this estimate but may not reflect the actual conditions in the field. Froberg et al. (2007a) reported annual
DOC fluxes of about 4-14 g C m?2 yrt in 15 cm soil depth and 1.5 to 4.5 g C m2 yr! in 70 cm soil depth,
from which, on average 14 % was derived from recent litter. This corresponds to fluxes of 0.5t0 2 g C m
yrtand 0.2to 0.6 g C m? yr?, respectively, which is similar in magnitude as the observed *3C fluxes from
the labeled litter into the HF at our study site. Given this similarity, it is reasonable to assume that recent
litter-derived C contributes to the MAOM pool in different soil depths mainly by the DOC pathway. The
decreasing input and contribution of recent litter-derived C with depth further implies that there is an
increasing contribution of older OC to DOC with increasing soil depth, as likewise found when dating **C
ages of DOC (Don and Schulze, 2008).

There was a substantial decrease in the recovered *C label in the MAOM fraction within the 18
months between the first and second sampling. This can be explained either by desorption of litter-derived
compounds (either due to microbial degradation or abiotic exchange processes) and/or sorption of fresh
unlabeled DOM. We assume that sorption of DOM from the soil solution and the accompanied

replacement of litter-derived C from mineral surfaces is the most plausible reason for the observed *C
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loss. This is because the C content of the HF at both samplings was rather constant (Fig. 3a) and the
considerable DOC fluxes of 0.7 to 2.1 g m2 yr?! in the deep subsoil (Leinemann et al., 2016) ensure
sufficient probability for sorption and displacements reactions. In total, 1.69 g m of initially 2.54 g m™
recent litter-derived MAOM were lost throughout the soil profile (66 %) within 18 months. This indicates
that young OM associated with minerals, especially in the upper soil, is not effectively stabilized by
mineral surfaces (Schrumpf et al., 2013). The minor retention of **C by soil minerals and the subsequent
remobilization of mineral-bound C in the topsoil are both facilitated by the generally low contents of clay
(< 3 %) and pedogenic Fe and Al oxides (Supplement, Table S2). In addition, the clay fraction might be
dominated by illite, which is a relatively less sorptive phyllosilicate under acidic conditions (Kaiser et al.,
1997).

Despite the fast transformation of recently formed MAOM in the topsoil, this does not result in a
significant downward translocation of C within the timeframe of 18 months. This hints to intense
microbial processing as desorbed or exchanged recent litter-derived C has a higher bioavailability
(Marschner and Kalbitz, 2003). Another reason for explaining the minor *C transfer to the subsoil would
be the downward translocation of unlabeled litter-derived C (after litter displacement), which could have
diluted the tracer with increasing soil depth. On the other hand, at the second sampling, part of the
translocated DOM was likely already originating from horizons (O layers and upper mineral soil horizons)
already enriched in 3C, thus potentially counteracting the dilution by new unlabeled DOM to a certain

extent.

4.3 Mobilizable OM - linking litter inputs and MAOM formation

The concept of C translocation from topsoil into the subsoil assumes continuous exchange processes at
mineral surfaces, leading to partial desorption of microbially altered OM and thus its downward transport
(Kaiser and Kalbitz, 2012). Here, WEOM was considered to represent such mobilizable OM, being most
susceptible to translocation and, hence, a source for subsoil OM. Accordingly, we found an increasing
importance of WEOM with increasing soil depth, as its proportion to SOC was higher in the subsoil than
in the topsoil. This implies that the deeper soil compartments were comprised of relatively more soluble
OM. A similar depth trend was detected for the mobilization of C during density fractionation, supporting
the findings for WEOM. In accordance with Chantigny (2003), WEOM represents only a small part of
SOC but was more enriched in litter-derived **C than bulk SOC or MAOM (Fig. 5). Despite the higher
enrichment, this accounted only for < 1.7 % of total WEOM, suggesting that the majority of mobilizable
OC is older than 22 months (for sampling in November 2016) or 40 months (for sampling in May 2018).
In line with this, Froberg et al. (2007b) and Hagedorn et al. (2003) reported that recent litter-derived DOC

contributes only minorly to the total DOC leached from the organic layer into the mineral soil.
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The high 3C values of Cweom (Fig. 5¢) and the strong decline of litter-derived C in Cweom Within the
upper 20 cm of the soil profile (Fig. 7) suggest that litter-derived POM is a considerable source of
WEOM. For example, the beech litter residues that were removed after 22 months and sieved <5 mm still
contained up to 2 % Cweom (data not shown), which might become liberated in soil. In the subsoil,
WEOM likely derives from MAOM and root-derived POM, the latter representing a negligible fraction in
the deeper subsoil at the Grinderwald site. In a recent soil column experiment, Leinemann et al. (2018)
showed that 20 % of the MAOM can be replaced by percolating DOM in samples collected from three
depths down to 100 cm soil depth. Most intriguingly, we did not observe a downward migration of the 3C
label within WEOC 18 months later, again pointing to losses of litter-derived C in all soil increments by
microbial decomposition. This assumption is supported by findings from Tipping et al. (2012) who
showed that the majority of DOM released from the mineral matrix can be lost by mineralization. This
also matches well to the fact that subsoil MAOM is only to a minor extent fed by recent litter-derived C
sources. In summary, topsoil WEOC at least partly derives from the recent litter layer, whereas this is not
the case in the deeper soil. This finding thus supports the view, as proposed in the cascade model, that the

downward migration of C involves the mobilization of older SOM components.

5 Implications

A prominent concept for the build-up of soil OC stocks not only considers the input of plant residues into
soil but also the subsequent fate of OM inputs, where C is assumed to undergo a sequence of cycles
including sorptive retention, microbial processing, and desorption on its way down the soil profile (Kaiser
and Kalbitz, 2012). This study thus investigated the impact of recent aboveground litter for OC
sequestration and the subsequent partitioning of litter-derived C in different soil layers and OM fractions.
Annual C inputs from the recent litter layer into the mineral soil were low compared to the C already
stored in soil. Most of new litter-derived C is retained in the topsoil, mainly as POM. In fact, we did not
find a translocation of considerable amounts of recent litter-derived C into the deep subsoil, indicating that
most translocated OM at the study site is of older age. Our field study supports the concept that C
accumulation in deeper soil involves several (re)mobilization cycles of OM during its downward
migration. The large C losses in the topsoil during a period of 18 months without concomitant increase in
subsoil C indicate that the young SOC, especially in the form of POM, represents an actively cycling C
pool. Slower turnover of litter-derived C was observed for MAOM compared to both POM fractions,
supporting the assumption that accessibility and sorptive stabilization reduces the vulnerability of OM to
microbial decomposition. The loss of about 66 % of the C from the HF within 18 months, however,
confirms earlier findings (Schrumpf et al., 2013) that part of the MAOM is rather labile, especially in the

presence of less reactive minerals such as quartz or illite at our study site.
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In summary, given the highly active C cycling in the topsoil and upper subsoil at the Grinderwald site,
only marginal C from a recent litter layer enters the deep mineral subsoil. The build-up of subsoil C stocks
is thus not connected to a direct transfer from the litter layer but goes along with repeated sorption and
remobilization cycles of OM during downward migration over a much longer period than 3.5 years.
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S1 Methods
S1.1 Surface element analysis

X-ray photoelectron spectroscopy (XPS) analysis was performed with an Axis Ultra DLD instrument
(Kratos Analytical, Manchester, UK), using monochromatic AlKa radiation (1486.6 eV), operated at
20 mA and 10 kV. Survey spectra were recorded with a pass energy of 160 eV, a dwell time of 500 ms,
and a resolution of 1 eV, while C 1s detail scans were obtained with a pass energy of 20 eV, a dwell time
of 259.7 ms, and a resolution of 0.1 eV, with three sweeps per measurement cycle. The take-off angle was
0° and ultra-high vacuum during measurement was 4 x 10 -~ ’Pa. For measurement, the HF was fixed on a
sample bar with carbon conductive tape (Agar Scientific Elektron Technology UK Ltd., Stansted, UK)
with an area of about 15 mm?. Per sample, three spots were measured, comprising an area of 300 x 700
pum each in the slot modus. For charge compensation the neutralizer was active during measurement,
however, complete compensation was not possible and the survey spectra were corrected relative to the Si
2p peak at a binding energy of 103 eV (Si-O bond, Okada et al., 1998; Woche et al., 2017). Survey spectra
were quantified with the software Vision 2 (Kratos Analytical, Manchester, UK), using a linear baseline
and the implemented relative sensitivity factors. The content of all detected elements is given in atomic
percent (atom-%).
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S2 Tables

Table S1 Relevant standard substances included in-the EA-IRMS measurements for calibration, correction, and
quality control.

Substance Company Characteristics*
Quartz sand** (Blank) In-house standard

High organic sediment IVA Analysetechnik, Meerbusch, 7.17%C; 057 %N
(HOS) Germany

Cellulose IAEA*** -24.72 8%C [%o]
Caffeine IAEA*** -27.77 8%C [%o]
CaCO3 In-house standard -8.17 6%C [%o]
Needle litter In-house standard

*Please note that all data presented in this study were corrected by using the given values only. Excluded properties are not part
of this publication.

**Washed with HCI and glowed at 1040°C

***|nternational Atomic Energy Agency, Seibersdorf Laboratory, Vienna, Austria

Table S2 Contents of dithionite- and oxalate-extractable Fe (Feq resp. Fe,) and oxalate-extractable Al (Aly) and Mn
(Mny). Extractions were conducted for the samples from the first sampling in November 2016. Data show the mean
(n = 6) with the standard deviation in brackets.

Depth increment Fed Feo Alo Mno
[cm] [mgg"] [mgg'] [mgg'] [mgg?]
os 238 1.03 0.56 0.29
(021)  (0.22)  (0.16)  (0.31)
510 2.42 113 0.50 0.05
(0.66)  (0.53)  (0.10)  (0.04)
1020 271 151 0.64 0.14
(033)  (033)  (0.18)  (0.20)
20.30 242 1.22 1.05 0.38
(036) (022  (021)  (0.43)
2040 211 0.95 131 0.58
(0.25)  (0.14)  (0.23)  (0.43)
1.87 0.75 1.08 0.51
40-50 ©021) (009  (013)  (0.37)
50.60 1.70 0.60 0.94 0.53
(0.16)  (011)  (0.11)  (0.18)
50.70 1.65 0.51 0.64 0.61
(033)  (014) (011  (0.17)
2080 1.84 0.45 0.48 0.54
(089)  (0.18)  (0.16)  (0.16)
50.90 1.68 0.40 0.38 0.70
(0.62) (0200  (0.13)  (0.24)
1.65 0.40 0.35 0.58
90-100 0.70)  (022)  (043)  (0.18)
1.99 0.49 0.40 0.68
100-120 (114)  (036)  (0.20)  (0.33)
247 0.60 0.41 0.57
120-140 (188)  (051)  (0.25  (0.37)
2,04 0.42 0.29 0.57
140-160 212) (049  (0.26)  (0.25)
160180 115 0.23 0.16 0.89

(0.83)  (0.18)  (0.08)  (0.24)
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S3 Figures

Figure S1 Mean C/N ratio of the bulk soil from both sampling times, 22 months and 40 months after labeled litter
application. Data show the mean of 6 samples and error bars show the standard deviation. The y-axis shows the mean
depth of each soil increment. Nitrogen contents of the MAOM fraction were corrected for extractable nitrate and
ammonium contents. Nitrogen contents in samples below 100 cm were increasingly below the detection limit and not
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Figure S2 Mean mass recovery and fraction distribution of the soil density fractions heavy fraction (HF), occluded
particulate organic matter (o0POM), and free particulate organic matter (fPOM) as the mean of both sampling times
(November 2016 and May 2018). The y-axis shows the mean depth of each soil increment. Bars show the mean of
12 samples, the standard deviation varied for HF between 0.3-15 %, for oPOM between 0.1-1.6 %, and for fPOM
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Figure S3 Mean 3C recovered at each sampling time, 22 months and 40 months after labeled litter application, in %
of the initial label input (n = 3). Bars show the sum of all fractions per depth increments, error bars depict the
standard deviation. According to ANOVA analysis, there were no significant differences (p > 0.05) in the total
recovered *C per depth increment between both sampling times, except of the depth 30-40 cm (p = 0.004). Please
note that for better visibility, both axes have breaks.
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Figure S4 Correlation of the *C abundance of the mineral-associated organic matter (Cmaowm) in the unlabeled
control samples on the Y-axis and the corresponding C/N ratio on the X-axis from both sampling times, 22 months
and 40 months after labeled litter application. Data show the mean of three replicates, error bars depict the standard
deviation. Spearman correlation resulted in a significant negative correlation for both variables for the first sampling
in November 2016 (r = -0.677, p < 0.05) and the second sampling in May 2018 (r = -0.883, p < 0.05).
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Figure S5 Contents of selected elements on the heavy fraction (HF) mineral surface layer according to XPS analysis.
Bars show the mean of three spots measured per sample per plot and depth increment, error bars represent the
standard deviation. Please note that the X-axis have different scales. Please note, element contents were highly
correlated as a function of soil depth. Negative correlations were observed for example for Fe-C (r> = 0.82, p =
0.0021) and AI-C (r? = 0.58, p = 0.0295). Positive correlations were observed for example for Fe-Al (r> = 0.85, p =
0.0012) and C-N (r? = 0.90, p = 0.0004).
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Abstract. Dissolved organic carbon (DOC) from Oa horizons has been proposed to be an important
contributor for subsoil organic carbon stocks. We investigated the fate of DOC by directly injecting a
DOC solution from *3C labelled litter into three soil depths at beech forest sites. Fate of injected DOC was
guantified with deep drilling soil cores down to 2 m depth, 3 and 17 months after the injection. 27 + 26%
of the injected DOC was retained after 3 months and 17 + 22% after 17 months. Retained DOC was to
70% found in the first 10 cm below the injection depth and on average higher in the topsoil than in the
subsoil. After 17 months DOC in the topsoil was largely lost (- 19%) while DOC in the subsoil did not
change much (- 4.4%). Data indicated a high stabilisation of injected DOC in the subsoils with no
differences between the sites. Potential mineralisation as revealed by incubation experiments however,
was not different between DOC injected in topsoil or subsoils underlining the importance of
environmental factors in the subsoil for DOC stabilisation compared to topsoil. We conclude that stability
of DOC in subsoil is primary driven by its spatial inaccessibility for microorganisms after matrix flow
while site specific properties did not significantly affect stabilisation. Instead, a more fine-textured site

promotes the vertical transport of DOC due to a higher abundance of preferential flow paths.

Keywords

Forest subsoils; Cascade model; Incubation experiment; **C; Field experiment
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Introduction

Subsoils have been recognised as an overlooked key component of the terrestrial carbon pool, containing
between 27 and 77% of soil organic carbon (SOC) in mineral soils (Harrison et al. 2011; Rumpel and
Kogel-Knabner 2011). Especially forest soils represent an important component of the global C cycle, due
to their higher C stocks as compared to arable soils (Poeplau et al. 2011). Organic C in subsoils is
characterised by generally high mean residence times and thus high mean apparent *C ages (Rumpel et al.
2002; Voort et al. 2016; Wang et al. 1996). Beside roots, dissolved organic carbon (DOC) is a major
source of fresh carbon (C) that enters subsoils (Kaiser and Guggenberger 2000). Nevertheless, quantitative
data on the contribution and turnover of different compounds such as DOC entering subsoils are scarce
(Kdgel-Knabner 2017). The results from two synthesis papers showed that the input of DOC into forest
subsoils is much higher than the output via leaching which means that a considerable portion of DOC is
retained or mineralised in the subsoil (Kindler et al. 2011; Michalzik et al. 2001). Kalbitz and Kaiser
(2008) estimated the contribution of DOC to the subsoil C stock of a Podzol to be in the range of 25 —
66% for the B and C horizon. Consequent questions are inter alia: what is the origin of this DOC, how
does it reach subsoils and what drives its stability if it is stable at all?

In general there are different pathways how DOC can reach subsoil horizons. One way is the direct
transport to subsoils via preferential flow paths (Hagedorn et al. 2015), which is particularly taking place
at heavy rainfall events (Kaiser and Guggenberger 2005). Another possibility is the “continuous sorption
and precipitation, combined with microbial processing and subsequent desorption and dissolution” as it
was described by Kaiser and Kalbitz (2012) and is referred to as the cascade model. This model can
explain higher *C ages of organic C and of DOC in subsoils and has been confirmed in a laboratory flow
experiment by Leinemann et al. (2018), where the mobilisation and replacement of mineral-associated
organic matter by percolating DOC was quantified. Accordingly in a laboratory experiment Hagedorn et
al. (2015) tested the importance of DOC from fresh litter along a soil chronosequence. They found that
DOC was retained in the uppermost centimetres of the mineral soil, whereas non litter derived soil organic
matter is leached. Conversely Rothstein et al. (2018) showed in a field experiment that the organic horizon
and the subsoil of a Podzol are directly linked. In their study around 80% of the C entering the subsoil
derived from the organic layer while the rest derived from DOC that was produced during the passage of
water through the topsoil. Until now there are no field experiments, testing the effect of different
substrates and textural differences on the transport of DOC in topsoils and subsoils. Since the saturated
water conductivity strongly depends on the texture of a soil (Saxton and Rawls 2006) one should expect
large differences in the DOC transport between a clayey and a sandy soil.

Furthermore, not the fresh litter as it was used by Hagedorn et al. (2015), but the humified organic

layer (Oa horizon) is recognised as the main source for DOC reaching partly also deeper soil horizons
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(Qualls and Haines 1992; Rothstein et al. 2018; Schulze et al. 2011). It has been shown that DOC from Oa
horizons has a higher stability than that from fresh litter, both in solution and associated with the mineral
phase (Don and Kalbitz 2005; Kalbitz et al. 2005). This is due to the different composition of DOC
released from the differently degraded forest floor horizons (Klotzbiicher et al. 2013). Dissolved organic
carbon from Oa horizons is characterised by a much greater aromaticity, complexity of molecules and
smaller content of carbohydrates compared to DOC from fresh litter, leading to stronger sorption and
higher intrinsic stability (Kalbitz et al. 2005). DOC from fresh beech litter for example, can be mineralised
by 65% within 90 days while DOC from degraded and humified beech litter could be mineralised by 9.1%
only within the same time in a liquid incubation experiment from Kalbitz et al. (2003). The amount of
organic carbon (OC) that is dissolved from the different organic layers and in the mineral topsoil thereby
depends on seasonal, pedological, vegetational and microbial characteristics (Don and Schulze 2008;
Guggenberger et al. 1994; Kdgel-Knabner 2002; Lee et al. 2018). Consequently it should behave in a
different way compared to DOC from fresh litter during its passage through the soil. To the best of our
knowledge there are no field experiments testing the behaviour of DOC derived from humified organic
layers within a soil profile and also if different soil and environmental conditions play a role. But this
would be important to know, since subsoils underlie different environmental conditions than topsoils
which influence organic matter decomposability and stabilisation. This is, e.g., due to lower SOC contents
(Don et al. 2013; Rumpel and Kogel-Knabner 2011), different microbial communities (Agnelli et al.
2004), different water and oxygen availabilities (Schneider et al. 2017), temperature dependent effects
(Thckmantel et al. 2017), or the availability of fresh organic matter inputs (Fontaine et al. 2007). Most
studies indicate, that rather physical protection mechanisms than inherent recalcitrance are responsible for
long-term stabilisation of SOC (Marschner et al. 2008; Schoning and Kdgel-Knabner 2006; von Lutzow et
al. 2008) and that SOC turnover is governed by microbial accessibility (Dungait et al. 2012). As DOC
reaches the subsoil it gets sorbed to the mineral phase and is part of SOC. Thereby sorption of DOC in
subsoils is related to the amount of clay sized particles like phyllosilicates (Barré et al. 2014) or iron- and
aluminium (hydr)oxides (Kaiser and Zech 1996; Kindler et al. 2011). In acidic subsoils, especially poorly
crystalline minerals have been considered to exert a large impact on organic matter stabilization (Mikutta
et al. 2006). In a sorption experiment, Kaiser and Guggenberger (2000) have shown that on the other hand
a high coverage of mineral surfaces with organic matter reduces the availability of these surfaces to adsorb
DOC. Consequently, subsoils should be more capable for DOC sorption and stabilisation compared to
topsoils and fine textured soils with higher capacities of free sorption sites should be more capable than
coarse textured soils. A critical step to test these assumptions under field conditions is to detect the source
of DOC and its fate in top- and subsoils, because in all parts of the soil DOC is produced by solubilisation
of SOC or root litter and influenced by sorption/desorption processes, transport and microbial

consumption. Even though DOC fluxes reaching the subsoil are small, their contribution to build up
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stabilised SOC in subsoils may be large (Hagedorn et al. 2012; Kalbitz et al. 2007). Isotopic labelling
techniques are useful tools to follow the fate of DOC (Froberg et al. 2009; Hagedorn et al. 2015; Kammer
and Hagedorn 2011). Furthermore, laboratory experiments may be useful to identify distinct processes
participating in the DOC turnover, but the combined effect of microbial turnover and flux conditions on
the role and fate of DOC in subsoils can be only realistically quantified under field conditions. To the best
of our knowledge, there is only the field study from Rothstein et al. (2018), that assesses the DOC
contribution to subsoils. And this study is restricted to one soil type and the authors could not distinguish
between roots and SOC from O horizons as source for DOC.

Thus, the goal of this study was to assess the stability of DOC in topsoils and subsoils under beech
forest from different soil parent materials. Our approach was to inject **C-labelled DOC from decomposed
beech litter into topsoil, upper subsoil and deeper subsoil horizons of different beech forest sites. The soils
include two Cambisols and a Luvisol. This allowed us to directly assess the stability of DOC under field
conditions as it was proposed by Schmidt et al. (2011) and Campbell and Paustian (2015).The stability of
indigenous SOC and of SOC derived from DOC sorption was assessed by a laboratory incubation
experiment. We tested the hypotheses that (i) more injected DOC is retained in subsoils than in topsoils
and in fine textured soils compared to coarse textured soils, due to higher capacity of free sorption sites,
(ii) coarse textured soils facilitate a more homogeneous and deeper translocation of injected DOC than

fine textured soils, and (iii) retained DOC is more stable in subsoils than in topsoils.

Material and methods

Site description

The field experiments were conducted at three sites under beech forest (Fagus sylvatica) with soils
derived from different parent material (sand, red sandstone and loess). The soil at the first experimental
site (near Nienburg (Weser), 51°34°41.34” N, 10°3°54.6192 E) was classified as a Dystric Cambisol
developed on Pleistocene fluvial and aeolian sandy deposits and will be referred to as “Sand” in the
following. The mean annual temperature at this site is 9.7 °C and the annual precipitation amounts to 762
mm (Leinemann et al. 2016). The soil at the second site (near Ebergdtzen, 51°34°41.34” N, 10°3°54.6192
E) was a Dystric Cambisol, developed on Triassic upper red sandstone and therefore will be referred to as
“Red Sandstone” in the following. Mean annual temperature and precipitation at this site are 8.3 °C and
794 mm respectively. The soil at the third site (near Riidershausen, 51°34°47.532” N, 10°14°33.8424 E)
was a Luvisol developed on loess deposits. This site will be referred to as “Loess” and has a mean annual
temperature of 8.5 °C and an average annual precipitation of 733 mm. For further details about the three
sites see Kirfel et al. (2019). Selected soil properties are summarised in Table 1.
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Injection experiment

To trace the fate of DOC from decomposed litter in different soil layers, a **C-labelled DOC solution
derived from *C-labelled beech litter was directly injected into three different depths increments at the
three experimental sites from 7 May to 6 June 2017. We use the term DOC even though it is organic
matter that comprises also other elements than carbon. The depths chosen for injection were 10, 50 and
100 cm. Due to the shallower soil development at the Red Sandstone, the injection there was set to 10, 30
and 60 cm depth. In the following, the depth increments are referred to as “Topsoil”, “Upper Subsoil” and
“Deeper Subsoil”, respectively. To prepare the injection into the Upper and Deeper Subsoil, three pits per
site were excavated down to 150 cm depth. These pits were located approximately 50 m apart from each
other (Fig. 1). One horizontal shaft was cut into the profile wall for Upper Subsoil injection and one on the
opposite site of the soil pit for the Deeper Subsoil injection. For the Topsoil injection, the upper 10 cm of
the mineral soil was removed as an intact soil block, directly adjacent to the respective pit for the Upper
and Deeper Subsoil. The DOC solution was produced by mixing decomposed *3C-labelled beech litter
(3'3C of ~ 468 %o) with de-ionised water in a 1:10 ratio for 12 hours in a 250 | barrel with an electric
stirrer. The decomposed beech litter consisted of a mixture of highly labelled beech litter (10 atom-%,
IsoLife, Wageningen, The Netherlands) and unlabelled beech litter. This mixture was used in a field
experiment for 22 months (Liebmann et al. 2020) before it was removed and used as DO*C source in this
experiment. The obtained solution was pre-filtered to 2 mm via a tissue and finally filtered via cross-flow
filtration (CMB 090, Microdyn-Nadir, Wuppertal, Germany) to < 0.2 pm. In total, 150 | of *C-labelled
DOC solution was produced. The DOC concentration of the solution was 200 mg It with a §*3C value of
286 %o. The DOC solution was injected with three field replicates (plots) per site. Additionally, one
control plot per site was prepared with a 1 mmol CacCl; solution being injected to test for disturbance and
injection effects. Immediately before this solution was injected, one DOC sample per site was taken and
frozen for further analyses. A qualitative analysis revealed a similar composition for all injected DOC
samples. Further details are provided in the supplement (Table Al).

The injection was conducted with syringes which were filled with the DOC solution. Syringes were
connected to 25 needles and combined at regular grid with on 20x20 cm plates. Plates were horizontally
placed into the shafts and for the topsoil onto the excavated soil and the solution was slowly injected into
the profile (Fig. 2). In total 1.8 | of the DOC solution was injected into an area of 400 cmz2 corresponding
to an added amount of 9 g DOC m2 and thus resembling a precipitation event of 45 mm. Three plates with
syringes were injected adjacent to each other per shaft to enable three samplings and to reduce side
effects. Especially at the Loess, former root channels were detected at some the profile walls. During
injection, parts of the injected DOC flowed out of some of these channels, indicating preferential flow.

After injection, plates were removed and the shafts as well as the profiles were carefully filled with soil
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from the same depth and compacted to original bulk density. At the Topsoil injection spots the removed
soil block was carefully returned to the same location where it came from. The respective injection areas

were marked with iron bars on top of the restored soil profiles.
Sampling

In August 2017 and October 2018 (3 and 17 months after injection), three soil cores per site and injection
depth, plus three adjacent control cores per site, were taken via a machine-driven percussion coring system
(Nordmeyer Geotool, Berlin, Germany) (Fig. 1, plot 1-3). Additionally, three soil cores per site and
injection depth from the CaCl,-control injection were sampled three months after injection (Fig. 1, plot 4).
The amount of rainfall between injection and sampling after three months was as high as between 3 and
17 months after the injection due to a very dry summer period between the two sampling dates. In both
periods of time precipitation amounted to ~ 300 mm at all three sites. Soil cores had a diameter of 6 cm
and drilling depth was 100 cm below the respective injection depth, thus 200 cm deep for the Deep
Subsoil injection. For the Red Sandstone, maximum drilling depth was 120 cm due to the shallow soil
depth. Material above the injection depth was discarded. Material below the injection depth was separated
into increments following defined depth Sects. (0-5, 5-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-80 and
80-100 cm below injection depth) resulting in 9 samples per core if possible and 934 samples in total for
both samplings. For the Deeper Subsoil of the Red Sandstone, the deepest depth section consequently was
50-60 cm below injection depth. The respective control cores were separated into the same increments as
the cores at the injection plots. Samples were filled into plastic bags and stored at 6°C until further

processing.

63



Study II

(z0) 6vT (90) ¥T (90 90 (o0 vo (8 88 (1) ¢ (g02) §9T (z0) 6€ (€T) TT 0ZT-00T [osqng Jadeeq

(z0) ¥ST o) 21 (50 o1 (€0 90 (1) € (@ ¢ (6€) v'sT (20) ¢¥ (1) T2 0L-0S  |osgns Jaddn pues

(c0) 61T (50) £z o) 60 (€0) €T (en) v9 (1) ¢ (82) 65z (ro) 8¢ (82) 66 0£-0T j1osdo

(co) L1171 (tt) 62  (€0) 20 (L0) €T (1) oc (@ 6 (82) z9 (c0) Le (¥0) 60 08-09 josgns sadeag

o) w1 @1 TE (90 60 (80 ST (21) 68 (¢) 1T (z€) 96 (€0 8¢ (80) LT 05-05  jiosgns Joddn wcomwm_%m
(To) €11 (o) v¢ (o) 1T (T0) LT (® e (@ 1T (W2 TLT (€0) 6€ (€2 §9 0€-01 j1osdo

(c0) evT (60) v8 (c0) o1 (50) 2z (6) ¢ (1) 6 (ce) 18 (10) ov (€0) 2T 02T-00T yosgng sadeag

(To) z€e1 (1) 06 (o) zt  (L0) 8¢ (@ ¢ (1) 6 (1) 85 (10) L€ (§0) €T 0L-0S  jiosgns Jaddn $550]

(c0) o1t wo) 9 (o) gT o) ot (@ ¢ (@ 1T (&) gor (T0) 9¢ (1Y) L9 0€-01 jlosdo

Am.M.M 6) Aﬁ.mwm_Ev r.w_wev m.wmm_ev %“\%w \MMW onel N/ Hd m%%ws ;ﬁww_ uoz1IoH [eLIBIeIN

"[10S auly 8y Jo AlIsuap yng ay1 SI g pue SapIX0 U4l aul|[eIsAId se [|am se aul|[eisAid Ajiood Jo Junowe ay) 9o ‘sapIxolpAy
94 pue sajealjisoulwnfe auljjeisAio Ajjood Jo junowe ay) suasaldais Oy pue 934 ‘(6 = u) uawaltoul yidsp wo oz e o) siojd uonaalul
D0Ad 9y} JO SUOITeIASp pJepuels pue sueaw juasaidal sanfe syidsp uonosiul Juatayip syl mojaq wa oz dol ays Joy saiuadoud |10S T 8jqel

64



Fig. 1 Injection of DOC at 10 cm depth at the Red Sandstone site (left) énd in 50 and 100 cm depth at the Loess site
(right). Note that on the right site, the injection at 100 cm depth is shown. The injection at 50 cm depth was
conducted on the opposite site. The injection area was designed for three possible samplings.
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Fig. 2 Concept of the sampling design for each of the three sites. The plots were approximately 50 m apart from each
other. First sampling was conducted in August 2017, resulting in nine cores from the injection sites plus three
respective control cores. Second sampling was conducted in October 2018. The water control (CaCly) was
completely sampled after 3 months.

Chemical analyses and calculations

All soil samples were oven dried at 60°C and sieved to 2 mm. Subsamples were homogenised, ground in a
ball mill, and analysed for inorganic C, total C and nitrogen by dry combustion in an elemental analyser
(LECO TruMac, St. Joseph, MI, USA). Organic C content was calculated by the difference between total

and inorganic C. Carbonate was present in only very few samples and in very low concentrations (< 0.025
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weight %). Respective values for bulk density, pH and stone content were obtained from a formerly
conducted regional site grid sampling at the same sites (Heinze et al. 2018). Oxalate extractions were
conducted according to Schwertmann (1964) and McKeague and Day (1966) by using a 0.2 M ammonium
oxalate solution (pH 3) to dissolve poorly crystalline aluminosilicates and Fe hydroxides like ferrinydrite
as well as organic complexes (Feo,, Aly). Dithionite extractions were conducted according to Mehra and
Jackson (2013), modified by Sheldrick and McKeague (1975), to extract poorly crystalline as well as
crystalline iron oxides (Feq, Alg).

Total SOC stocks (Mg ha) in each depth increment were calculated according Eq. 1,
SOC stock =SOC - BD - (1 - stone content) - depth - 0.1 (D)

where SOC is the soil organic carbon content in the fine soil < 2-mm fraction (mg g*), BD is the bulk
density of the fine soil (g cm), the stone content is the volume based proportion of stones (cm3 ¢cm) and
depth is the thickness of the depth increment (cm).

Homogenised samples were analysed for §*C values in an isotope ratio mass spectrometer (Delta
Plus, Thermo Fisher, Waltham, MA, USA) coupled to an elemental analyser (FLASH EA 1122 NA 1500;
Wigan, United Kingdom). Because carbonate contents were so low and in the same range for a specific
depth, we further measured §'*C without removing them to calculate the proportion of retained DOC.
Resulting 83C values (%o) were expressed relative to the international standard of Vienna Pee Dee
Belemnite (V-PDB). 5!3C values values from the labelled plots were compared with the upper quantile of

a 90%-confidence interval from respective control samples calculated by Eq. 2:

X(Q95) =X+ (8" tya) 2

Thereby the upper 90%-quantile (x(Qgs)) is calculated by the mean (i) and standard deviation (s) of the
respective control samples from the same depth and both sampling dates (n = 6) and the value from the
Student t-distribution- (ty.,). Only when the 8'*C value of the labelled soil sample was higher than x(Qos),
its value was taken into account for the calculation of a labelled DOC-derived SOC fraction. The fraction
of labelled DOC-derived SOC in the bulk soil (fisc) was calculated with a two pool mixing model (Eg. 3)
used by Cerri et al. (1985):

5inject -0,

control
f13C = P -0 (3)

solution control

where Jinject is the 3*C value (%o) of the labelled soil sample, Jsoiution is the 5*C value of the injected DOC

solution and Jcontror is the mean 3*3C value of the corresponding control samples.
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With this fraction of labelled DOC-derived SOC the amount of retained DOC per depth increment (%)
was calculated by Eq. 4:

f13c - SOC stock - 100

tained DOC =
retaine injected DOC

(4)

where injected DOC is the amount of injected DOC in Mg ha. For both sampling dates, the amount of
retained DOC per plot and injection depth was summed up over the whole sampling depth respectively.
The final amount of retained DOC per injection depth and time was obtained by averaging values from the
three plots.

Incubation experiment

To assess the potential stability of retained DOC against microbial decay a laboratory incubation
experiment was conducted for 103 days at 20 °C. From each substrate, injection depth and plot we used
three samples from within the top 20 cm below the respective injection depth (depth increments 0-5, 5-10
and 10- 20 cm) taken from the sampling three months after injection. Samples were taken from the three
plots per site plus respective samples from the same depth of the control soils. The samples were filled
into 250 ml glass bottles (between 26 and 156 g for equivalent SOC ranges) and adjusted to 60% of their
water holding capacity. As a control, four additional blank samples with burned quartz sand and four
samples with ambient air were incubated, resulting in a total of 170 samples. Before starting the
incubation, samples were pre-incubated for 1 week at 7 °C and for 2 weeks at 20 °C.

The potential C mineralisation was determined by measuring the CO, production on five dates
(after 1, 13, 27, 48, 103 days). At each sampling date incubation vessels were flushed with ambient air to
reach a CO; starting concentration near 400 ppm. Then, incubation vessels were closed gas-tight and four
gas samples per soil sample and date were taken. The first two samples were taken directly after the
bottles were closed. The lids contained a septum composed of a fluorelastomer material to keep them air-
tight after sampling with a syringe needle. The other two gas samples were taken after a determined time
interval (between 1 and 3 days) to ensure a sufficient accumulation of CO,. Samples were filled into
evacuated gas vials (Labco Exetainer, Labco Limited, Lampeter, UK). One sample from the start and one
sample after the time interval were analysed for CO, concentrations by gas chromatography (Agilent
7890A, GC, Agilent Technologies, Santa Clara, USA) to account for the amount of accumulated CO,. The
other two samples were analysed with an isotope ratio mass spectrometer (Delta Plus XP, Thermo Fisher
Scientific, Bremen, Germany) to account for the development of §*C of CO, during the respiration,
leading to a total amount of 3400 analysed gas samples.

The amount of respired CO,-C (mg CO,-C d*) was calculated with Eq 5,
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01p-x;- M-V

CO,-C= )

where p is the pressure (mbar), x; is the difference of the CO, concentration between the samplings (ppm),
M is the molar mass of C (g mol™), V the air volume of the sample (m3), R is the molar gas constant (J
kmol? K1), T is the temperature (K) and t is the elapsed time (d) between the samplings. This respiration
rate was referred to the SOC content (called “SOC-normalised respiration™) by dividing it by the total
amount of SOC in g in the sample. Since the content of inorganic carbon in the soil samples was
extremely low we assumed that it has no considerable effect on the CO, production (Bertrand et al. 2007).

To determine the amount of respired labelled material (called “labelled SOC-normalised
respiration”) we also used the two pool mixing model (Eq. 2). For Scontrot We used median $*3C values of
the respired CO, from control samples from the three sites (Loess, Red Sandstone and Sand), injection
depth (Top-, Upper and Deeper Subsoil), and sampling time (1, 13, 27, 48, 103) resulting in 9
observations per sampling date. The median was taken to reduce the influence of outliers on calculated
labelled SOC-normalised respiration. In some cases only a small number of repetitions were obtained due
to the fact that only samples from the labelled plots with significant amounts of retained DOC were taken
into account. To account for natural fluctuations of the 8*CO; values from the labelled samples we also

included §**CO; values that showed more negative values than the control median.
Statistics

Statistical analyses were conducted using R Core Team (2018), including the packages gimmLasso (Groll
and Tutz 2014) to perform generalised linear mixed effect analyses and ggplot2 (Wickham 2016) for
graphical presentation. Significant differences of cumulative respiration normalised to SOC and labelled
SOC after 103 days of incubation between the different sites and depths were tested with a Kruskal-Wallis
test including a Wilcoxon posthoc analysis. The generalised linear mixed effect analysis was used to test
for influencing parameters on the amount of retained DOC 3 months after injection. We only used the
amount of retained DOC in the first depth increment below injection (0 — 5 cm). The mixed effect analysis
was performed using SOC, Alo, Feo, Fep, substrate and horizon as fixed effects and the field replicates
(plots) as a random effect. All numerical variables were standardized to a mean of 0 and a standard
deviation of 1. Models were tested for deviations from homoscedasticity, normality of residuals and
absence of collinearity. We did not allow for random slopes since we assumed that the effects of the
included soil parameters were not variable across the plots. The fitted linear model did not have normally
distributed residuals and were strongly heteroscedastic when we also included retained values of zero for

modelling. Therefore we used only depth increments with significant amounts of retained DOC. This was
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also the reason why we could not perform a linear mixed effect analysis for the amount of retained DOC

after 17 months, since the remaining samples did not contained enough data to provide reliable results.

Results
Amount of retained DOC

The average amounts of retained DOC in the first meter below injection after three months were 34 + 11%
for the Loess, 23 + 9% for the Red Sandstone and 23 + 7% for the Sand. Three months after injection
more DOC was retained in the Topsoils (43 + 35%) compared to the Subsoils (21 = 17% in Upper
Subsoils and 16 = 14% in Deeper Subsoils) (Fig. 3). The amount of retained DOC accounted for only little
OC in relation to the bulk SOC in the Topsoil (max. 0.5% of bulk SOC 3 months after injection) but quite
high amounts in the Subsoils (max. 1.4% of bulk SOC in the Upper Subsoils and max. 4.8% of bulk SOC
in the Deeper Subsoils) (Supplementary material, Fig. A2). For the Topsoil the maximum portion of 0.5%
corresponds to 0.013 mg SOC g* soil. The highest value of 4.8% was obtained at the Deeper Subsoil of
the Sand and corresponds to 0.053 mg SOC g soil. Comparing the different sites, there was a decreasing
trend of retained DOC from Loess to Red Sandstone and to Sand in Topsoils, whereas the retention in the
Upper and Deeper Subsoil was similar for all sites. Due to the high within-group variability the
differences between substrates and horizons were not statistical significant (Kruskal-Wallis rank sum test,
p =0.33).

The bulk SOC content was found to be the best predictor for the retained amounts of DOC after 3
months within the first 5 cm below injection depth increasing it by 3.2 + 0.8% (p < 0.001) as revealed by
the linear mixed effect model. Thus, topsoils retained more DOC than subsoils due to their higher SOC
content. More DOC retention in SOC-rich soil was also found when Topsoils were excluded from the
model, increasing the amount of retained DOC by 3.1 £ 0.9% (p < 0.001) per mg SOC g-1 soil. Thus,
three months after injection more labelled DOC was retained in subsoils with high SOC contents
compared to SOC poor subsoils.

Seventeen months after injection, the pattern of the retained labelled DOC changed. Highest
amounts of retained DOC were found in the Deeper Subsoil of the Loess (41 £ 52%) and lowest in the
Topsoil of the Sand (3 = 5%). However, due to the small indigenous SOC contents, the retained amount
after 17 months for the Deeper Subsoil of the Sand still represents 6.1 + 10.6% of bulk SOC.
Corresponding mean values averaged over all sites range from 11 + 12% in Topsoils to 19 + 20% in
Upper Subsoils and 21 + 32% in Deeper Subsoils. Thus, there was a change towards highest amounts of
retained DOC in the Subsoils compared to the sampling after 3 months. The observed trends however,

were not significant (Kruskal-Wallis rank sum test, p = 0.61). We partly found a higher amount of retained
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DOC after 17 months than after 3 months, especially for the Deeper Subsoil of the Loess, which we
attribute to a high small-scale variability of the soils in terms of flow paths. The amount of retained DOC
per plot reveals a high variation in the data (Table 2). Thus the average amounts of retained DOC per site
and depth obtained extremely disparate values resulting in high standard deviations.
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Fig. 3 Summarised recovered labelled material over the first meter below injection depth after 3 (white boxes) and
17 months (grey boxes). Columns represent mean values from the three plots. Error bars represent standard errors.
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Table 2 Recovered C from the injected DOC over the first meter below injection depth for all plots at the three sites.

o Retained DOC (%)
Sampling time

Site Topsoil Upper Subsoil Deeper Subsoil
(months)
Plotl Plot2 Plot3 Plotl Plot2 Plot3 Plotl Plot2 Plot3
3 23 87 98 26 11 15 21 13 11
Loess
17 33 11 24 23 0 41 100 0 23
Red 3 4 69 32 10 14 9 1 39 33
Sandstone 17 0 0 21 10 17 23 0 8 19
56 3 18 7 58 38 22 0 1
Sand
17 0 0 8 0 0 56 36 0 0

Translocation of DOC below the injection depths

We traced the 3C label within 100 cm below each injection depth to clarify as to which extent DOC was
translocated downwards before adsorption to minerals, remobilisation from minerals or microbial
immobilisation occurred. After 3 months, DOC injected into the Upper and Deeper Subsoils of all sites
was largely restricted to the top 10 cm or even 5 cm below the injection depth (Fig. 4). In contrast, DOC
injected into the Topsoil showed a comparatively deep translocation in particular at the Loess and Sand
site. Especially the Topsoil of the Loess site showed a significant movement of DOC to 50 - 60 cm below
injection.

Looking at the depth distribution 17 months after injection, the portion of DOC retained in the
Topsoils decreased as compared to that after three months (Fig. 4). In the top 5 cm below the injection
depth, no retained DOC was found any more after 17 months at the Loess and the Sand site. In the
subsoils, we partly found a higher amount of retained DOC after 17 months than after three months,
especially for the Upper Subsoil of the Loess with a strong translocation of injected DOC down to 70 cm
below injection depth, which we attribute to a high small-scale variability of the soils in terms of flow
paths (Fig. 4, lower panels). In general, there was only a decrease of retained DOC at the Red Sandstone

and Sand suggesting no translocation but mainly decomposition.
Incubation results

After 103 days of laboratory incubation, in the Topsoil of the Loess, SOC-normalised respiration added up
to 3.3 = 0.6% within 103 days, which was significantly higher than respiration in the Upper and Deeper
Subsoil with 1.2 £ 0.5 and 1.9 = 0.7% (Fig. 5, Table 3). In contrast to the Loess, SOC-normalised
respiration at the Sand and Red Sandstone showed no significant differences in potential respiration per

SOC for different soil depths at all. Noteworthy, the more fine textured Loess did not show lower SOC-
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normalised respiration than the more sandy soils, and was even highest for the Topsoil. Averaged over all
injection depths, the Sand showed the lowest respiration rates. When comparing the cumulative respiration
normalized to bulk SOC with that from labelled SOC, eight out of nine samples tended to have higher
values, except of the Topsoil samples from the Loess indicating a preferential respiration of labelled DOC
than bulk SOC (Table 3). Due to the high variability of the labelled SOC-normalised respiration, these
differences were not significant (p > 0.05, Kruskal-Wallis Test).
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Table 3 Cumulative respiration after 103 days of incubation normalised to bulk SOC and to the retained amount of
injected DOC with standard errors.

Site Injection Depth Sr(e)scp:;i?z?tzgnnal(l";;e)d S?;;;;gggg?gj; d Field loss (%)*
Topsoil 3.3 (0.3) 1.9 (1.2) 16.3 (7.1)
Loess Upper Subsoil 1.2 (0.3) 2.1 (0.3) 0.0 (3.1)
Deeper Subsoil 1.9 (0.4) 2.5 (1.9) 0.0 (32.8)
Topsoil 1.6 (0.3) 7.1 (1.7) 19.4 (22.1)
Red Sandstone  Upper Subsoil 2.2 (0.7) 2.6 (1.5 0.0 (3.3
Deeper Subsoil 1.7 (0.3) 4.9 (0.4) 15.4 (12.0)
Topsoil 1.2 (0.2) 50 (0.1) 21.7 (25.4)
Sand Upper Subsoil 0.9 (0.2) 2.8 (2.9) 11.0 (12.1)
Deeper Subsoil 2.1 (0.7) 5.6 (0.8) 0 (19.5)

* Field loss represents the difference between 3 and 17 months and has been converted to the duration of the incubation
experiment (103 days). To include displaced DOC all samples have been included for the calculation instead just the top 20 cm
below injection that were used for the incubation.
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Fig. 5 Cumulative bulk SOC-normalised (upper panel) and labelled SOC-normalised (lower panel) respiration in a
103 days laboratory incubation experiment. Values for SOC and labelled SOC-normalised respiration represent mean
values from samples 0-5, 5-10 and 10-20 cm depth below injection with three repetitions per substrate (n = 9). Error
bars represent standard errors. Different letters indicate significant differences (P < 0.05) for cumulative respiration
after 103 days of incubation. Because only samples with positive recovery values were taken into account for
labelled SOC-normalised respiration, number of observations strongly differs (loess: 5-6, red sandstone: 3-5, sand: 2-
3).
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Behaviour of retained DOC in the field

The comparison of the amount of retained DOC after 17 months with that after three months allows
assessing its stability under field conditions. Due to the depth distribution of retained DOC we exclude a
translocation of retained DOC between three and 17 months to be responsible for the observed losses.
Resulting losses, when existing, are therefore assigned to respiration processes. The loss of retained DOC
in Topsoils was even higher between the two sampling dates (~ 19%) compared to the cumulative
potential respiration during the incubation experiment, extrapolated to the same time period (~ 5%) (Table
3). This highlights the method dependency of estimated respiration rates and the importance of field
studies to study DOC and SOC turnover. With regard to the amount of retained DOC at the Subsoils, four
out of six field plots showed a lower loss compared to the incubation results. For the Deeper Subsoil of the
Loess e.g. this was caused by a more pronounced retention of DOC after 17 months in greater depths,
while the first 20 cm below injection showed a decreasing trend. We assume that this more pronounced
retention after 17 months for the Deeper Subsoil of the Loess was due to a translocation directly after
injection because of the increasing amounts with increasing depth (Fig. 4). Even though the estimation of
field losses have to be handled with caution due to the mentioned problems, these values in general show
the trend of more material being retained in the Upper and Deeper Subsoil (mean values of all samples: 19
+ 18 and 21 + 31%) compared to the Topsoil (11 £12%). Additionally, a considerable amount of DOC
being injected into the Topsoil was directly transferred to greater depths and thus became in fact part of
the subsoil SOC (Fig. 4). The retained DOC within the top 40 cm below the topsoil injection at the Sand
completely disappeared between 3 and 17 months after injection. Also the retained material at the first cm

below injection at the topsoil injection at the Loess and Red Sandstone showed a strong decline.

Discussion

In contrast to laboratory experiments under controlled conditions, field experiments impose more
challenges in terms of effort and data interpretation. This has also become evident in the results of our
experiment. In four out of nine cases, mean retained material after 17 months was higher than after 3
months. This can be due to the observed lateral flow or because of an unequal distribution of injected
DOC in the soil matrix. Nevertheless, due to the fact that a direct injection of DOC to topsoils and subsoils
in the field was never done before, this study provides first information on the fate of DOC under real

environmental conditions compared to laboratory incubation experiments.
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Amount and distribution of injected DOC

Despite a partly deeper translocation, the amount of retained DOC in the first 10 cm below injection depth
was comparatively high at the Topsoil increments for all sites after 3 months. This is contrary to our
hypothesis that more DOC will be retained in Subsoils compared to Topsoils due to the higher availability
of free sorption sites in the subsoil (Guggenberger and Kaiser 2003). According to Kaiser and
Guggenberger (2000) a coverage of reactive mineral surfaces with organic matter should reduce the
sorptive capacity. This was not the case for the Topsoils with their comparatively high amounts of SOC.
Instead, the linear mixed effect model revealed that for the Topsoils, the SOC content was the best
predictor for the amount of retained DOC after 3 months, confirming the findings of VVogel et al. (2014) in
a mesocosm experiment. They have shown that new organic matter is preferentially attached to already
present organo-mineral clusters. Injected DOC was therefore preferentially sorbed to already present
organo-mineral clusters, while the amount of aluminium- or iron(hydr-)oxides was not crucial for the
retention. These are partially unexpected field observations which stress the importance of studies in
undisturbed soils, if possible under field conditions. Since these organo-mineral clusters represent
microbial hotspots in the soil (Nannipieri et al. 2003), this would subsequently lead to a lower stabilisation
of this retained DOC. This will be discussed in the stabilisation section later on.

Unlike expected, the more coarse sized Red Sandstone and Sand with their comparatively high
water conductivity (Saxton and Rawls 2006) did not show a faster transport of the injected DOC
compared to the fine textured Loess site. Furthermore, the Topsoil of the Loess and the Sand site showed a
general deeper translocation of injected DOC after 3 months compared to the Subsoils. There are two
explanations for the different translocations between the sites and the injection depths. One factor for a
deeper distribution of injected DOC in Topsoils compared to Subsoils could be the decreasing water
conductivity with increasing soil depth due to a higher bulk density (Table 1), leading to a longer contact
time between DOC and the mineral phase and thus more efficient sorption and retention. The bulk density
increased from 1.10 to 1.19 g cm3 in the Topsoils to 1.32 — 1.54 g cm3 in the Upper Subsoils. For a pure
sand, Assouline (2006) has modelled a decrease of the saturated water conductivity from 236 mm h? at a
bulk density of 1.25 g cm™ to 112 mm h at a bulk density of 1.48 g cm™. Thus it can be assumed that the
high water conductivity in the Topsoils led to a deeper infiltration of DOC before it was sorbed due to a
short contact time (Don and Schulze 2008). Besides that, the Topsoil of the Loess with its lower water
conductivity even showed a deeper infiltration of injected DOC after three months. Therefore the other
explanation that appears to be even more important for the depth distribution of injected DOC might be
the abundance and stability of preferential flow paths. In general, macropores are recognised as the most
important factor controlling preferential flow (Guo and Lin 2018). They are considered as possible

pathways for DOC to reach deeper soil horizons Don and Schulze (2008). Indications for more
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macropores at the Loess were the higher abundance of earthworm and root channels visible in soil profile.
Such channels are less stable and abundant in more sandy soils such as at the Red Sandstone and Sand
sites (Schneider and Don 2019). Nevertheless, to some extent preferential flow might be also important for
the Sand and the Red Sandstone, since small amounts of retained DOC could also be found in greater
depths. The deeper translocation of injected DOC at the Loess could therefore be a result of preferential
flow directly after the injection. This is in agreement with the increasing amount of retained DOC with
increasing depth in the deeper subsoil 17 months after injection (Fig. 4). A matrix flow between the
sampling times seems unlikely since this would lead to a decreasing amount of retained material with
increasing depth.

Despite this infiltration to greater depth due to preferential flow, the retention after three months
was generally highest for all sites within the first centimetres below injection. This indicates a fast
sorption even at the more sandy sites during the matrix flow. It is likely that there was enough time for the
injected DOC to be retained within the first 10 cm below the injection depth, since even a structureless
sandy soil can have very low infiltration rates as it was shown by Flury et al. (1994) with a dye infiltration
experiment. This high retention potential of our investigated Sand is in agreement with studies from
(Kalbitz et al. 2004; Nielsen et al. 1999) and was also apparent within field observations of Leinemann et
al. (2016). The latter authors could observe a strong decline of transported DOC of 94 % within 150 cm
soil depth. Further it must be considered that injected DOC concentrations of 9 g m present the upper
limit of DOC concentrations that can reach forest subsoils within one year (Froberg et al. 2007; Kindler et
al. 2011; Rothstein et al. 2018). In our experiment this concentration was injected within hours.
Nevertheless, injected DOC was retained within the first cm below injection depth. This indicates that the
retention of DOC in subsoils is mainly due to the presence of free sorption sites (Kindler et al. 2011)

which are by far not exhausted in our investigated soils independent of their texture.
Stability of topsoil and subsoil SOC

A bulk SOC-normalised respiration of 107 to 320 pg CO.—C g C d? is within the range of comparable
incubation experiments (Agnelli et al. 2004; Salome et al. 2010; Schrumpf et al. 2013; Soucemarianadin et
al. 2018; Wordell-Dietrich et al. 2017). Significantly higher respiration rates for the Topsoil of the Loess
compared to the Subsoil samples and a clear trend of higher SOC-normalised respiration at the Deeper
Subsoil of the Sand compared to the Topsoil samples revealed relevant site dependent effects. Although
confounding, these different courses for the Loess and the Sand can be explained by their substrate driven
impacts on the mineralisation as follows: The higher SOC-normalised respiration of Deeper Subsoil
compared to the Topsoil for the Sand in our incubation experiment could also be observed by Wordell-
Dietrich et al. (2017) and Heitkotter et al. (2017), who conducted incubation experiments with soil from

the same Sand site as in our experiment. A possible disturbance effect due to the destruction of stabilising
76



Study II

aggregates (Salome et al. 2010) can be excluded here, since Vormstein (2017) also conducted incubation
experiments with soil from the same site with undisturbed and sieved samples and could not find
significant different respiration rates. An explanation could be a higher amount of particular organic
matter (POM) compared to mineral associated organic matter (MOM) in the Deeper Subsoil of the Sand
as a more easily degradable carbon source (Yakovchenko et al. 1998). This is indicated by a higher
content of fine roots for the subsoil of the Sand site compared to the topsoil, shown by Kirfel et al. (2019)
for samples from the same site. Despite this, stabilisation of SOC in acidic forest is mostly driven by
poorly crystalline minerals (Kleber et al. 2015; Mikutta et al. 2006). This is due to their crystallinity,
exhibiting a higher surface reactivity and thus a better protective capacity towards SOC (Mikutta et al.
2005). Hence, the higher amount of poorly crystalline minerals in the Upper Subsoil than in the Deeper
Subsoil could be a factor for the differences between these both (Table 1). Interestingly, the comparatively
high amounts of an easier degradable SOC source, indicated by a higher content of fine roots in the
subsoil (Kirfel et al. 2019), and a lower content of stabilising poorly crystalline minerals did not lead to a
higher SOC-normalised respiration of the Sand samples compared to the Loess and Red Sandstone. The
Topsoil of the Loess with its highest SOC-normalised respiration even shows the highest amounts of SOC
in the heavy fraction compared to the Topsoil of the Red Sandstone and the Sand (Vormstein 2017). This
could be a hint for the physical effect of textural differences on the SOC-normalised respiration. As it was
shown by Preusser et al. (2019) for sand samples from the same site, a reduced bacterial utilisation of
SOC is due to a spatial separation from C sources and low soil moisture in the highly sandy subsoil
environment. Also the physiology of different microbial communities could be responsible for the
different stability of SOC between the sites (Kallenbach et al. 2016). However, this was not investigated
here.

Stability of injected DOC

The hypothesis of a higher stabilisation of injected DOC in Subsoils compared to Topsoils could be
confirmed in our study, but with contrasting results regarding the incubation experiment and the loss
between the two sampling dates. Our incubation results revealed no differences of potential labelled SOC-
normalised respiration between Topsoil and Subsoils. A lack of significant differences between the
labelled SOC-normalised respiration of Topsoil and Subsoil samples can be due to the high standard
deviations of the incubations and the comparison of 9 groups which contained partly only two
observations. Nevertheless, this was surprising, since the comparison of the amounts of DOC retained
after 3 and 17 months revealed a strong decline in DOC retained in Topsoils and a stabilisation in Subsoils
(Fig. 3). This may point to the fact that stabilisation effects in subsoils are largely driven by environmental
factors that were not included in our incubation experiment, namely less temperature variation, a different

moisture regime and an input of fresh bioavailable OC. The relatively strong decrease of injected DOC at
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the Topsoils after 17 months might be the result of a higher microbial activity, shown by the significantly
higher respiration normalised to the bulk soil (Supplementary material, Fig. 4). Due to the fact that
available energy sources in Topsoils are rather high compared to Subsoils, and injected DOC represents
only a small amount of bulk SOC (Supplementary material, Fig. 1) it was likely less important as C and
energy source for microorganisms in the Topsoils. In contrast, Subsoils are C poor and an addition of fresh
organic substrate may immediately result in an increased microbial activity (Vogel et al. 2015) and higher
mineralisation of added labile C (Kramer et al. 2013; Tian et al. 2016). Nevertheless, long-term
stabilisation of SOC in Topsoils is rather hampered due to the probable accumulation of injected DOC to
already present organo-mineral surfaces. This would explain the comparatively high amounts of retained
DOC after 3 months in the Topsoils and the nearly complete mineralisation of this retained DOC within
14 months.

Contrary to our hypothesis, the more fine textured soils did not show higher amounts of stabilised
DOC injected to the subsoils in the field. Per depth increment, there were no differences in the amounts of
retained DOC after 17 months for the different sites. For the first cm below injection we can assume
matrix flow conditions of injected DOC before it was sorbed to the mineral phase. Despite this, a
considerable amount, especially at the Loess site, was translocated to greater depth via preferential flow
paths before retention occurred. However, these rhizosphere habitats also represent the microbial hotspots
in subsoil horizons (Bundt et al. 2001; Marschner et al. 2012), with higher specific enzyme activities
compared to topsoil bulk SOC (Kramer et al. 2013). For the Sand site Wordell-Dietrich et al. (2019)
showed that roots and root exudates in the Subsoil regions are the primary source of produced CO..
Injected DOC that was retained within these microbial hotspots might therefore be mineralised
comparatively fast. In contrast, injected and retained DOC that has entered the soil via matrix flow might
be spatial separated from these microbial hotspots and stabilised by poorly crystalline minerals. In
conclusion the high stabilisation of injected DOC between the two sampling dates compared to the
incubation results might be a result of its matrix flow and spatial separation from potential decomposers.
The textural differences between the sites were rather responsible for a faster vertical movement,
especially at the fine textured Loess, due to a higher abundance of preferential flow paths. Differences
between the Upper and Deeper Subsoil were not substantial, pointing out to similar processes for subsoil
OC stabilisation right from the spatial beginning of the subsoil.

Since retention of injected DOC with comparatively high concentrations occurred within the first 10
cm, it can be assumed that, for reaching deeper subsoils, this retained DOC requires permanent microbial
degradation and translocation processes as described in the cascade model. Furthermore, as it was shown
by Wordell-Dietrich et al. (in discussion), respired CO; from subsoils primarily derives from roots and

root exudates. Organic carbon bound to the mineral surfaces in the Subsoils of the bulk soil should
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therefore be relatively stable, not only because of the stabilising effect of organo-mineral complexes but

also because it is not part of microbial hotspots.
Conclusion

Our results point out the importance of field experiments with regards to questions about the fate and
stability of DOC in different soil depths and substrates. Due to the combination of stable isotope
techniques with field experiments at multiple sites we were able to obtain two important findings: First,
stabilisation of injected DOC in acidic forest subsoils might not be preferentially driven by the sorptive
capacity, like the amount of poorly crystalline minerals of the soil, but by its spatial inaccessibility, i.e. the
distance to microbial decomposers. Second, the direct transport of DOC from Oa layers to subsoils seems
to be higher in fine-textured soils than in coarse textured soils due to their higher abundance of
preferential flow paths. These flow paths also represent biological hotspots in subsoils. Thus, our results
point to the importance of microbially-degraded and subsequently displaced OC through the soil matrix
for the build-up of possibly stable SOC in subsoils. Unexpectedly, SOC itself facilitated the retention of
DOC in the short term with more DOC retention in the topsoil than in the subsoil; but in the long-term
DOC stabilisation on accessible mineral surfaces is required.
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content. Values represent mean values derived from the different plots (n = 3) and the respective standard deviations.

86



Study Il — Supplementary material

Loess Red Sandstone Sand -
-
40 Control
-@- Labelled
30 3
gel
20 &
c
5]
® 0
£ o~
] Eo_j40 c
o - k]
2 %30 o
T O &
E 720 _
o & o
o @
580 M g
o
£
=0
=
@ 40 o
@
30 3
@
20 2
&
10 =}
0

o

25 50 75 100 0 25 50 75 100 O 25 50 75 100
Time (d)

Fig. A3 Comparison of cumulative respiration normalised to bulk SOC respiration for the samples with labelled
substrate and control samples. Values represent mean values derived from the different plots and injection depths (n
= 9) and the respective standard deviations.
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and 10-20 cm depth below injection with three repetitions per substrate (n = 9). Error bars represent standard errors.
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of water (CaCl, solution). Values represent mean values for samples 3 months after injection. For the Red Sandstone

site only one sample per injection depth was taken.

88




Study Il — Supplementary material

Tables

Table Al Qualitative results from a GCMS pyrolysis for the freeze-dried DOC samples. The samples (approx. 300 pg)
were pyrolyzed at 600°C for 6 s using a Multi-Shot Pyrolyzer EGA/PY-3030D (Frontier Laboratories Ltd.;
Fukushima, Japan) connected to an Agilent 7890B gas chromatograph (Agilent Technologies, Inc.; Santa Clara, CA,
USA). The pyrolysis products were separated on a HP-5 ms column (30 m length, 0.25 mm inner diameter, 0.25 um
film thickness) with 5.0 He as carrier gas. Inlet temperature of the GC was set to 320°C. A split ratio of 1:20 was
applied. The GC column was connected to an Agilent 5977 MSD (Agilent Technologies, Inc.; Santa Clara, CA, USA)
and scanned from 50 to 600 m/z. The raw data files were exported from the proprietary instrument software (Agilent
Masshunter GC MS Acquisition B.07.00) and processed in MassLab version 1.2.7 using the NIST library.

mass- to charge

Group Compound ratio (m/z) Formula
Polysaccharides Acetic acid 60 C2H402
Polysaccharides Furan, 2-methyl- 81+82 CsHsO
Benzenesenzenes Benzene 78 CeHs
Polysaccharides C2-Furan 95+96 CesHsO
Polysaccharides C2-Furan 95+96 CsHsO
N-containing compounds 1H-Pyrrole, 1-methyl- 80+81 CsH7N
N-containing compounds Pyridine 52+79 CsHsN
N-containing compounds Pyrrole 67 C4HsN
Benzenesenzenes Toluene 91+92 C7Hs
Polysaccharides (2H)-Furan-3-one 54+84 C4H402
Polysaccharides 3-Furaldehyde 95+96 CsH402
N-containing compounds Pyridine, 2-methyl- 66+93 CesH7N
N-containing compounds Pyrazine, methyl- 67+94 CsHeN2
Polysaccharides 2-Furaldehyde 95+96 CsH402
N-containing compounds C1-Pyrrole (Pyrrole, ethyl-) 80+81 CeHoN
N-containing compounds C1-Pyrrole (Pyrrole, methyl-) 80+81 CeHoN
Polysaccharides 2-Furanmethanol 81+98 CsH602
Benzenesenzenes C2 benzene (Benzene, ethyl-) 91+106 CsH1o
Polysaccharides Cyclopent-4-ene-1,3-dione 68+96 CsH402
Benzenes Styrene 103+104 CsHs
Polysaccharides 2-Cyclopenten-1-one, 2-methyl- 67+96 CeHsO
Polysaccharides 2-Cyclopenten-1-one, 2-hydroxy- 55+98 CsHsO2
Polysaccharides 2-Furaldehyde, 5-methyl- 109+110 CesH602
Polysaccharides 2-Cyclopenten-1-one, 3-methyl- 67+96 CesHsO
Phenols Phenol 66+94 CsHesO
Polysaccharides, Lg Resorcinol 68+110 CesHs02
Benzenes C3-Benzene 105+120 CoH12
Benzenes C3-Benzene 105+120 CoH12
Polysaccharides 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 69+112 CesHs02
Polysaccharides 2-Cyclopenten-1-one, 2,3-dimethyl- 67+110 C7H100
Phenols C1-Phenol (Phenol, methyl-) 107+108 C7HsO
Lignin-derived compounds Guaiacol 109+124 C7HsO2
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Phenols

Phenols

Lignin-derived compounds
N-containing compounds
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Lignin-derived compounds
N-containing compounds
N-containing compounds

Indenes

Indenes

N-containing compounds
Polycyclic aromatic hydrocarbons
Lignin-derived compounds
Polycyclic aromatic hydrocarbons
Phenols

N-containing compounds
Lignin-derived compounds
Polycyclic aromatic hydrocarbons
Lignin-derived compounds
Phenols

Lignin-derived compounds
Lignin-derived compounds

N-containing compounds

4H-Pyran-4-one, 3-hydroxy-2-methyl- (Maltol)

Benzoxazole, 2-methyl-

unidentified N-compound

C2-Phenol

C2-Phenol (Phenol, dimethyl-)
C2-Phenol (Phenol, dimethyl-)
4-Vinylphenol

3-Acetamidofuran
1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl-
2-Coumaranone

Quinoline

1H-Pyrrole-2,5-dione, 3-ethenyl-4-methyl

1H-Indene, 1,1-dimethyl-
1H-Inden-1-one, 2,3-dihydro-

Indole

C1-Naphtalene (Naphthalene, methyl-)
4-Vinylguaiacol

C1-Naphtalene (Naphthalene, methyl-)
Phenol, 2,6-dimethoxy-

C1-Indole

Dimethoxy benzaldehyde
Naphthalene, 2,7-dimethyl-
C3-Guaiacol

Phenol, 4-butyl-

Guaiacylacetone

4-Vinylsyringol

Diketodipyrrole

71+126
64+133
81+82
107+122
107+122
107+122
91+120
83+125
67+139
78+134
102+129
66+137
129+144
104+132
90+117
141+142
135+150
141+142
139+154
130+131
151+152
141+156
164
107+150
137+180
165+180
93+186

CeHsOs3
CsH7NO

CsH100
CsH100
CsH100
CsHsO
CsH7NO2
C7HgNO2
CsHe02
CoH7N
C7H7NO2
CuHi2
CoHsO
CsH7N
CuHio
CoH1002
CuHio
CsH1003
CoHoNO
CoH1003
Ci2H12
C10H1402
C10H140
C10H1203
C10H1203
C10HsO2N2
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Abstract

Soils are important carbon sinks or sources and thus of great importance for the global carbon cycling.
Especially subsoils are considered to have high potential for additional carbon accumulation, likely
mitigating further increase in atmospheric carbon dioxide. Based on a multiple-method approach including
a field labelling experiment with **C-enriched litter, we show for temperate forest soils that the laboratory-
based carbon sink capacity of subsoils cannot be reached in reality. Surface carbon inputs via litter
leachates are little conducive to the subsoil carbon pool. Only 0.5 % of litter-derived C entered the subsoil
as dissolved organic matter within nearly two years and most of the translocated organic matter is prone to
fast microbial mineralisation. Sorption of fresh organic matter to mineral surfaces only resulted in a short-
term storage of carbon. Desorption to the soil solution and an adapted microbial community re-mobilises
organic matter in subsoils faster than considered so far. We conclude that under current conditions forest
subsoils cannot be considered as additional C sink, which is in contrast to their widely debated C sink
potential.
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Main

Globally, 50 % of soil organic carbon (SOC) is stored in the subsoil below 30 cm depth, making subsoils
one of the largest terrestrial C reservoirs'2. Recently fixed carbon can be transferred to subsoils via
dissolved organic matter (DOM) or inputs of roots®. A paramount relevance of the downward solute
transport followed by sorption to minerals is advocated by the oftentimes negligible contents of plant
residues and high *C ages of organic matter in subsoils*. The extent to which soils can accumulate
organic C (OC) thus largely depends on available sorption sites at reactive minerals, e.g. pedogenic metal
(oxyhydr)oxides®’ and clay minerals’, and is limited by their sorption capacity® or by reaching steady-
state equilibrium®. While most aboveground C inputs are retained in topsoil horizons??, subsoils contain
considerable amounts of uncovered mineral surfaces®. Hence, especially mineral subsoils are considered to
have high potential to preserve additional C'*? and particularly forest ecosystems are thought to act as
future C sinks if managed accordingly®®°. Based on sorption experiments in the laboratory® or on
models?’, forest subsoils are assumed to have an enormous capability to retain additional C31%¢, Many
forests, including widespread temperate forests, are located in high sensitivity biomes®, which can vastly
react to climate change. Since the 1980s, a human-induced greening of the vegetation has been observed
globally®® and of the northern hemisphere in particular®®, predominantly connected to forest management,
nitrogen deposition, CO fertilisation, and climate change!®2°. This greening is particularly related to the
growth of young forests <140 yrs* and enhanced net primary production?? and thus litter-C inputs to
soils?®. Disturbances as droughts and windthrow events additionally contribute to enhanced C inputs to
soil by dead biomass?%,

Field experiments, however, suggest that increased aboveground litter inputs have little or no effect
on soil C stocks?®. Not only that most of this additional input is rapidly mineralised?®, it is also thought to
foster C mobilisation in mineral topsoils and its translocation towards deeper subsoils and aquifers®2°. In
fact, browning of lakes and rivers in Northern Europe and temperate North America due to the increasing
input of dissolved organic C (DOC) from soils®"?® indicate a limited capability of subsoils to retain C
mobilised in the topsoils. It remains an intriguing paradox that, although laboratory experiments suggest a
vast capacity of forest subsoils to store more C®2° this potential has not been exploited under natural
conditions. This “staying-below-capacity” effect could substantially reduce the value of forest subsoils for
additional C sequestration. Here, we challenge the perception that forest subsoils can retain more C than
they currently do and investigate the biogeochemical factors that interfere in exploiting their C storage
potential. We assessed C retention and underlying processes in a forest subsoil down to 150 cm soil depth
based on a 20-m? field labelling experiment with **C-enriched litter*®® with an unique long-term DO*C and
18CO, monitoring®*?, an in-situ C exchange field experiment with C-coated minerals, and batch sorption

experiments.
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Translocation of litter-derived carbon towards forest subsoils

The application of **C-enriched litter on the surface of subsoil observatories® allowed us to trace fluxes of
litter-derived C into different C pools and to create a 22-month C balance at various soil depths. Soil
solutions were collected with segmented suction plates, covering for the first time both, DOC fluxes
through matric and preferential flow path domains® (see method section). We were able to recover about
85 % of the initially applied tracer. More than one-third of the litter-C was directly mineralised and lost to
the atmosphere while another third remained in the surface litter layer after nearly two years (Fig. 1,
Supplementary Fig. S1). Only 1.5 % of the litter-C was mobilised as DOC and immobilised as mineral-
associated organic carbon (MAOC) in the topsoil horizon (0-10 cm soil depth), and another 0.5 % of the
13C-labelled litter-C entered the upper subsoil in a depth >10 cm via the DOC pathway (Fig. 1). This
shows that most of the litter inputs are retained in the topsoil®®, while the majority of the DOC in the
mineral top- and subsoil originate from native SOC*® (Supplementary Fig. S2). It took about one year after
13C-litter application, before small amounts of litter-derived DOC showed up in the subsoil solution
(Supplementary Fig. S3), indicating a significant lag-phase due to multiple sorption-decomposition-
desorption cycles through the soil matrix?®. About 0.7 % of the applied litter-C was found as MAOC in the
upper part of the subsoil (10-50 cm depth) after 22 months (Fig. 1), which matches the range of litter-
derived DOC inputs into the upper subsoil. The ratio of litter-derived CO. production in the upper
subsoil (0.25 % of the added litter-C) and retained C (0.25 + 0.7 = 0.95 %) shows that about one-fourth of
the litter layer inputs entering the upper subsoil were respired within less than two years (Fig. 1). In the
deep subsoil, this ratio remained constant, indicating that substantial parts of fresh C inputs are not
stabilised over longer periods®, but rather represent a labile C source®. In fact, litter-derived CO, was
observed in all soil depths right from the start of the experiment (Supplementary Fig. S4), suggesting rapid
mineralisation of recent organic compounds without or with only very short temporal immobilisation by
the mineral phase?®. In accordance, high apparent “C ages of subsoil SOC indicates that rejuvenation by
fresh inputs is negligible®. The microbial utilisation of fresh DOC inputs is also reflected by the overall
high contribution of microbial-derived carbohydrates in subsoil soil solution?®253¢ (Supplementary Table
S1 and Fig. S5). We conclude that recent litter-derived DOC facilitates predominantly MAOC formation

in the topsoil, with only limited supply of rather labile C to subsoils.
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Fig. 1 Recovery of litter-derived C into different C pools in topsoil (10 cm), upper subsoil (50 cm), and deeper
subsoil (150 cm) over the course of 22 months in a Dystric Cambisol located in a temperate European beech forest in
Germany. Values are given in percent of the initially applied labelled litter. Evaluated C pools included the CO,
production at the soil surface and in the depth increments 10-50 and 50-90 cm (white), leachates of dissolved organic
C (DOC) in 10, 50, and 150 cm soil depth (blue), and incorporation of litter material in the depth increments 0-10,
10-50, and 50-150 cm, due to bioturbations as C in particulate organic matter (POC; green) and due to sorption to
mineral surfaces thereby forming mineral-associated organic C (MAOC; brown). Residual litter after the field
exposure was quantified and is given in the litter layer. The complete C balance revealed a recovery of initially
applied litter of about 85 %. CO; data were adapted from Wordell-Dietrich et al.*?, and MAOC/POC differentiation
was adapted from Liebmann et al.®. The latter authors did not analyse the MAOC in the depth increment 50-100 cm,
but reported an interpolation of 0.03 % which we added here.
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Subsoil capacities for additional carbon uptake

Even though recent litter contributes little to soil DOC fluxes, considerable amounts of DOC are
percolating through forest soil profiles'®3! (Fig. 2, Supplementary Table S1). Therefore, we explored the
sorption capacities of forest top- and subsoils and the vulnerability of sorbed *C-labelled organic matter
towards desorption in batch experiments. To assess the sorption capacity, we used three temperate
European beech forest soils with a typical clay mineral assemblage (dominated by vermiculite, chlorite,
illitic clay, and kaolinite; Supplementary Fig. S7), but varying in soil texture (silty to sandy). Sorption
isotherms showed that typical topsoil DOC concentrations of 50-100 mg L (Supplementary Table S1)3*
induced desorption of native SOC from topsoils (Fig. 2), supporting that topsoils already reached their
steady state®”. Unexpectedly, typical subsoil DOC concentrations of <10 mg L* (Fig. 2, Supplementary
Table S1)'°3! resulted either in no additional net C uptake or in a net release of native SOC from subsoils
at 50 and 150 cm depth (Fig. 2, Supplementary Fig. S8). Like observed under field conditions?®3!, a
decrease in specific UV absorption at 280 nm with soil depth indicates preferential sorption of aromatic
compounds and mobilisation of native organic matter of lower aromaticity?® (Supplementary Fig. S9).
Only at substantially higher DOC concentrations of >>10 mg L™, subsoils retained additional C,
suggesting further C uptake only for highly sorptive DOM and DOC concentrations considerably higher
than under present natural conditions. But typical subsoil solutions are much less reactive, containing a
high share of carbohydrates?® (Supplementary Fig. S5). We infer that a disadvantage of the past and
current adsorption experiments is the use of highly reactive litter-derived DOM as standard, whereas the
inherent DOM composition of solutions entering a particular soil depth would be more representative for
field situations. It must be further noted that, unlike in laboratory sorption experiments, the accessibility of
sorption sites in natural subsoils is reduced as DOM percolates also along preferential flow paths®!, thus
bypassing possible sorption sites.

Another key factor in the subsoil C sequestration is the stability of recently retained C30383°,
Previous studies with C-free pedogenic minerals showed a strong sorption-desorption hysteresis of freshly
retained C and a subsequent decrease in mineralisation rates*®#!. Our batch desorption experiment with
natural soils indicates that newly sorbed litter-derived C was held in weaker associations and thus a
significant part remained mobilisable (20-39 % of sorbed C, p < 0.05) in the deeper subsoil samples,
whereas older, native C was more strongly bound (Supplementary Fig. S10 and S11). Recent
investigations into in-situ mineral-organic associations of various soil depths likewise revealed short
retention times of newly sorbed C*°. As sorption-desorption processes are governed by the in-situ solution
equilibrium state and sorption site availability differs between field and laboratory conditions, the
laboratory-based sorption capacity of forest subsoils remains an unsuitable predictor for further C

sequestration.
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Fig. 2 Dissolved organic C (DOC) sorption isotherms of soil from 10, 50, and 150 cm soil depth of a Dystric
Cambisol located in a temperate European beech forest in Germany. Both x-axes show the DOC added to the soil, on
the bottom x-axis normalised to soil mass, on the top x-axis as concentration. Sorption isotherms (yellow circles and
red line) show the released or sorbed DOC after the experiment (left y-axis, n = 3) as a function of added DOC.
Black bars show the quantified DOC sorption (right y-axis, n = 3), estimated for one m? and a soil thickness of 10 cm
(since soil samples for the sorption experiments were taken as composite samples of a 10-cm increment; 10-20, 50-
60, 100-110 cm). The blue-marked areas represent typical DOC concentrations (top x-axis) in the respective soil
depths measured at this study site (see Supplementary Table S1). Concentrations were calculated as the mean of all
samples taken during the timeframe February 2015 to November 2016, and amounted to 51.5 +22.0 mg L™ in 10 cm
(n=112), 13.0 £ 9.0 in 50 cm (n = 60), and 8.6 £ 11.2 in 150 cm (n = 88). The DOC concentration in 150 cm soil
depth was used for the 100-cm variant in this figure.

Soil minerals and carbon seqguestration

Given the fact that considerable DOC fluxes and available sorption sites in forest subsoils contrast low C
stocks, we further tested the persistence of subsoil MAOC under in-situ field conditions. Native soil
minerals (goethite and vermiculite) coated with a **C-enriched organic matter, with C contents similar to
those of the subsoil clay fraction*?, were buried in the soil profile. As a prerequisite for further C
sequestration, we expected a slow in-situ C cycling. After a two-year exposure period, however, the gross
C balance revealed an unexpected high exchange rate of C (Fig. 3, Supplementary Table S2). While
goethite acted as net C sink in the topsoil as its sorption capacity was still not reached*, both minerals
were net C sources in the subsoil. Carbon exchange as well as microbial driven C cycling on minerals in
the topsoil support the assumption that mineral surfaces in topsoils are the place of pronounced C
cycling®. Minerals buried in the subsoil showed a net release of C without concomitant retention of fresh
C from the soil solution, although being exposed to subsoil DOC (Fig. 2, Supplementary Table S1). A
mobilisation of 30-40 % of native C from both minerals (Fig. 3) suggests a mobilisation process
independent from the mineral composition. The high rate of mobilisation is consistent with our field

findings, showing a loss of about two-third of fresh mineral-bound C within 18 months®. Similarly, our
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batch sorption and desorption experiments with native soil samples and DOC solution revealed that there
is a frequent exchange of DOC with native SOC and a preferential desorption of recently retained C,
irrespective of the mineral composition and being more pronounced in subsoils compared to topsoils
(Supplementary Fig. S11). The minerals loaded with litter-derived C represent microbial hotspots*#°, thus
promoting the growth of bacteria compared to the surrounding bulk soil, especially of copiotrophic
Betaproteobacteria® (Supplementary Fig. S12). Their activity might be further fueled by the
carbohydrate-rich DOM, as with increasing soil depth, the soil solution comprises an increasing
proportion of carbohydrates (Supplementary Fig. S5) with a low affinity to form bonds to mineral
surfaces*. Additional C input may thus promote the growth of copiotrophic microorganisms, which
benefit most from easy available C sources*. Overall, the in-situ field exposure experiment suggests that
C storage ability in subsoil environments is limited and depends more on the composition of organic
matter and an active and adapted microbial community associated with such pedogenic minerals*

(Supplementary Fig. S12 and S13) than on mineral properties, such as surface area and sorption capacity.

Implications for forest subsoils as future carbon sink

Subsoils are highly discussed regarding their potential to sequester C, thereby helping to counteract the
globally increasing atmospheric CO; concentrations. Our integrative approach of field labelling with flux
monitoring, laboratory sorption experiments, and in-situ exposure of C-coated minerals provides several
lines of evidence that under the current conditions, subsoils in temperate forests should not be considered
as additional C sinks. These insights mainly derive from a beech forest with a stand age of >100 years. But
since site-specific properties are likely of subordinate importance for DOC stabilisation among temperate
beech forests®, we consider our results applicable also to other locations within the temperate forest
biome and beyond. We identified the following factors for the “staying-below-capacity” state of subsoils,
which likely prevent future C sequestration in temperate subsoils and are contradictory to the yet proposed
role of subsoils as additional C sinks: (1) Forest subsoils are in a steady-state equilibrium between inputs
and outputs of C, facilitated by exchange and mineralisation of temporarily retained C; (2) C inputs into
subsoils, which potentially bind to mineral surfaces, are limited, rather dominated by less sorptive
carbohydrates?, and are further channeled along preferential flow paths®.. The resulting associations are
weaker than those with highly sorptive plant-derived DOM in the topsoil and can result in a fast C
turnover even in the subsoil; (3) An increased C input into subsoils rather promotes the mineralisation and
mobilisation of fresh inputs as well as older native organic matter®, thus making it unlikely that the
remaining available sorption sites will be effectively used under natural conditions. This probably also
applies when increasing the input of root-derived C into subsoils by changing tree species composition

towards more deep-rooting trees. In conclusion, although forest subsoils do have high capacities for
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further C sequestration, such potentials are unlikely to be exploitable. Constraints such as low and
spatially variable DOC inputs, sorptive fractionation, mobilisation of sorbed OC into soil solution, and its
mineralisation maintain the current input-output equilibrium. Enhancing C storage in subsoils would
require substantially increased inputs of highly sorptive plant-derived OM. Yet, additional inputs of labile
and more bioavailable C sources may unlock the stabilisation of the old native carbon pool by co-
metabolic decomposition®®, going along with an increased desorption of C, and consequently contributing

to C losses from soil and browning of surface and ground waters.
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Fig. 3 Depth-dependent gross C exchange of *C-labelled mineral-associated organic C (MAOC) after two-years of
field exposure in a Dystric Cambisol located in a temperate European beech forest in Germany. Goethite was chosen
as a representative pedogenic Fe oxyhydroxide (left side) and vermiculite as representative 2:1 clay mineral (right
side). The net difference in C content before and after the field exposure is given in percent of the initial MAOC
content (AC). The amount of mobilizable C (MC) during the field exposure is given in percent of initial MAOC as
well. The final C content after field exposure was differentiated in pre-existent 3C-labelled mineral-derived C
(MDC) and fresh unlabelled solution-derived C (SDC; yellow color). The soil profile in the center representatively
shows a Dystric Cambisol in the Grinderwald forest (Germany); left and right figures show scanning electron
microscope (SEM) images of the respective C-loaded minerals.
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Methods

Three subsoil monitoring observatories (distance about 60 m) are located in a European beech (Fagus
sylvatica L.) forest on sandy glacio-fluvial deposits in Lower Saxony, Germany (Grinderwald). They are
equipped with suction plates for soil solution sampling installed at 10, 50, 150 cm soil depth®., suction
cups and CO; sensors at 10, 30, 50, 90 cm soil depth for analysis of soil CO, concentration profiles in
combination with closed chambers for measurement of total soil CO- efflux® (Supplementary Fig. S14a).
A field labelling approach was performed on the circular areas of the monitoring observatories by
replacing the natural litter layer on 50 % of the area with 3C-enriched litter (Supplementary Fig. S14b),
the other 50 % remained unlabelled. Sampling of soil solution and soil air was done on a weekly basis
between January 2015 and November 2016, and DOC and CO-, and their 8*C values were determined.
After 22 months, the remaining labelled litter was removed and soil cores down to 200 cm soil depth were
taken to account for the incorporation of labelled litter-derived C in SOC* (more details are provided in
the Supplementary Methods).

Batch sorption and desorption experiments were conducted with soil samples from three beech
(Fagus sylvatica) forest sites (Grinderwald, Rudershausen, Eberg6tzen) in Lower Saxony (Germany) and
three soil depths following the experimental design of Kalks et al.*. Soils developed on different parent
materials, including sandy glacio-fluvial and loess deposits, and red sandstone. Sorption isotherms were
recorded with bulk soil samples and DOC extracts from local beech litter in eight different concentrations
up to 400 mg C L. Gross OC sorption and exchange with native OC was quantified with a DOC extract
from 3C-enriched beech litter at the highest DOC concentration of the sorption isotherm. Subsequent
desorption experiments were carried out by using an ionic background solution (more details are provided
in the Supplementary Methods).

The field experiment for the in-situ C exchange on mineral surfaces was conducted on an adjacent
plot of the soil monitoring study site Grinderwald, following a previous laboratory approach. Goethite
and vermiculite, representative for two groups of pedogenic minerals responsible for the majority of
reactive surfaces in temperate soils, were coated with DOM extracted from *3C-enriched beech litter. The
minerals had C loadings of 4-9 mg C g mineral and were buried in meshbags in triplicates in 10, 50, and
150 cm soil depth. After 24 months of field exposure, meshbags were removed and analysed for bulk C,
813C, and the microbial community composition (more details are provided in the Supplementary
Methods).

For the three study sites, we refer to a soil depth between 0-10 cm as topsoil, 10-50 cm as upper

subsoil, and 50-150 cm as deeper subsoil based on recent publications describing these sites®-3%°,
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Supplementary Methods

Field approaches

Study sites

Grinderwald

The monitoring and main labelling experiments were carried out in the Grinderwald beech forest (Fagus
sylvatica L.) 40 km north-west of Hanover, Germany (52°34°22°” N, 9°18°49”’ E), hereafter referred to as
“Grinderwald site”. The beech forest was established in 1916 and replaced a former pine forest. Mean
annual temperature is 9.7°C, and mean annual precipitation accounts to 762 mm (Deutscher Wetterdienst,
period 1981-2010). Soils are primarily Dystric Cambisols, which developed on Pleistocene glacio-fluvial
sandy deposits®. Soil texture is dominated by sand-sized particles. For a more detailed site description,
please refer to Bachmann et al.2 and Angst et al..

The laboratory sorption experiments included the Ebergdtzen and Ridershausen sites, as did the related
DOC injection experiment from Kalks et al.*.

Riidershausen

The site Riidershausen comprises a European beech forest (Fagus sylvatica L.) located north of Gottingen,
Germany (51°34°48°° N, 10°14°34”* E) and is hereafter referred to as “Riidershausen site”. Soils are
mostly Haplic Luvisols, which developed on silty loess deposits of late Weichselian origin®. Mean annual
temperature is about 8.5°C and the mean annual precipitation amounts to 733 mm* (Deutscher

Wetterdienst, period 1981-2010). Detailed site descriptions were previously published by Kalks et al ..

Ebergétzen

The site Ebergdtzen comprises a European beech forest (Fagus sylvatica L.) located north of Géttingen,
Germany (51°34°41°’ N, 10°3°55°’ E) and is hereafter referred to as “Ebergdtzen site”. Soils are primarily
Dystric Cambisols, which developed on Triassic upper red sandstone and are characterised by sandy
texturel. Mean annual temperature is about 8.3°C and the mean annual precipitation amounts to 794 mm*
(Deutscher Wetterdienst, period 1981-2010). Detailed site descriptions were previously published by
Kalks et al.*,
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Soil monitoring and *C-litter manipulation experiment in the field

Setup of field experiment
In 2013, the Grinderwald site was equipped with three subsoil observatories for monitoring water and
dissolved organic carbon (DOC) fluxes as well as CO; fluxes>® (Supplementary Fig. S14a). The relevant
spherical catchment area per observatory was about 13.2 m? (Supplementary Fig. S14b). Briefly, in each
of the three soil depths 10, 50, 150 cm three multi-segment suction plates (25x25 cm, ecoTech Umwelt-
MeRsysteme GmbH, Bonn, Germany), with 16 squared segments (36 cm?) each, were installed per
observatory. Plates were installed horizontally and covered by polyamide filter membranes. Fixation and a
tight contact with the soil matrix were ensured by adding a mixture of silt-sized quartz and 2 mm-sieved
soil from the observatories. All plates per observatory were connected to a vacuum pump and a pressure
of 50 mbar was applied in order to collect the free percolating soil solution’. Each segment was connected
to a collection vessel (250 mL). A detailed description of the installed equipment at the Grinderwald has
been published elsewhere®®. Selected soil parameters from the subsoil observatories were adapted from
Leinemann et al.®> and are given in Supplementary Table S3. Further, soil temperature and volumetric
water content was monitored every 15 minutes in 10, 30, 50, 90, and 150 cm depth in each subsoil
observatory by combined temperature and moisture sensors (UMP-1, Umwelt-Gerate-Technik GmbH,
Mincheberg, Germany). Sensors were installed with a horizontal distance of 100 cm from the wall of the
subsoil observatories. The vertical CO; profile in the soil was monitored by solid-state infrared gas sensors
(GMP221, Vaisala Oyi, Helsinki, Finland)®. Measurements were taken every three hours from August
2014 to November 2016. Next to the CO; sensors, PTFE suction cups (25 mm diameter, 60 mm length)
(ecoTech Umwelt-Mel3systeme GmbH, Bonn, Germany) with steel tubing (2 mm diameter) were installed
for soil air sampling. The horizontal distance of CO, sensors and gas samplers from the subsoil
observatory wall increased from 40 cm to 100 cm with increasing soil depth (Supplementary Fig. S14a).
Soil CO; efflux was measured at the soil surface as described by Wordell-Dietrich et al.®. In brief,
15 polyvinyl chloride collars (diameter 10.4 cm) were installed to a depth of 5 cm in the soil around the

subsoil observatories.

13C labelling

The experimental approach was designed to trace litter-derived organic matter on its way down the soil
profile in order to investigate into C fluxes from a recent litter layer down to the deep mineral subsoil and
to create a complete *3C budget. To accomplish that, the natural litter layer on the catchment areas of the
subsoil observatories was removed manually in January 2015. Half of the area (6.57 m?) was replaced by
13C-enriched beech litter, the other half by natural beech litter as control (Supplementary Fig. 14b). The
labelled litter was prepared by mixing 237 g of uniformly **C-enriched beech litter (10 to 14 at%)
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purchased from IsoLife (Wageningen, The Netherlands) with 1575 g of un-labelled beech litter from
plants of similar age. The mixture was placed on the 6.57 m? area, corresponding to a total litter input of
about 275 g m?, representing mean annual litterfall in central German beech forests®. The final 3*C-
enrichment was about 1241 %o for observatory 1 (OB1) and 1880 %o for observatories 2 (OB2) and 3
(OB3) due to delivery of more *C-enriched labelled litter batch for the latter two. The label was applied
on the half of the observatory equipped with the suction plates and gas samplers, suction cups were
installed on the control side to collect soil solution for 3**C values of the control in 25, 50, and 150 cm soil
depth (Supplementary Fig. S14a). Further, two polyvinyl chloride collars (30 cm diameter, height 30 cm)
for 3CO, measurements on the surface were inserted down to a depth of 15 cm in the area where the
labelled litter was applied. Afterwards, a net with a mesh size of 2 cm was installed on top of the litter
layer to exclude dilution by freshly fallen leaves and to prevent translocation of the label, e.g. by wind. In
autumn, fresh litterfall on the mesh was removed. The continuous leaching of *C-labelled dissolved
organic matter (DOM) was maintained until November 2016, which adds up to a label duration of 22
months. Then, *C input was stopped by removing the labelled litter and restoring the natural litter layer
with material from the surrounding area. Afterwards, the amount of removed litter was dried, quantified,
and measured for the remaining *3C-enrichment. Removed litter amounted to an average of 405 g m, due
to incorporation of small leaf debris and beechnut shells. Consequently, mean residual 3*3C amounted to
384+183 %o. During the 22 months of the field experiment, a total of 946 mm throughfall was recorded by

a weather station located in the research forest.

Sampling and analyses

Monitoring of the soil solution via suction plates started in August 2014° and is still ongoing. Sampling of
the soil solutions was realised on a weekly basis during this time. In total, 57 samplings were done during
the '3C labelling from February 2015 to November 2016 (Supplementary Table S4). Soil water flow
varied with seasonal weather conditions. Correspondingly, dry periods (especially from late spring to late
summer) prevented sampling of 60 % of the theoretical maximum of samples (Supplementary Table S4).
In contrast, extremely wet conditions induced a water flux which exceeded the capacities of 9 % of the
actually taken samples (Supplementary Table S4).

Volumes of collected samples were immediately determined in the laboratory for water flux
calculations. Thereafter, samples were passed through 0.45-um polyethersulfone filters (VWR
International GmbH, Darmstadt, Germany) and stored at 4°C for a maximum of 30 days until analysis.
Dissolved OC concentrations were measured by high temperature combustion with a limit of
quantification of 1 mg L via a varioTOC cube (Elementar Analysensysteme GmbH, Langenselbold,
Germany). The UV absorbance at 280 nm was analyzed by a Varian Cary 50 UV-Vis spectrophotometer

(Agilent Technologies, Santa Clara, CA, USA) and the specific UV absorbance at 280 nm (SUV A g)%1°
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was calculated as the ratio of the UV absorbance and DOC concentration. Soil solutions from twelve
sampling campaigns were chosen for DOC measurements and stored frozen until measured by an
isoTOC cube coupled to an isotope ratio mass spectrometer (IRMS) vision! (Elementar Analysensysteme
GmbH, Langenselbold, Germany).

Soil respiration was measured with soil respiration chambers EGM-3 SRC-1 (PP-Systems,
Amesbury, MA, USA) and the L1-6400-09 (LI-COR Inc., Lincoln, NE, USA) at the soil collars around the
subsoil observatories from March 2014 to March 2016 from once a month to once a week. Further, the
chamber method was used for sampling CO, from the headspace of the installed collars on the labelled
area for measurement of the 3*°C value of CO,. For that, a lid with an inlet and outlet connection was
placed on the collars. Thereafter, the air inside the chamber was circulated at a flow rate of 2 L min for
30 min over a column filled with soda lime. Then, the air flow was turned off and the soda lime was
removed. Chambers were closed for an additional time of 15 to 40 min for CO, accumulation and finally
gas samples were taken with a syringe and filled to 12 mL evacuated gas vials. The vertical **CO; profile
data were adapted from Wordell-Dietrich et al.%. Briefly, two gas samples per depth and subsoil
observatory were taken at the end of the stainless steel tubing from the suction cups with a syringe and
filled into 12-mL evacuated gas vials (Labco Exetainer, Labco Limited, Lampeter UK). Gas samples were
taken from once a month to once a week from May 2014 to November 2016. The §'*C values of CO; in
the collected gas samples were determined by an isotope ratio mass spectrometer (Delta Plus with GP
interface and GC-Box (Thermo Fisher Scientific, Bremen, Germany) connected to a PAL autosampler
(CTC Analytics AG, Zwingen, Switzerland).

Soil OC data and the incorporation of labelled litter-derived C in different functional organic matter
fractions were adapted from Liebmann et al.*2. In short, soil samples from the subsoil observatories were
taken by drilling soil cores down to 200 cm depth at the time of label removal (November 2016). Three
replicate cores were taken from both sides per observatory, in total 18 soil cores. Cores were divided into
15 depth increments, oven dried at 60°C, and sieved to <2 mm. Composite samples were prepared by
mixing the replicate soil samples of each depth increment on a mass-equivalent basis. Total C and N along
with the 3C values were measured by a vario ISOPRIME cube elemental analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany) coupled with an IsoPrime100 IRMS (IsoPrime Ltd,
Cheadle Hulme, UK) (EA-IRMS). Since the soil pH was < 4.2 (Supplementary Table S3), total C was

considered to represent OC.

Dissolved organic matter composition analysis
Soil solution taken during the weekly sampling at the subsoil observatories was analysed for different
organic components on four sample sets from samplings between January 2015 and April 2015. Solutions

were sampled from the installed suction plates and covered the three sampling depths 10, 50, and 150 cm.
109



Study 11l — Supplementary material

After sampling, soil solutions were filtered through 0.45-um polyethersulfone filters (VWR International
GmbH, Darmstadt, Germany) and stored frozen at -20°C until analysis. Stored solutions were thawed at
room temperature. Quantitative analysis of the five main DOM components hexoses, pentoses, amino
acids, proteins, and phenols was done according to Chantigny et al.®. Briefly, component-specific
reagents (anthrone-sulfuric acid, orcinol in ethanol, ninhydrin, Bradfort protein reagent, and Foli-
Ciocalteu’s reagent) were added separately to soil solution aliquots and the UV absorbance was measured
by using a UV-Vis spectrometer (Specord 210 Plus, Analytik Jena, Jena, Germany). Each DOM
component was measured individually by using different standards and wavelengths.

Calculations and statistics
Based on the recent publications describing the three sites under study*>!2, we refer to a soil depth
between 0-10 cm as topsoil, 10-50 cm as upper subsoil, and 50-150 cm as deeper subsoil.

Sampled solution volumes were set against the segment area (36 cm2) of the plate lysimeter and
given in mm for weekly water fluxes. Dissolved OC fluxes were calculated based on the weekly water
fluxes multiplied by the DOC concentration and given in g m? week. Dissolved OC fluxes (Fooc, ing m-
%) and 88C values (8C, in %o) from all segments per suction plate were used to calculate average and

DOC flux-normalised 8"*C values per suction plate (in %o), following Eq. (1):

Y (Fpoc x 8°C
e o) £4.0)

From February 2015 until November 2016, 57 sampling campaigns were performed but DO®C data

average st =

are available for twelve time points only. In addition, those twelve sampling campaigns did not all provide
full sample sets due to dry soils. For that reason, it was necessary to interpolate *C data for the samplings
which were not measured. We chose linear interpolations between two samplings with DO*C data, based
on the time (d) between both samplings. By fitting a linear regression, we calculated the potential DO*C
values for all samplings.

In a preliminary analysis, the control samples of the twelve DO®C sampling campaigns were
considered for significantly different 3C background values between plots, depths, and sampling dates.
Since locations and setup of the observatories were similar, no differences were assumed between the
plots. The depth, and spatial and seasonal effects and the three two-way-interactions between these factors
on the background 3*3C values were evaluated by variance components analysis** and revealed a minor
impact of the latter two factors and all interactions , thus providing no evidence against using mean
background values of 8C values of the soil solutions per soil depth. In addition, we observed clear
differences between the three depths for multiple parameters, including DOC concentration, DOC flux,
SUV A2, and the contribution of recent litter-derived C. Consequently we considered the background
813C values to be significantly different between 10, 50, and 150 cm soil depth. In consequence, recovery
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calculations were based on mean background values (sites and dates) per depth. Data sets for the three
depths were checked for normal distribution by applying the Shapiro-Wilk test.

All measured and interpolated DO*C data were tested for significant enrichments compared to the
background values using a comparison with the prediction interval®™ (® = n-1, a = 0.1) given in Eq. (2):

BCL > X, + <tq);1_°c xSDy X |1+ ﬁ) . Eq. (2)

Only significantly enriched samples were included into recovery calculations. Proportions of native
DOC (DOCha) and labelled litter-derived DOC (DOC.) were determined by Eq. (3) and (4) in percent:

13Cy - 13C;y,
DOC,;; (%) = 13CuLL—-13Cm x 100, Ed. (3)
DOC; (%) =100 % - DOC,,, , Eq. (4)

with *C_ as the 8*3C value of the labelled sample, *Cy._ as the 8**C value of the un-labelled control, and
13Ciy as the 8*°C value of the initial labelled litter. The proportion of DOC, was further multiplied with the
DOC flux to calculate the absolute amount of litter-derived DOC (in mg) flowing in each sampling
interval.

The soil respiration at the surface was modeled by fitting an Arrhenius-type model*® (Eq. 5), using
soil temperature in 10 cm depth and the measured CO; fluxes.

( Eg o _T-10 )
Fo=ax e\l 2521 2621 Eqg. (5)

where Fy is the soil respiration (umol m? s?), a, Eo, and Ty are fitted model parameters, and T is the soil
temperature (°C) at 10 cm depths. The contribution of litter-derived CO, was calculated analogously as
described in Eq. (3) and Eq. (4) with *C_ as the measured 8*C value of the labelled sample, the 33C
value of the control (3*Cy) was estimated with -27 %o and *Cin as the 8*C enrichment of the initial
labelled litter. The amount of litter-derived CO, (Eq. 4) was multiplied with the daily mean CO; flux (Fo)
for each sampling day.

The CO; production data and the amount of litter-derived CO, in the subsoil observatories were
derived from Wordell-Dietrich et al.®, who provide a detailed description of the calculations. In short, the

CO; flux of a soil layer was calculated using Fick’s first law (Eq. 6):

F=-Dyx T, Eq. (6)
where F is the diffusive CO, flux across a horizontal plane at each soil depth [umol m2 s?], dC is the
difference in CO; concentration in the between the lower and upper boundary of the respective soil layer,
dz is the height of the soil layer [m], Ds is the effective diffusivity in the soil atmosphere [m? s*]. The
effective diffusivity (Ds) was determined using Eq. (7):

D&=Dg x 1, Eq. (7)
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where Do is the CO; diffusivity in free air at the soil temperature and air pressure and t is the
dimensionless tortuosity factor. The tortuosity factor was modeled as a function of the air-filled pore space
for each soil depth and observatory. Therefore, undisturbed soil cores (5.7 cm diameter, 4 cm height) were
taken during the excavation of the subsoil observatories for each depth (10, 30 50, 90, and 150 cm) with
five replicates. The soil cores were adjusted in the laboratory at different matrix potentials (-30 hPa, -60
hPa, -300 hPa) and then attached to a diffusion chamber®’. Thereafter, the chamber was flushed with N, to
create a gradient between the top of the sample and the chamber. The oxygen concentration in the
chamber was monitored with an oxygen dipping probe DP-PSt3-L2.5-St10-YOP (PreSens Precision
Sensing GmbH, Regensburg, Germany). An inverse diffusion model was used to calculate diffusivity and
T8,

The CO; production (P;) in a soil layer was calculated as the difference between the flux (Fi) leaving
the soil layer at the top and the flux (Fi+1) entering the soil layer at the bottom (Eqg. 8):
Pi=F;-Fiyp . Eqg. (8)

To determine the proportion of litter-derived C to the CO; production in a soil layer and accounting
for diffusion effects, the isotopic signature of CO, production (8* P-CO,) in each soil layer was calculated
with Eq. (9):

Bp_co,

13 —_
§*P-CO, = (—Rstx,zp_coz

- 1) x 1000 , Eq. (9)

where 2P-CO; and **P-CO; are the CO; production for each isotopologue (**CO, and **CO,) and Ry is the
isotopic ratio of the Vienna-PDB reference standard. Thereafter, the percentage contribution of litter-
derived C to CO; production in a soil layer was calculated using the isotopic mixing equations (Eq. (3)
and Eq. (4)), where 3C,_ is the average isotopic signature of CO, production before the labelling, $*C is
the isotopic signature of CO, production after the labelling and **Ci, is the §'*C enrichment of the initial
labelled litter. Litter-derived CO; production was estimated by multiplying the amount of litter-derived C
with the CO; production of the respective soil layer. Linear interpolation was used to estimate the
cumulative litter-derived CO; production.

Soil OC data and calculations were adapted from Liebmann et al.*2. Briefly, soil samples from all
increments were used to determine C stocks from 0-180 cm depth. Stocks were calculated for each core
individually. Data showing C stocks per observatory represent the mean of the three replicate cores, while
stocks of the entire location represent the mean of all nine cores.

Label recovery was determined similarly as for the DOC calculations. Eq. (3) and Eq. (4) were used
to calculate the litter-derived SOC proportion for the significantly enriched samples (o = 0.1).

All fluxes and incorporation rates were calculated for the total duration of the labeling experiment

(22 months) and afterwards recalculated to fluxes and rates per year.

112



Study 11l — Supplementary material

Artificial mineral-associated organic matter (MAOM)

Preparations
Two minerals commonly found in soils were used to prepare MAOM: goethite (a-FeOOH) representing
the group of iron oxides and vermiculite representing 2:1 layered expandable clay minerals. Goethite was
provided by Lanxess (Cologne, Germany; Bayferrox 920 Z) and the manufacturer information included a
nominal density of 4.0 g cm=. A specific surface area (SSA) of 11.8 to 12.0 m? g was determined with
the Brunauer-Emmett-Teller (BET) method on a Quantasorb (Quantachrome, Oedelzhausen, Germany)
and a mean particle size of 4755 nm was measured by dynamic light scattering measurements
(ZetaPALS, Brookhaven Instruments Corp., Holtsville, NY, USA) (supplementary information in
Carstens et al.’). Vermiculite was purchased from Unido Brasileira de Mineracdo S/a (Sao Paulo, SP,
Brazil)?°, grinded in a ball mill and the clay-sized particles were separated by sedimentation. The clay
fraction was conditioned with CaCl, and freeze-dried. The SSA amounted to 38.6 m? g*.

Preparation of the *C-enriched DOM solution was done according to Leinemann et al.** by mixing
10 g of highly and homogeneously enriched beech litter (12.6 at%; IsoLife, Wageningen, The
Netherlands) with 240 g of naturally grown beech litter. Litter material ground to a size <3 cm was mixed
with 2500 mL ultra-pure water (1/10, w/v), and allowed to rest for 16 h at room temperature. The solution
was first pressure-filtered through 0.7-um glass fiber filters (GF 92, Whatman GmbH, Dassel, Germany)
and afterwards filtered through 0.45-um cellulose-nitrate filters (Sartorius, Gottingen, Germany). Extracts
had DOC concentrations of about 1000 mg C L, and were diluted to 500 mg L* for the mineral coating
procedure. Minerals were coated by adding 1000 mL DOM solution to 10 g of the respective mineral. The
suspension was shaken for 24 h in the dark on an end-over-end shaker and afterwards centrifuged for 20
min at 2000 g. The supernatant was discarded and the remaining mineral was washed two times for 10
min with ultra-pure water and subsequently separated by centrifugation for 10 min at 2000 g. The C-
coated minerals were freeze-dried and stored in the dark until further use. Organic carbon concentrations
were 3.96 mg g* for C-coated goethite (GO) and 9.21 mg g for C-coated vermiculite (V0). The §**C-
values of the organic matter coating were about 1014 %o for goethite and 731 %o for vermiculite,
respectively. The SSA decreased considerably due to the sorption of the organic matter (Supplementary
Table S2).

Set up of field experiment and sampling

Two g C-coated goethite and 1.6 g C-coated vermiculite, respectively, were filled into meshbags with a
size of 3-4 cm in diameter and consisting of a polyamide mesh with a pore size of 20 um and a fiber
thickness of 34 um (Polyamide Fabrics reference: PA-20/14). In May 2016, meshbags of both minerals

were buried in 10, 50, and 150 cm soil depth in triplicates in the Dystric Cambisol of the Grinderwald site.
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In each depth, a soil volume of about 20x20x10 cm (LxWxH) was excavated and refilled with the
excavated soil after the meshbag placement. Due to this, the natural water flow through the soil was least
disturbed.

After 24 months of field incubation, bags were removed in May 2018. Besides the meshbags also
soil 1 cm above and below each bag was sampled to trace organic matter translocation originating from
the mineral coating and to compare the composition of the microbial community. Translocation of
mineral-associated organic C (MAOC) to the soil above the meshbags was found to be on average <0.01
% of the total MAOC, while translocation to the soil below amounted to about 0.5 % of the total MAOC.
Bulk soil samples were taken from an adjacent plot in the respective depths. Immediately after sampling,
the meshbags were shock frozen in liquid nitrogen in the field. Subsamples of the meshbag-derived
minerals and adjacent soil were separated in the laboratory at the same day. One aliquot of fresh minerals
and soil was kept frozen for microbial analysis. The remaining mineral material was freeze dried for bulk
and surface analyses, while the remaining soil was oven dried at 60°C? and sieved to <2 mm for further

treatments.

Analyses

Dried C-coated minerals and soil samples were analysed on OC, total N (Nwt) and 8*3C using an EA-
IRMS. The SSA and pore volumes of mineral samples were derived from 40-point N2 gas adsorption
isotherms recorded at 77 K with a Quantachrome Autosorb iQ instrument (Quantachrome, Boynton
Beach, Florida, USA). Up to about 0.5 g of each sampled field replicate (n = 3) were weighed into the
sample cell and degassed at 333 K for at least 12 hours. The SSA derived from 7-10 adsorption points in
the P/Po range of 0.05-0.3 using the linear BET plot?}?2,

Analysis of the microbial community was done by extracting the DNA from 0.3 g of each of the
buried mineral samples and soil samples above and underneath the mineral meshbags with a FastDNA
SPIN Kit for soil (BIO101, MP Biomedicals, Irvine, CA, USA) and quantified with a Nanodrop ND-2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA) followed by dilution of the samples with
ultra-pure water to a target concentration of 5 ng DNA pl™. The quantification of the abundances of total
bacteria, fungi and archaea®*2¢ and the abundances of the bacterial taxa -Proteobacteria, Actinobacteria,
Acidobacteria, Bacteroidetes, Firmicutes, Verrucomicrobia and Gemmatimonadetes?’~?° via quantitative
PCR (gPCR) was carried out with an ABI prism 7500 Fast System (Applied Biosystems, USA). For each
gPCR assay a cocktail of 0.75 pl of each forward and reverse primer, 0.375 pul T4gp32, 7.5 pl SYBR
Green, 4.125 pl ultra-pure water and 1.5 pl DNA template (for total bacteria and archaea only 1.0 pl) was

dispensed. Standard curves were generated in triplicate with serial dilutions of a known amount of the
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respective isolated plasmid DNA. Each qPCR run included two no template controls showing no or

negligible values. Supplementary Table S5 lists the primers, thermal cycling conditions, and efficiencies.

Calculations and statistics

Bulk EA-IRMS data were used to calculate elemental and isotopic changes before and after the
experiment, according to Leinemann et al.'*. The proportion of mineral-bound organic C after the
experiment, which derived from the solution (solution-derived C, SDC) was calculated relative to the 5*3C
ratio of the inflow soil solution (§**Cin) according to Eq. (10). Since the field setup did not allow us to
sample the exact soil solution flowing into the meshbags, the two-year-mean *3C values of the soil
solution in the respective depths from the adjacent subsoil observatories® were used here; 3*Ca
represents the 5'°C ratio of the MAOC after the experiment, while 3*3Cwp, represents the 5'°C ratio of the
MAOC before the experiment.

(313Cyy, - 313Cypp)

0/) —
SDC (A)) (813Ci, - 813Cpp)

x 100 . Eq. (10)

Since the remaining proportion of labelled organic C on the mineral surface after the experiment
still derived from the coating before the experiment, the pre-existent **C-labelled mineral-derived organic
C (MDC) was calculated as the difference between the total mineral-bound C after the experiment (Ct =
100 %) minus the proportion of SDC using Eqg. (11).

MDC (%) = 100 % - SDC . Eq. (11)

The relative change in organic C concentration (AC) of the C-coated minerals before (Cpefore) and

after the experiment (Caser) Was calculated with equation Eqg. (12):

AC (%) = —(Caftg'cbef“e) x 100 . Eq. (12)

before

The C fraction, which was previously bound to the mineral surfaces, and got mobilised during the
experiment (MC) was calculated according to Eq. (13). Thereby, the difference in the absolute amount of
SDC and the change in mineral-bound C before and after the experiment is relative to the C content before

the experiment.

SDC(%) x C

MC (%) = ( 100 A - (Cyer - Cbefore))

Chefore

x 100 . Eq. (13)

Laboratory approaches

Sorption isotherms

Preparations
Preparation of DOM solution followed the descriptions of Kaiser and Guggenberger® by mixing 200 g

dried and shredded (<30 mm) beech litter with 2 L ultra-pure water (18.2 MQ). After 16 h resting time at
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room temperature, mixtures were pre-filtered (0.7 um glassfibre filters; GF 92, Whatman GmbH, Dassel,
Germany) followed by filtration down to <0.45 pm (cellulose-nitrate filters; G, Sartorius AG, Gottingen,
Deutschland) using a pressure filtration system. The stock solution was analysed for its DOC
concentrations by a varioTOC cube (Elementar Analysensysteme GmbH, Langenselbold, Germany) and
diluted to the following concentrations: 1, 5, 10, 25, 50, 100, 200, 400 mg C L. Prepared solutions were
again analysed for DOC concentrations, as well as for pH and UV absorbance (SPECTROstar Nano,
BMG LABTECH, Ortenberg, Germany) (Supplementary Table S6).

Batch sorption experiments

Sorption isotherms of DOC (representing sorption of DOM in general) were determined for all three sites,
Grinderwald, Ridershausen, and Ebergétzen. Composite soil samples were taken at three depths (10-20
cm representing the topsoil, 50-60 cm representing the upper subsoil, and 100-110 cm representing the
deeper subsoil*?), consistent with the DOC injection depths discussed in Kalks et al.. Soils were oven-
dried at 60°C for 48 h and sieved to <2 mm. Basic soil parameters are given in Supplementary Table S7.
The mineralogical composition of the clay fractions from each site and soil depth was assessed by X-ray
diffraction (X’Pert Pro-MPD; PANanalytical, Almelo, The Netherlands). Clay samples were prepared by
removing organic matter with 35 % hydrogen peroxide and Fe (oxyhydr)oxides by extraction with
dithionite-citrate-bicarbonate®!. Oriented clay samples saturated with K* (with and without heating to
550°C) and Mg?* (with and without ethylene glycol solvation) were measured in the range of 3-30° 20
with CuKo radiation (45 kV, 40 mA), and a step size of 0.01° (Supplementary Fig. S7). Sorption
experiments were carried out in triplicates according to Kaiser et al.*? by adding 40 mL of the DOM
solution with the respective DOC concentration between 1 and 400 mg L™ to 8 g of soil. Mixtures were
shaken on a horizontal shaker for 24 h at room temperature and a frequency of 1.7 s™. Thereafter, the
samples were centrifuged at 3000 g for 10 min, and the supernatant was decanted and filtered (0.45 um
PES filters, VWR International GmbH, Darmstadt, Germany).

Measurements and calculations

The pH and the UV absorbance (SPECTROstar Nano, BMG LABTECH, Ortenberg, Germany) of the
filtrates were determined directly after filtration. Filtrates were stored at 4°C and the DOC concentrations
were measured within 24 h (varioTOC cube; Elementar Analysensysteme GmbH, Langenselbold,

Germany). Sorption isotherms were calculated according to the initial mass approach®:.
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Gross sorption and desorption (exchange) experiments

Preparations

Two types of DOM solutions were prepared (adjusted method from Kaiser and Guggenberger®). The first
one was produced by mixing 200 g undecomposed (“fresh™), dried, and shredded (<30 mm) un-labelled
and recently fallen beech litter with 2 L ultra-pure water (18.2 MQ). The second solution contained 200 g
of 3C-enriched beech litter (sieved to <5 mm) instead, which was previously exposed in the field for 22
months (“altered”). After 16 h resting time at room temperature, mixtures were pre-filtered (0.7 um glass
fibre filters; GF 92, Whatman GmbH, Dassel, Germany) and then filtered to <0.45 um (cellulose-nitrate
filters; G, Sartorius AG, Gottingen, Deutschland) using a pressure filtration system. Stock solutions were
analysed for DOC concentrations (varioTOC cube; Elementar Analysensysteme GmbH, Langenselbold,
Germany), 8°C values (isoTOC cube coupled to an IRMS vision; Elementar Analysensysteme GmbH,
Langenselbold, Germany), and the ionic background (IB) composition by ion chromatography (30
Compact IC Flex, Metrohm, Filderstadt, Germany). The 3*3C values were at -28.1 %o for the un-labelled
solution and 169.7 %o for the labelled solution with a pH of 6.04 and 4.94, respectively. Stock solutions
were diluted to a final DOC concentration of 400 mg Lt and stored frozen until use. An artificial 1B
solution was prepared on the basis of the IB of the DOM solutions, including the following anions and
cations: CI', NOs, SO4%, POs*, Na*, K*, Mg?, and Ca?*.

Experimental setup

Batch sorption and desorption experiments were carried out with soil from all the study sites,
Grinderwald, Ridershausen, and Ebergdtzen, using the same depth increments as described above.
Sorption experiments were carried out in triplicates as mentioned above, adding 40 mL of the respective
400 mg L DOC solution to eight g of soil. While the *C-labelled approach was in the focus, an un-
labelled DOM solution was used and needed as a control for calculations. Another aspect was the
evaluation of two DOM solutions of different origin (altered vs. fresh litter), which turned out to be not of
major importance in our sorption experiments (Supplementary Fig. S10). After 24 hours, samples were
centrifuged (3000 g for 10 min) and the supernatant filtered through <0.45 um PES membranes (VWR
International GmbH, Darmstadt, Germany). Sixteen mL of the IB solution was added to the soil pellets in
order to remove remnants of the DOM solution®, manually shaken, and immediately centrifuged again.
Supernatants were discarded and the soil pellets were separated. Four grams of soil were removed and
freeze-dried for bulk analysis of the soil after the sorption experiment. The other four g were used to carry
out the desorption experiment under the same conditions as the sorption experiments, according to Saidy
et al.3*. Mean differences in soil weight after separation were <2 %. The four g of soil were mixed with 20

mL of the IB solution, shaken for 24 h on a horizontal shaker, centrifuged at 3000 g for 15 min, and the
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supernatant was filtered to <0.45 um (PES filters, VWR International GmbH, Darmstadt, Germany). Soils
were freeze-dried after the desorption experiment. Overall mass recovery after both experiments amounted
to 99 %.

Measurements

All filtrates were directly analyzed for UV absorbance at 280 nm (SPECTROstar Nano, BMG LABTECH,
Ortenberg, Deutschland) and pH, and stored at 4°C for further analysis of DOC concentrations (varioTOC
cube; Elementar Analysensysteme GmbH, Langenselbold, Germany) within 24 h. Freeze-dried soils were
measured for organic C, total N, and §*C by EA-IRMS (vario ISOPRIME cube elemental analyzer
(Elementar Analysensysteme GmbH, Langenselbold, Germany) coupled to an IsoPrimel00 IRMS
(IsoPrime Ltd, Cheadle Hulme, UK)).

Definitions and calculations
Mobilisable C (MC) represents the C released into the IB solution after the respective treatment.
Mobilisable C before the sorption experiments (MCg and mobilisable C after the desorption experiment
(MCp) represents the IB-mobilisable C, which was directly measured in the extracts. We observed that
after the sorption experiment, there was always a decrease of the DOC content in the solution, but not
always a corresponding increase of SOC in the soil. This discrepancy originated from the washing step
with the IB solution between the sorption and desorption experiment directly before separating the soil. To
account for both, the increase in SOC contents for some soils and the overall decrease in DOC contents
during sorption, mobilisable C after the sorption experiment (MCs) was calculated with Eq. (14):
MC;s = (DOC;, - DOC,) - (SOCs - SOCg) , Eq. (14)
with the difference of the initial DOC content in the DOM solution (DOCi,) and the DOC content after the
sorption experiment (DOC,) subtracted by the net increase of the SOC content as the difference of the
SOC content after the sorption experiment (SOCs) and the SOC content before the sorption experiment
(SOCpg).

Distribution of native and label-derived SOC in the samples was calculated according to mixing Eq.
(3) and Eq. (4). Label-derived SOC contents before and after the desorption experiment were further
tested for significant differences using a Student t-test (p <0.05). Prior, normality was assured by using the
Shapiro-Wilk test.
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Supplementary Tables

Supplementary Table S1 Mean dissolved organic carbon (DOC) concentrations, annual water and DOC and fluxes
and mean specific UV absorbance at 280 nm (SUVA2s0) values during the experiment runtime February 2015 —
November 2016. Values in brackets represent the standard deviation. This table is an extension to the data published
by Leinemann et al.5.

Depth Water flux DOC DOC flux SUVA20
[cm] [mm yr] [mg L] [g m?yri] [L mgC™* cm]
Observatory 1

10 162 57.1 (30.2) 8.7 0.029 (0.019)
50 205 12.1(7.2) 2.1 0.007 (0.004)
150 427 9.2 (13.4) 2.4 0.006 (0.003)
Observatory 2

10 329 53.5(20.6) 17.1 0.034 (0.020)
50 77 22.3 (10.7) 1.3 0.005 (0.003)
150 114 11.9 (15.5) 0.8 0.004 (0.002)
Observatory 3

10 284 44.4 (11.9) 12.6 0.029 (0.006)
50 117 8.3(4.2) 0.8 0.003 (0.002)
150 447 6.0 (3.0) 2.1 0.005 (0.009)
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Supplementary Table S2 Basic parameters of the C-coated goethite and vermiculite (GO, V0) and the buried
goethite and vermiculite in the respective depths (G/V-10, 50, 150 cm). Data of the buried mineral samples are given
as the mean of three replicates with the standard deviation in brackets, while the other samples show single values.

Sample ocC! TN? CIN  AC? 13C MDC*  sDC’ MC? SSAT
[mgg*] [mgg] [%] [%o] [%] [%] [%] [m?g]

GO 3.96 053  7.49 - 101352  100.00  0.00 - 9.41
G-10 5.63 040 1422 4198 46419 4728 5272 3302  11.82
(0.27) (0.03) (0.67) (6.86) (34.63) (3.32)  (3.32)  (155)  (L51)

G-50 2.97 037 816 -2503 92654 9165 8.35 3127 12.18
(0.06) (0.04) (1.12) (1450 (19.75)  (1.90)  (1.90)  (2.75)  (2.54)

G-150 2.80 030 945 -2932 99210  97.94 2.06 3077 12.44
(0.02) (0.04) (1.33) (0.50) (8.86)  (0.85)  (0.85)  (0.64)  (2.43)

VO 9.21 098 941 - 731.23  100.00  0.00 - 21.87
V-10 9.40 063 1505 207 43314  60.76  39.24 3874  36.06
(1.03) (0.10) (0.88) (11.20) (77.09) (10.15)  (10.15)  (4.05)  (9.79)

V-50 6.65 046 1462 -27.78 72353  98.99 1.01 2856  31.17
(0.30) (0.08) (L.74) (3.24) (18.64)  (2.46)  (2.46)  (1.86)  (10.96)

V-150 6.55 043 1507 -28.90 711.87  97.45 2.55 3072 33.95

(0.21) (0.01) (0.16) (2.23)  (6.44)  (0.85)  (0.85)  (2.08)  (8.81)

1 Organic carbon (OC)

2 Total nitrogen (TN)

3 Net carbon accrual/loss (AC)
4 Mineral-derived C (MDC)

5 Solution-derived C (SDC)

6 Mobilised C (MC)

7 Specific surface area (SSA)
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Supplementary Table S3 Selected soil parameters as the mean of the three subsoil observatories with the standard
deviation in brackets (adopted from Liebmann et al.*?).

Horizon Depth oc? TNS pH Clay Silt Sand
WRB* [em] [mgg’]  [mgg”]  [CaCl] - [mgg?] -
15.18 0.59 32 19 282 699

AE 0-10 (1.72) (0.06) (0.2) @) (56) 57)
- 1023 9.59 0.41 35 27 307 666
(2.52) (0.09) (0.4) (12) 81) (90)

. r2.67 4.65 0.26 3.9 26 332 642
(1.96) (0.04) (0.1) @) (99) (103)

c 67.00 1.07 0.08 3.9 29 255 716
(0.46) (0.02) (0.2) ®) (41) (47)

0.34 0.07 41 21 87 891

2C 9138 011) (0.09) (0.1) (14) (55) (66)
1.05 0.10 4.0 32 268 700

3¢ 138175 019 (0.11) (0.3) (44) (422) (466)
0.29 0.03 3.9 19 58 923

4c 175+ (0.14) (0.04) (0.2) ©) ®) (14)

Laccording to 1USS Working Group WRB!
2 Organic carbon (OC)
3 Total nitrogen (TN)
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Supplementary Table S4 Number of soil solutions sampled and their proportion of the theoretical possible number
per observatory and depth.

Depth Quantity Proportion
[cm] [% of sampleSrea]
Observatory 1

10 401 12.5
50 277 8.6
150 386 12.0
Observatory 2

10 659 20.6
50 126 3.9
150 226 7.1
Observatory 3

10 546 17.0
50 178 5.6
150 407 12.7
Samplesrea (theoretical = 8151)! 3206

Samples > 250 mL 290 9.1

157 samplings a 143 samples max.
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Supplementary Table S5 qPCR primers and conditions.

Gene

Primer?

Thermal
profile?

No. of cycles

Efficiency
mean [%]

Reference

16S rRNA genes

Fungal ITS
fragment

16S Archaea

Acidobacteria

Actinobacteria

[S-Proteobacteria

Firmicutes

Verrucomicrobia

Gemmatimonadetes

Bacteroidetes

341F
515R

ITS3F
ITS4R

Ar912r
Arl09F

Acid31
Eub518

Act920F3
Act1200R

Eub338
Bet680

Lgc353
Eub518

Verr 349
Eub 518

Gem440
Eub518

Cfb798F
Cfb967R

95°C—-10m
95°C-15s,
60°C —30s,
72°C-30s,
75°C—-30s
95°C—-10m
95°C-15s,
55°C-30s,
72°C-30s,
76°C—-30s

95°C — 10 m
95°C—30s,
52°C—60s,
72°C-60s,
75°C—30's
95°C - 10 m
95°C 155,
55°C—30s,
72°C-30s,
81°C—30s
95°C -~ 10 m
95°C 155,

61.5°C-30s,

72°C—-30s,
78°C—-30s
95°C-10m
95°C - 155,
55°C-30s,
72°C—-30s,
80°C-30s
95°C—-10m
95°C - 155,
60°C - 30,
72°C—-30s,
79°C-30s
95°C—-10m
95°C - 155,
60°C - 30,
72°C—-30s,
77°C—-30s
95°C—-10m
95°C-15s,
58°C - 30,
72°C—-30s,
78°C—-30s
95°C-10m
95°C-15s,

61.5°C—-30s,

72°C—-30s,
75°C—-30s

35

99

93

92

92

92

92

97

90

95

96

Lopez-
Gutiérrez et
al.%

White et al.?,
Manerkar et
al.?®

Lueders and
Friedrich?

Fierer et al.Z

Bacchetti De
Gregoris et
al.?®

Fierer et al.?

Fierer et al.?

Philippot et
al.8

Philippot et
al.2®

Bacchetti De
Gregoris et
al.?®

LPrimer concentration was 10 pmol It
2 Additionally, a 60°C to 95°C step was added to each run to obtain the denaturation curve specific for each amplified sequence.
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Supplementary Table S6 Parameters of the sorption isotherm solutions and the stock solution, including the target
dissolved organic carbon (DOC) level, the actual DOC concentration, dissolved total nitrogen (DTN), pH, and the
specific UV absorbance at 280 nm (SUV Azso).

Target DOC level DOC DTN pH SUV A0

[mg L] [mgL?’]  [mgL?  [H0]  [LmgClcm?]

Stock solution 862 95.9 6.06 0.0076

1 1.00 0.16 6.84 0.0035!

5 4.69 0.71 6.49 0.0079

10 9.26 1.24 6.17 0.0083

25 23.6 3.04 6.02 0.0082

50 46.8 6.42 6.08 0.0112

100 92.7 12.2 6.09 0.0078

200 189 24.9 6.12 0.0079

400 385 51.4 6.13 0.0079

1 Value was at detection limit
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Supplementary Table S7 Basic parameters of soils used for the sorption isotherms, and sorption and desorption
experiments.

Site Depth  OC! TNZ2  §8C pH Clay Silt  Sand Fes® Fes* Al* Mn?

[cm] --[mg g'] --- [%]  [H20] [mgg]

10 803 034 2708 52 9 121 870 199 104 132 015
G\r,'v’;fjr 50 077 010 -2458 52 7 128 865 064 009 067 004

100 022 004 -2320 55 4 9 987 050 000 019 0.03

10 538 050 -2618 49 159 767 74 276 127 112 058
F:}:Sg; 50 223 032 -2518 47 137 795 68 238 096 085 055

100 105 026 -2463 52 177 655 168 271 096 095  0.63

10 403 040 -2632 52 96 183 721 462 264 137 091
gEOszgn 30 168 027 2512 48 85 175 740 477 296 137 101

60 1.29 025 -23.79 46 102 184 714 687 178 1.09 0.31

1 Organic carbon (OC)

2 Total nitrogen (TN)

3 Dithionite-extractable Fe (Fed)

4 Oxalate-extractable Fe, Al, and Mn (Feo, Alo, Mno)
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Supplementary Figures

Litter-derived CO,-C efflux [g m™? d™]

Supplementary Fig. S1 Rates of the litter-derived CO, efflux at the soil surface during the 22 months of the
labelling at observatory 1 (a), observatory 2 (b), and observatory 3 (c), calculated with the Lloyd-Taylor model*® in g
per m? and day. For a better visibility, data points are connected by dotted lines, but do not represent functions or
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regressions. Data adapted from Wordell-Dietrich et al.5.
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Supplementary Fig. S2 Contribution of labelled litter-derived DOC to the total DOC flux (DOCis) during the 22
months of the labelling per depth (10, 50, 150 cm) in observatory 1 (a), observatory 2 (b), and observatory 3 (c).
Variations in the data quantities and gaps at some time points are the results of insufficient water flow or
insignificant DO®C enrichment. Please note that only twelve out of 57 sampling campaigns were analysed for
DOC, thus the data points in between were calculated by linear interpolations as stated in the supplementary
methods section.
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Supplementary Fig. S3 Cumulative litter-derived DOC fluxes during the 22 months of the labelling in g DO*3C per
m2. Graph (a) shows the 10 cm data of each observatory, (b) data from 50 cm, and (c) data from 150 cm. Please note
the different scales for the y-axes.

128



Study 11l — Supplementary material

100
(a) - Surface
o OB1
80 1 a o0B2
¢ O0B3
60 - o
(o]
o0 ®
40 - o ©
og;fi’ D a
20 - &WAAA A AD A
o 07
o (b) 10 - 50 cm
o 038
o
?
2 067
o o °
©
o 04 - o
2
= 00@000
2 021 @oReemese o T ]
- g an
3
2 00 | ot
8 (c) 50-90cm
0.08 -
0.06 ~
004 | AN A AA A A A
A
0.02 +
0.00 -

QN2 WN® 1N g\ ANE (1 i ®

Supplementary Fig. S4  Cumulated litter-derived CO- flux during the 22 months of the labelling at the soil surface
(@), in a soil depth of 10 to 50 cm (b), and in a soil depth of 50 to 90 cm (c) during the label experiment for the three
observatories, calculated with the Lloyd-Taylor model*. Data were generated by multiplying the rates per day with
the interval between two sampling dates. Please note the different scales for the y-axes.
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Supplementary Fig. S5 Concentrations of individual compounds (hexoses, pentoses, amino acids, proteins, phenols)
and the total DOC concentration in the soil solution at different soil depths. Boxplots show the data of four
samplings between January and April 2015, with a total sample size of n = 133 for 10 cm, n = 69 for 50 cm, and n =
58 for 150 cm. Boxes represent 50 % of the concentrations, the solid line shows the median. Dotted lines represent
the mean and error bars depict the 10 % and 90 % quantiles with black circles as outliers. Please note that the x-axes
have different scales.
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Supplementary Fig. S6 Mean SOC stocks per depth increment at observatory 1 (a), observatory 2 (b), and
observatory 3 (c). Data show the mean of three replicate soil cores, error bars represent the standard deviation. Only
soil cores from the labelled plots were used for the analyses. Data were adopted from Liebmann et al.,
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Supplementary Fig. S7 X-ray diffraction patterns of
oriented clay specimens from three studies sites (a—c)
Grinderwald, (d—f) Riidershausen, and (g—i) Ebergdtzen
and the depth increments 10-20 cm (left), 30-40/50-60
cm (center), and 60-70/100-110 cm (right). Each
sample was analysed in the following four depicted
treatments (from top to bottom): Mg-saturated and
solvated in ethylene glycol (MgEG), magnesium-
saturated (Mg), potassium-saturated and heated to
550°C (K550°C), and potassium-saturated (K). Peaks at
14 A in the K treatment indicate d(001) reflections of
pedogenic chlorite together with a d(003) reflection at
4.7 A; peaks at 7 A and 3.5 A reveal d(001) and d(002)
reflections of kaolinite (both signals vanish in the
K550°C treatment). The presence of illitic clay is
indicated by a d(001) peak at 10 A in the Mg/MgEG
treatments. Increasing intensities at ~14 A in the
Mg/MQEG treatments relative to the K treatment
indicate the presence of expandable vermiculite. Broad
unresolved signals between ~10-14 A in the K
treatments suggest the presence of hydroxy-interlayered
vermiculites with varying degrees of Al hydroxide
incorporation.
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Supplementary Fig. S7 continued.
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Supplementary Fig. S8 Sorption isotherms of the Riidershausen site (left) and Ebergdtzen site (right), including

three depths according to the initial mass approach by Nodvin et al.®3. Numbers represent the soil depth. Data show
the mean of three replicates and the error bars represent the standard deviation.
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Supplementary Fig. S9 Specific UV absorbance (SUVA) at 280 nm of the initial DOC solution before the sorption
experiment (SUV A, X-axis) and in the solution after the experiment (SUVAs, y-axis). The Grinderwald site is on
the left, the Riidershausen site in the middle, and the Ebergdtzen site on the right. Numbers represent the soil depth.
Data are given as the mean (n = 3) with error bars representing the standard deviation. Values above the 1:1 line
indicate a net release of aromatic DOM components, while values below indicate a net retention. Colors depict the
different DOC concentrations of the sorption experiments. Yellow show the concentrations between 0-10 mg L™ (1,
5, 10 mg L), orange show the concentrations between 11-100 mg L* (25, 50, 100 mg L), and red show the
concentrations between 101-400 mg L™ (200 and 400 mg L%).
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Supplementary Fig. S10 Soil organic C (SOC) and mobilisable C (MC) in the 9 different soil samples determined
before and after batch sorption experiments with (a) “altered” DOM extracted from the field exposed labelled beech
litter and with (b) “fresh” DOM extracted from recently fallen un-labelled beech litter. Data show the mean of three
replicates and the error bars represent the standard deviation. The Grinderwald site is on the left, the Rudershausen
site in the middle, and the Ebergdtzen site on the right. On the x-axis, numbers represent the soil depth. Black and
grey bars show the data before the experiment (B), green bars show the data after the DOC sorption experiment (S),

and blue bars show the data after the desorption experiment (D).
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Supplementary Fig. S11 Distribution of native soil organic C (SOC) and label-derived SOC in topsoil, upper
subsoil, and deeper subsoil samples of the three sites in percent of the total SOC (SOCi). Bars show the results of
the “altered” DOM approach and include the distribution in the bulk soil (black), which is naturally 100 % native,
after the sorption experiment (green), and after the desorption experiment (blue). Bright colored bars represent the
label-derived SOC, while dark colored bars depict the native SOC. Bars show the mean of three replicates, error bars
show the standard deviation. The Grinderwald site (sandy deposits) is on the left, the Ridershausen site (loess
deposits) in the middle, and the Ebergotzen site (red sandstone) on the right. On the x-axis, numbers represent the
soil depth.
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Supplementary Fig. S12 Bacterial community composition of the goethite (a) and vermiculite (b), respectively,
after 24 months of in-situ field exposure in combination with the bulk soil samples taken above and below each
mineral meshbag. Sample names on the y-axes are a combination of the mineral types goethite (G) or vermiculite
(V), the soil depth (10, 50, 150 cm), and in case of the bulk samples the suffix above (a) or below (b) the meshbag.
Data show the mean of three replicates and the error bars represent the standard deviation.
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Supplementary Fig. S13 Microbial community composition of the goethite (a) and vermiculite (b), respectively,
after 24 months of in-situ field exposure in combination with the bulk soil samples taken above and below each
mineral meshbag. Sample names on the y-axes are a combination of the mineral types goethite (G) or vermiculite
(V), the soil depth (10, 50, 150 cm), and in case of the bulk samples the suffix above (a) or below (b) the meshbag.
Data show the mean of three replicates and the error bars represent the standard deviation.
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Supplementary Fig. S14 Schematic illustration of the installations in the Grinderwald subsoil observatories (a) and
a top view of the catchment area divided into a *C-labelled and un-labelled side (b). lllustrations were adapted and
modified from Wordell-Dietrich et al.5. Please note that the suction plates were not installed below each other in the
soil profile as pictured in this 2D scheme (a). To avoid mutual influences of the plates, they were installed with a

horizontal offset.
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5. Synthesis

The thesis aimed at providing field evidence for quantitative and structural changes of OM during
migration down the soil profile, hereby passing through consecutive sorption/microbial
processing/desorption cycles versus fast translocation by preferential flow. Here, the first and second parts
of the synthesis address the fate of litter layer inputs and their translocation pathways through the mineral
soil down to 180 cm soil depth. Since it is generally assumed that subsoils are an OM stabilizing
environment, the stability of such inputs in the subsoil was a major subject of this thesis. The third and
fourth parts of the synthesis focus on the discrepancies between potential retention (determined in
laboratory) and the actual retention (observed in the field) of forest top- and subsoils as well as on the

stability of newly formed SOC deriving from recent litter inputs in the timeframe of years.

5.1. Aboveground litter translocation

Aboveground litter represents a major C source in forest ecosystems, and the translocation of litter C into
the soil via bioturbation and leaching can have a significant contribution to SOC stocks. Thus,
investigating the fate of litter layer inputs is a prerequisite for understanding the C dynamics in forest
soils.

The use of the field setup in the Grinderwald research forest allowed detailed tracking of recent
litter derived C inputs into different OM fractions of various soil depths down to the deep mineral subsoil
in addition to their stability. In the course of 22 months after *3C-labelled litter application, in total about
0.52 % of the applied litter C was translocated as DOC into the mineral soil below 10 cm soil depth, while
about 0.26 % was mineralized to CO; (Study Ill, Fig. 1). After 22 months, 11.1 % of the litter C was
found in the whole soil profile down to 150 cm (Study |, Fig. 6a), while 36 % were directly released to the
atmosphere as CO; and another 37 % remained in the litter layer after 22 months (Study Il1, Fig. 1). Litter-
derived C in the mineral soil decreased strongly with increasing soil depth. While about 10.4 % were
found in the upper 10 cm of soil (= topsoil), it was only 0.7 % in the upper subsoil of 10-50 cm soil depth
and minor contributions of 0.04 % in the deeper subsoil of 50-150 cm soil depth after 22 months of
labelled litter application (Study I, Fig. 6a; Study I, Fig. 1).

The structure of litter-derived C in the mineral soil was differentiated between C in POM (termed
Crowm in Study I, POC in Study II1) and C in MAOM (termed Cmaom in Study I, MAOC in Study IlI) in
order to distinguish between input pathways like C migration via DOC movement (Cmaom/MAQOC) and C
migration via bioturbation of litter debris (Cpom/POC). The majority of litter inputs (8.9 %) entered as
POM, but was restricted to the topsoil (< 10 cm soil depth; Study I, Fig. 6a; Study 11, Fig. 1), with a steep
decrease from the surface to 10 cm soil depth, likely as a result of faunal activity (e.g. active mice and

dorbeetle populations were observed at the Grinderwald site). Below the topsoil, there were no significant
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contributions of fresh litter-derived C detectable in the POM fraction. A smaller proportion of litter inputs
in the topsoil (1.5 %) was found in association with the mineral matrix, which requires prior leaching of
organic particles (= DOM), from recent leaf litter in the organic layer or litter-derived POM in the topsoil,
and migration in the soil solution until retention at mineral surfaces.

Contrary to litter-derived C in POM, litter-derived C in MAOM reached deeper soil depths, as it
depends on OM transport in dissolved stage, and contributed statistically significant, albeit only to a minor
degree, to the subsoil OM pool down to a depth of at least 140 cm. However, there was a distinct decline
in the quantity of recent litter-derived MAOM from 1.5 % in the topsoil to 0.04 % for the deep mineral
subsoil in 50-140 cm soil depth (Study Ill, Fig. 1). Tipping et al. (2012) concluded from a modelling
approach that most of the DOM transported by percolating soil solution is adsorbed on mineral surfaces
followed by microbial respiration in large extents. These model assumptions fit to our finding on the small
contribution of litter-derived OM to MAOM. Also long-term litter manipulation experiments likewise
suggest that increasing litter layer C inputs to the mineral soil does not result in a concomitant increase in
subsoil SOC (Bowden et al., 2014; Lajtha et al., 2014). Results of the current study thus confirms

hypothesis H1 that the majority of aboveground inputs do not reach the subsoil.

Retention of litter-derived C inputs

The depth gradient of mineral-associated aboveground litter inputs is hypothesized in H1 to depend on its
retention and microbial processing in the above laying horizon, e.g. the topsoil. Previously, Fréberg et al.
(2009) stated that a large part of litter-derived DOC is retained in the topsoil horizon. Thus, the 1.5 %
litter-derived C in MAOM retained in the Grinderwald topsoil likely represent the majority of litter-
derived DOC inputs from the organic layer, in addition to DOC mobilized from litter-derived POM in the
topsoil. Dissolved OC monitoring started below the topsoil in 10 cm soil depth and quantification yielded
an input of litter-derived DOC into the upper subsoil of about 0.5 % of the initially applied litter C during
the 22 months, whereas 0.7 % litter-derived C was found as MAOM between 10 cm and 50 cm soil depth
(Study 11, Fig. 1). Since inputs and retention in the upper subsoil are in the same range, the hypothesis
that retention at mineral surfaces is a controlling process in downward migration of litter-derived DOM is
supported (H1). This trend observed in the upper subsoil shifts slightly in the deep mineral subsoil. Here,
the 0.01 % of litter-derived DOC input in 50 cm soil depth contrasts the 0.04 % of litter-derived C found
in the MAOM fraction (Study Ill, Fig. 1), because DOM inputs are assumed to be the prerequisite for
MAOM formation. There are two possible explanations for the observed difference. (i) Actual
measurements of litter-derived MAOC were done for the depth increment 100-140 cm, which resulted in
about 0.01 %, i.e. the proportion quantified as DOC input to soil below 50 cm depth, whereas the other
0.03 % of MAOC was interpolated for the depth increment 50-100 cm, which was not analyzed.

Interpolation in combination with overall small values likely has a larger uncertainty. Additionally, (ii)
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suction plate monitoring faced the phenomenon that considerably fewer samples could be taken from 50
cm soil depth compared to 10 cm and 150 cm (Study Ill, Supplementary Table S4), which makes the
litter-derived DOC value in 50 cm the least reliable of all depths.

Despite these two methodological aspects, potentially affecting the litter-derived DOC/MAOC
differences, the data of recovered litter-derived DOC and MAOC in the respective subsoil depth
increments clearly demonstrate that retention at mineral surfaces is a controlling process of C cycling in
the subsoil, as it was previously reported by Hagedorn et al. (2015) and Rothstein et al. (2018). In
addition, the output of litter-derived DOC in 150 cm (0.005 %) is much smaller than the calculated
MAOQOC in the soil directly above (0.04 %; Study Ill, Fig. 1), which shows an overall large retention of
litter-derived DOC inputs in top- and subsoil, largely by the formation of MAOC, and thus supporting H1.

Microbial mobilization and decomposition

Next to retention at mineral surfaces, microbial decomposition is hypothesized to be responsible for the
decreasing share of litter-derived inputs with increasing soil depth (H1). Microbial utilization of recent
litter-derived OM in all soil increments was evaluated by monitoring the production of litter-derived CO-.
Quantifying the litter-derived CO; released during the runtime of 22 months revealed that a depth
independent proportion of about one fourth of the litter-derived C reaching the respective depth increment
was lost due to microbial utilization (Study IlI, Fig. 1). It cannot be differentiated whether this CO;
originates from microbial consumption of litter-derived DOC or shortly after retention at mineral surfaces,
but it nevertheless implies that considerable amounts of the respective litter-derived inputs are microbially
processed in each soil depth. Further evidence for large losses of OM by microorganisms comes from the
MAOM burial experiment using goethite and vermiculite coated with **C-enriched OM extracted from
beech litter (Study I1). The artificial goethite and vermiculite MAOM was incubated for two years in the
Grinderwald soil in the same depths as the segmented suction plates from the subsoil observatories (10,
50, 150 cm). After two years, about 30 % of the initial C coating was mobilized from the mineral surfaces,
irrespective of the mineral type and the soil depth (Study IlI, Fig. 3). Microbial community analysis of
MAOM revealed that the associations in both subsoil depths constituted microbial hotspots (Kuzyakov
and Blagodatskaya, 2015), as the size of the microbial community was larger compared to the surrounding
bulk soil (Study 111, Supplementary Fig. S13). This finding applied to bacteria and fungi but it was not
transferable to archaea, potentially due to unfavorably wide C/N ratios and competitive interactions with
bacteria groups (Bates et al., 2011). In soil, fungi make use of substrate rich minerals by a fast
colonization due to hyphal network (Kandeler et al., 2019). The bacterial community appeared to be
already adapted to the utilization of substrate rich MAOM, where copiotropic S-Proteobacteria were
benefitting most in such environment (Study 111, Supplementary Fig. S12; Leinemann et al. (2018)), while

oligotrophic bacteria (e.g. Acidobacteria) were largely outcompeted and increased only on the goethite
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surfaces in the deep subsoil samples, as they are supposed to be able to process more recalcitrant C
sources like microbial necromass (Fierer et al., 2007). Both, the size and compositional adaptation indicate
that microbial processing was an important factor in the mobilization of C from mineral surfaces.
Combining the results of both field experiments it seems evident that, next to retention at mineral surfaces,
also microbial processing is responsible for the small share of litter layer C reaching the mineral subsoil
during a two year timeframe. Thus, hypothesis H1 can be confirmed in this respect.

Temporal resolution of C inputs

What is overlooked in the total C budget at the end of the 22 months labelling period discussed above is
the resolution of the temporal progress of the downward migration during the labelling period, which is an
important aspect of the proposed sequential cycling of C inputs through the soil profile (Kaiser and
Kalbitz, 2012). Monitoring of DOC movement showed that litter-derived DOC was entering the subsoil at
10 cm depth rather continuously from the start of the labelling until the end (Study Il1, Supplementary Fig.
S3a). In both subsoil depths of 50 cm and 150 cm, however, first significant inputs via DOC were
detectable about ten months (around November 2015) after label application in February 2015 (Study I,
Supplementary Fig. S3b,c). The delay in translocation likely resulted from the retention and microbial
processing in the horizon above (topsoil cycling), which in consequence releases smaller amounts of litter-
derived C to the subsoil. The production of litter-derived CO; in the soil increment of 10 cm to 50 cm
began, similarly to litter-derived DOC, shortly after the litter application (Study Ill, Supplementary Fig.
S4b), which confirms an early rapid microbial consumption of fresh litter inputs in the upper subsoil. This
suggests that fresh litter inputs represent the actively cycling C pool in subsoils. A direct comparison of
litter-derived DOC inputs in 10 cm soil depth and the production of litter-derived CO; in the 40 cm thick
soil compartment below (10-50 cm) revealed that the majority of litter-derived DOC inputs were
microbially respired in the first months of the experiment (data are close to the 1:1 line until the marked
data point in Fig. 5.1). This is likely related to a higher bioavailability of OM in soil solution than in
association with minerals (Kalbitz and Kaiser, 2008). The close relation of litter-derived DOC and CO;
changes at the marked time point in Fig. 5.1, at which more litter-derived DOC entered the upper subsoil
in 10 cm than was microbially respired in the depth increment of 10-50 cm. The marked time point
belongs to the sampling at 20.11.15, which is likewise the date of the DOC monitoring, where the first
significant litter-derived DOC fluxes were recorded in 50 cm soil depth (Study Ill, Supplementary Fig.
S3b). This confirms that as soon as litter-derived DOC inputs are not rapidly microbially processed, they
can be translocated to greater soil depth, which represents the movement of the translocation front from
inputs reaching the topsoil during the first months towards inputs reaching the subsoil ten months after
litter application. At the Grinderwald study site, this movement in November was likely promoted by a

high microbial activity during the summer months (largest litter-derived CO; efflux at the soil surface
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between July and October 2015; Study I, Supplementary Fig. S1) and enhanced exchange of soil
solution and mineral surfaces due to an increased water flux in autumn. The data further indicate the
beginning of the next cycle in the cascade-like downward migration of aboveground C inputs (Kaiser and
Kalbitz, 2012). However, pathways of litter-derived DOC cannot be differentiated any further, since DOC
entering the deeper subsoil after a certain time offset, could have originated from (i) microbially processed
litter-derived OM, from (ii) litter-derived MAOM desorbed from the mineral soil above, or (iii) directly by
preferential flow from the litter layer. Given the fact that litter-derived DOC was detected in 50 cm and
150 cm about the same time and in comparable amounts (Study 111, Supplementary Fig. S3b,c) suggests
that there is no temporal offset in translocation as it was found between 10 cm and 50 cm. This likewise
reflects the similar DOC concentrations and fluxes as well as SUV Axgo values in the soil solution of these
depths (Study Ill, Supplementary Table S1) and indicates that the upper and the deeper subsoil in the

Grinderwald are closely coupled via downward-oriented soil solution fluxes.
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Fig. 5.1 Correlation of mean litter-derived DOC in 10 cm (n = 3) and mean litter-derived CO; production in the soil
increment of 10-50 cm (n = 3, data from Study I1l). The red point and the dotted line mark the value from the
20.11.15. The solid line represents the 1:1 line. Due to a better visibility of the general trend, the error bars were
excluded in this figure.

The temporal progress of microbial consumption (via CO- production) and translocation of litter-derived
DOC to the subsoil resulted in a time offset until litter-derived DOC reached greater soil depth, which is in
accordance to the conceptual model by Kaiser and Kalbitz (2012). Taken together, the monitoring data
show a clear temporal offset of about ten months before litter layer C entered the subsoil in 50 cm soil

depth as proposed in H1.
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Composition of SOM and DOM

Another aspect of OM passing through several cascade cycles involves a compositional change of SOM
and DOM with increasing soil depth, as it is hypothesized in H1. A change in SOM composition with
increasing soil depth is widely known and frequently reported in studies from various regions (e.g.
Guggenberger and Zech, 1994; Kramer et al., 2017; Mikutta et al., 2019). Soil OM close to the surface
typically displays a vegetation type signature with a small 8*C value and a wide C/N ratio (Kaiser and
Kalbitz, 2012). For example, 83C values of fresh beech litter are in the range of -29 %o (Steffens et al.,
2015) to -33 %o (litter measurements at University of Hohenheim) and C/N ratios of the soils in this thesis
decreased from 11-26 in the topsoil to 6-17 in the deep subsoil (Study Il, Table 1). Microbial processing
of plant-derived OM changes both parameters. The C/N ratio gets narrower since C-rich compounds like
carbohydrates are used as an energy source by the microorganisms (Gunina and Kuzyakov, 2015), while
the 81°C value increases due to the discrimination of the heavier *C isotope during microbial metabolism
(Balesdent et al., 1993; Nadelhoffer and Fry, 1988; Santrii¢kova et al., 2000). A 3C enrichment with depth
may also be related to a change in the microbial community (Kohl et al., 2015). A narrowing of the C/N
ratio was observed with increasing soil depth in the bulk soil (Study I, Supplementary Fig. S1) and in the
MAOM fraction (Study I, Fig. 3b), with a C/N ratio of > 20 in the topsoil, between 10-15 in the upper
subsoil, and < 10 in the deeper subsoil (albeit N concentrations in the deep subsoil were below the
detection limit, hence ratios are potentially not reliable). Moreover, an increase in §'°C values of up to 3
%o from topsoil down to the deep subsoil was detected in both, bulk soil and MAOM (Study I, Fig. 5a,b),
which is in the range of isotope discrimination reported elsewhere (e.g. Balesdent et al., 1993; Bird et al.,
2003; Wynn, 2007). Accordingly, comparison of both parameters revealed a close and, in large parts,
linear relationship (Study I, Supplementary Fig. S4). Since DOM and SOM are interconnected (Kalbitz
and Kaiser, 2008; Kaiser and Kalbitz, 2012), microbial alteration consequently affects the composition of
both OM pools. The increase of **C in DOM was not as pronounced as in the solid phase, but a significant
increase by 1 %o was detected from topsoil to upper subsoil (data not shown). Additionally, hexoses in soil
were reported to originate rather from microorganisms over plants (Gunina and Kuzyakov, 2015), thus a
change in DOM composition towards a larger concentration of hexoses in the deep subsoil DOM (Study
111, Supplementary Fig. S5) supports the assumption that subsoil OM is increasingly of microbial origin.
Overall, several parameters, including composition, concentration, and C isotopy, indicate a change of

OM source as a function of soil depth, which is in line with the hypothesized signature change in H1.

Combining results from the overall distribution of litter-derived C in the soil profile, retention of litter-
derived DOC, microbial processing of recent inputs, and the compositional change of OM with depth, thus

provided comprehensive mechanistic insights for a cascade-like downward cycling of OM in forest soils.
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5.2. Pathways of dissolved organic matter within the mineral soil

There are several pathways of OM to enter the different soil horizons from aboveground and belowground
sources. Particulate OM, including litter and roots, represented less than 1 % of soil mass below 30 cm
soil depth (Study I, Supplementary Fig. S2) and its contribution to the total SOC decreases with increasing
soil depth, down to 22 % below 100 cm depth (Study I, Fig. 2). Input of fresh litter-derived POM was
restricted to the top 10 cm of the mineral soil and also the relevance of root-derived C is assumed to be
rather small in the Grinderwald as well, since root density (Heinze et al., 2018; Wordell-Dietrich et al.,
2020) and root exudation (Tuckmantel et al., 2017) are low in the subsoil. Consequently, DOM flux,
governed by the amount of leaching water, appeared to be a controlling factor of OM migration in the
Grinderwald soil. Soil solution monitoring showed that there is a strong decline in DOC concentration and
flux with soil depth, e.g. DOC fluxes of about 12.8 + 4.2 g m2 yrtin 10 cm soil depth, 1.4 + 0.7 g m2 yr?
in 50 cm soil depth, and 1.8 + 0.9 g m2 yr. In 150 cm soil depth (Study 111, Supplementary Table S1;
Leinemann et al. (2016)). However, 2-fold to 3-fold larger water fluxes in the deeper subsoil compared to
the upper subsoil did not involve an increase in the DOC flux of the same magnitude (Fig. 5.2c,d),
attributable to the decreasing DOC concentrations (Study Ill, Supplementary Table S1). The litter
manipulation experiment in the Grinderwald further allowed the evaluation of the DOM origin. Migration
of litter-derived DOC through the mineral soil was overall low (Study 111, Supplementary Fig. S3). Stable
isotope tracing further revealed that recent litter-derived DOC fluxes decline similarly to the recent litter-
derived MAOC with increasing soil depth (Study 111, Fig. 1). In addition, the overall contribution of recent
litter-derived DOC to the total DOC flux below the topsoil horizon was less than 5 % for all observatories
and depths (Study 11, Supplementary Fig. S2), showing that the majority of DOC flowing through the soil
profile originates from older C sources of above-lying horizons. These results are in good agreement with
findings from Hagedorn et al. (2012), who reported that DOC fluxes from the upper 10 cm of mineral soil
consist about 5.5 % of litter-derived DOC. Sources of DOC were, for example, evaluated by Froberg et al.
(2007), who conducted a litter manipulation experiment and reported that < 4 % of DOC leaching from
the organic layer was litter-derived while the vast majority derived from the Oe and Oa horizons
themselves. A mesocosm study from Froberg et al. (2009) further showed that a large part of the DOC
leaching from the A horizon originated in the A horizon itself, suggest that A horizons can be sources of
DOC inputs into subsoil.

The overall flow of DOM through the soil profile and the good consensus of the current study with
previous findings support the assumption of a high relevance of DOM for the translocation of OM (H2).
However, Study I11 did not take the small-scale heterogeneity of soil solution fluxes into account. But the
unique setup of segmented suction plates and **C labelling would have allowed a more detailed view on

the flow paths. Leinemann et al. (2016) evaluated DOM flow paths with the segmented suction plates and
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reported that the small scale spatial heterogeneity increases with soil depth, indicating that preferential
flow paths are increasingly important for the subsoil DOM fluxes and potential retention and
accumulation of OM. A closer look on the temporal dynamic of soil solution fluxes reveals that both water
and DOC migrate through the subsoil in pathways which persist for years (Fig. 5.2) and potentially
decades (Hagedorn and Bundt, 2002). The increasing difference between smallest and largest water flux
from the upper subsoil (Fig. 5.2a) towards the deeper subsoil (Fig. 5.2b) further highlights the increasing
importance of these stable preferential flow paths, thus supporting hypothesis H2.
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Fig. 5.2 Cumulative water flux in 50 cm (a) and 150 cm (b) cm soil depth collected by the segmented suction plates
installed in the Grinderwald Observatory 1, next to the cumulative DOC flux in 50 cm (c¢) and 150 cm (d) from the
same installations (Liebmann, unpublished). Colors depict each of the 16 segments per suction plate. Graphs include
data from the 10.04.2014 (t = 0 d) until 09.04.2019 (t = 1825 d), covering 5 years of monitoring.

The impact of soil texture on the translocation of DOC in topsoils and subsoils was evaluated in Study II.
At three sites, ranging from fine textured loess to coarse textured sand dominated soil profiles, DO®C
solutions were injected to trace its downward migration at two time points down to 100 cm below the
injection depth. It was assumed that the larger pores of the sand dominated sites (Grinderwald and

Ebergotzen, in Study II termed “Sand” and “Red sandstone”) will result in a faster and deeper
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translocation of DOC. In contrast, it appeared that the fine textured, silt dominated site (Ridershausen, in
Study II termed “Loess”) facilitated the deepest translocation of injected DOC, both 3 and 17 months after
injection (Study Il, Fig. 4). This was ascribed to a higher abundance of preferential flow paths (e.g. in old
root channels which were visible in the soil profile) and further supports the assumption that preferential
flow paths are a major factor for DOM translocation. The special features (here old root channels) in soils
with fine texture did enhance DOM translocation, but this was not observed in the coarse textured soil
matrices which was hypothesized to allow a continuous downward migration. Instead, the fine textured
soil positively affected the formation of preferential flow paths and consequently DOM translocation, thus
supporting hypothesis H2.

5.3. Retention of organic matter in subsoils

Retention of OM in the subsoils involves to a large extent sorption of DOM to mineral surfaces, where
POM constitutes a minor fraction (Study I, Supplementary Fig. S2). Conversely, the presence and
availability of sorption sites on mineral surfaces is considered as controlling factor for OM retention in
subsoils (Rumpel et al., 2012). Sorption isotherms provide insights into the potential sorption capacities
under ideal laboratory conditions. Comparing sorption isotherms of topsoil and subsoil samples from the
three study sites Grinderwald, Riidershausen, and Eberg6tzen, it became evident that the same DOC input
resulted in a larger retention in subsoils than in topsoils (Study Ill, Fig. 2, Supplementary Fig. S8).
Likewise, Abramoff et al. (2021) attested a larger potential for retention of additional C to subsoils than to
topsoils based on compiling > 400 laboratory sorption experiments.

Typically, main acceptors for DOC in soil are pedogenic oxides (Hagedorn et al., 2015; Kramer and
Chadwick, 2018), clay minerals (Rasmussen et al., 2018), and organic matter itself (Vogel et al., 2014).
Oxalate and dithionite extractions showed that pedogenic oxides change only minor with soil depth or,
contrary to the sorption isotherm observations, had largest concentrations in the topsoil (Study IlII,
Supplementary Table S7). The same holds true for the clay and silt fraction (Study Ill, Supplementary
Table S7) as well as the overall mineral assemblage (Study 111, Supplementary Fig. S7). This implies that
the amount of sorption site rich minerals cannot explain the differences of topsoil and subsoil sorption
isotherms. Besides, SOC contents in the topsoil was 2-10 fold larger compared to the upper subsoil and
even 3-38 fold compared to the deeper subsoil (Study I, Supplementary Table S7). Considering the
rather similar mineralogical situation in top-and subsoils, much larger SOC contents in the topsoil suggest
a larger surface coverage of the mineral matrix by OM, and consequently a larger C saturation. Thus, it
can be concluded that not the presence but rather the availability (i.e. occupancy) of mineral sorption sites
is important for sorption processes in soil. Moreover, topsoils, due to the large and continuous leaching of

DOM from the organic layer, exhibit a large degree of C saturation (Guggenberger and Kaiser, 2003;
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Wiesmeier et al., 2014; Mikutta et al., 2019), which reduces the retention of additional C (Wiesmeier et
al., 2014) and is in line with hypothesis H3. But the small soil to solution ratio and the constant motion of
the samples during the laboratory sorption experiments are far away from natural conditions in the field.
In the laboratory approach, interaction between solution and mineral surfaces were limited to
sorption/desorption along the concentration gradient, thereby neglecting other factors like microbial
consumption, in laboratory experiments with a runtime only some hours, and the actual probability of
contact between mineral surface and solution via natural flow paths.

The question remains, whether results from sorption experiments could be transferred to field
conditions. This was tested in Study Il by injecting a DO*C solution into the intact soil matrix at the same
three study sites (Grinderwald, Rudershausen, and Ebergétzen) in the same soil depths (10, 30/50, 60/100
cm). Sampling the soil below the injection depth 3 months later allowed the evaluation of the in-situ
retention of DOC. Unexpectedly, a higher share of injected DOC was retained in the first 10 cm below the
topsoil injection depth (10-20 cm soil depth) compared to the subsoil injections (Study Il, Fig. 4).
Considering similar conditions in mineralogical composition as discussed above, these findings imply that
the retention of injected DOC was less dependent on available mineral sorption sites, but occurred likely
at pre-existent SOM, as it was previously shown in a mesocosm experiment by Vogel et al. (2014). Also,
the MAOM burial experiment from Study Il supports this assumption because NanoSIMS measurements
revealed that after two years of field incubation, only a few fresh (un-labelled) OM patches were formed

(Fig. 5.3).
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Fig. 5.3 Classification of the C-coated goethite (G-L), the 10 cm buried goethite MAOM (G-10), and the 150 cm
buried goethite MAOM (G-150) regions of interest (ROIs) classified according to their 3C values [at%] measured
with the low energy deposit method (Liebmann, unpublished). The classification was done according to Leinemann
et al. (2018) by defining three classes, including a low [< 1.4 at%], intermediate [> 1.4 & < 2.2 at%], and high [> 2.2
at%] *C enrichment. The *C value of each ROI was normalized to the area of all identified ROIs and is given in
percent of the total ROI area.
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Instead, the highly *C-enriched OM patches visualized by the NanoSIMS (sorbed onto the minerals prior
to burial) decreased while the intermediate fraction increased due to sorption of fresh solution-derived OM
to existing patches, thereby diluting the *C tracer (Leinemann et al., 2018). Taken together, the
availability of free mineral sorption sites determines the potential retention under ideal conditions and
supporting H3. Albeit this is not controlling retention under natural conditions where blockage of sorption
sites by OM can have the opposing effect and attract more OM, thus contrasting H3.

Findings from Studies Il and 111 demonstrate that laboratory results cannot be transferred to the field
without further ado. The laboratory-based sorption isotherms showed that a larger number of available
sorption sites in the subsoil resulted in a larger retention of DOM. This was, however, not observed for
injected DOM into intact soil profiles, which reduces the transferability of the laboratory results. It has to
be noted that the injection experiment was indeed conducted under field conditions, but the DOC
concentration of the injected solution was much larger than natural concentrations in soil solution (10 fold
larger compared to concentrations in the Grinderwald subsoil (Study I, Supplementary Table S1)) and
the total DOC (9 g m?) injected over a period of hours correspond to a natural DOC flux of a whole year
or more (Study Ill, Supplementary Table S1). Further considering that there was a three months offset
between injection and first sampling, both large DOC input and time offset emphasize that in the field, the

stability of retained C is more important than the potential retention itself.

5.4. Stability of organic matter in subsoils

Stability of OM in soil is a key aspect for long-term storage of C, thereby reducing C release to the
atmosphere and consequently mitigating global climate change (Lorenz et al., 2011; Kramer et al., 2012).
14C dating of SOM frequently shows an increasing SOM age with increasing soil depth, up to millennia in
subsoils (Rumpel et al., 2012), thus emphasizing the outstanding role of subsoils to remove C from the
biogeochemical cycle (Fig. 1.1) for long periods of time. Being able to take advantage of the apparent
potentials would allow a better defining of mitigation strategies to global climate change. But since the
origin of old subsoil OM and the processes behind its stabilization are not fully understood (Abramoff et
al., 2021), it remains unclear if the current situation in soils can be leveraged. To account for the
importance of the topic, all studies included the time aspect, e.g. repeated sampling (Study I, 1),

continuous monitoring (Study I11), or field incubation (Study II1).

Current carbon stabilization
Dissolved OM leached from the litter layer to the subsoil in the first months after litter application were to
a large part directly consumed by the microbial community before retention and stabilization came into

play (Fig. 5.1; Study Ill, Supplementary Fig. S3, S4). The C budget after the complete 22 months of litter
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application further revealed that about 25 % of the total litter-derived DOC inputs to the subsoil were not
or only short-term retained and microbially processed thereafter (Study 11, Fig. 1). A second evaluation of
the stabilization of the actually retained litter-derived C in the whole soil profile 18 months later showed
that mineral-associated litter inputs as well as litter inputs in other functional OM fractions were neither in
the topsoil nor in the subsoil effectively stabilized (Study I, Fig. 6). Instead, litter-derived C in the subsoil
below 20 cm soil depth was almost gone, thereby not confirming hypothesis H4 with respect to
aboveground inputs. However, summing up litter-derived C per functional OM fraction (at both samplings
22 and 40 months) at least highlights the processes which generally favor stabilization of OM in the
mineral soil. While the fPOM fraction lost nearly 90 % of its litter-derived C in 18 months, it was about
77 % in the oPOM fraction (Study I, Table 3), a reduction likely attributable to a lower bioavailability of
OM occluded in soil aggregates (von Litzow et al., 2006). Losses in the MAOM fraction amounted to 66
%, illustrating that also sorption to minerals cannot ensure comprehensive protection, but the inhibition of
microbial processing is more effective than in other soil OM fractions (Schrumpf et al., 2013). Although
the predicted pronounced stabilization of aboveground litter inputs was not detected in the subsoil (nor in
the topsoil), it was possible to principally assign partial stabilization to interactions with mineral surfaces,
thereby supporting that mineral interactions reduce the availability of OM for microbial consumption
(H4).

A closer look at the MAOM burial experiment, i.e. the fate of OM sorbed to the surfaces of oxides
and clay minerals, reveals consensus with observations from the litter manipulation experiment. About 30
% of MAOC was mobilized during two years of field incubation in top- and subsoil samples and
regardless of the mineral type (Study IlI, Fig. 3, Supplementary Table S2). However, the interplay of
processes differed between topsoil and subsoil minerals. Interactions in the topsoil were dominated by
exchange of MAOC with DOC from bypassing soil solution, which rendered these minerals to C sinks.
Subsoil minerals showed only little OC uptake but to a greater degree release of OC through microbial
processing and desorption, thereby serving as a C source in both subsoil depths (50 cm, 150 cm).
Considering that initial OC loadings resembled natural OC contents of the subsoil clay fraction at the
Grinderwald site (Angst et al., 2016), these findings do not provide evidence for a high stabilization of
subsoil C (H4).

Carbon stabilization under changing environmental conditions

The litter manipulation experiment and the MAOM burial experiment tested the OC translocation to and
stabilization in the subsoil under current natural conditions. Both approaches suggest that the present
situation in temperate forests does not allow extensive retention of additional OC in subsoils. But this
raised the question of whether a future change in conditions would increase OC stabilization in subsoils.

Injection of a 200 ppm DOC solution, which was extracted from altered beech litter, can be considered as
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a simulation of an extensive leaching of DOM from the organic layer into top- and subsoils, potentially
occurring in a scenario of climate change induced increase in forest growth (McDowell et al., 2020), net
primary production (Liu et al., 2015), and consequently more litter C inputs to the soil (Pan et al., 2011).
But even under these favorable conditions, retention of DOC was larger in topsoils than in subsoils three
months after injection (Study Il, Fig. 3, Table 2). Fourteen months later, however, a notable decline of
retained DOC in the topsoil was observed, while retained DOC showed a comparatively less pronounced
decline in the subsoil, which suggests a better preservation respectively stabilization (Study Il, Fig. 3,
Table 2), which is in accordance with hypothesis H4. Contrasting, laboratory incubations yielded no
significant differences in microbial respiration of retained DOC between topsoils and subsoils (Study I,
Table 3), implying that retained DOC in subsoils is not per se better protected against microbial
consumption compared to topsoils, but stabilization rather arises by a spatial separation from potential
decomposers (Preusser et al., 2017; Wordell-Dietrich et al., 2017; Lehmann et al., 2020). But in a scenario
where such large DOM inputs to top- and subsoils would be possible, inputs would not occur only once in
17 months as it was simulated in this field approach. More realistically, DOM inputs would be more
frequent as observed in the Grinderwald monitoring (Leinemann et al., 2016) and likely overcome the
current stabilizing mechanisms, e.g. by unlocking the spatial separation, thus enhancing microbial activity,
decomposition, and outputs as well.

Taken together, sorption to mineral surfaces and spatial inaccessibility for microorganisms both can
have a stabilizing effect on OM in the mineral soil, likely pronounced in subsoils compared to topsoils.
But at present, no additional OM retention and stabilization seems possible under natural conditions,

hence hypothesis H4 was not confirmed.

157



Conclusion and outlook

6. Conclusion and outlook

This thesis evaluated the role of aboveground litter inputs for the formation of stable subsoil OM and at
providing comprehensive field evidence for the downward cycling OM.

An extensive litter manipulation experiment combined with long-term DOC and CO, monitoring,
an injection of litter-derived DOM into undisturbed soil, and especially the inclusion of the deep mineral
subsoil > 100 cm in the determination of OM dynamics constitute new field approaches in the assessment
of C cycling in forest soils.

13C-labelled litter application revealed that the recent litter layer is not a major source of subsoil C,
as the majority of litter-derived inputs is retained in the horizons above. The dynamic of C translocation
with depth and with time follows a sequence of sorption, microbial processing, desorption cycles (Kaiser
and Kalbitz, 2012). Several parameters show that also the quality of migrating OM changes, illustrating a
shift from plant-derived to microbial-derived OM with increasing soil depth, which is also a consequence
of passing through several sorption, microbial processing, desorption cycles. Ultimately, key processes for
the limited translocation to subsoils involve retention in topsoils, microbial decomposition and associated
partial remobilization of OM during downward migration. Preferential flow paths were found to be stable
for years, thus controlling the percolation of DOM through the soil profile. Increasing heterogeneity of the
small scale water fluxes with increasing soil depth further illustrates their relevance for the distribution of
OM in subsoils, which in turn affects OC retention. Apparently, the stability of previously retained OC
was more decisive for OC storage in subsoils than its potential retention alone. But under the current
natural conditions, the potential capacities in subsoils are unlikely to be exploitable. The present
equilibrium of inputs and outputs allows only a very limited retention of aboveground OM in subsoils,
which, in fact, is not effectively stabilized. For example, changes in forest management (Magnani et al.,
2007) may increase C inputs into forest soils with the aim to raise the input-output equilibrium to a higher
level. But it is not assured that larger inputs will cause increasing stabilization at all. Even buried minerals
in the subsoil with a C-coating similarly large as the surrounding native minerals can act as C sources
rather than make use of their potential free capacities and take up additional C. It is likewise possible that
existing natural barriers will be removed by additional inputs, thereby provoking decomposition and
mobilization of old and allegedly stable SOM (Fontaine et al., 2007).

Classic laboratory experiments were not able to depict the situation in forest (sub)soils under natural
conditions, hence methodological adjustment should be considered in upcoming approaches. Laboratory
sorption experiments should include treatments with DOM compositions based on the native soil solution
in the respective soil depth. This can be achieved for example by manually removing aromatic

components from fresh litter extracts to resemble deep subsoil DOM solutions (Leinemann et al., 2016),
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or by imitating successive cycling in intact soil columns (Leinemann et al., 2018) or flow cells (Kriiger et
al., 2018). Considering that a major part of DOM originates from the soil directly above (Froberg et al.,
2007, 2009), it is also conceivable to sample the soil above the depth of interest and perform a water
extraction. Water extractable OM can be considered as a surrogate for DOM (Chantigny et al., 2008), thus
the use of water extracts instead of litter extracts may help to better simulate actual field conditions in
laboratory sorption experiments.

In this thesis, the DO'*C fluxes were evaluated for the period of the litter manipulation experiment.
But it is unknown what happened with the DOC fluxes after the labelled litter was removed and tracer
inputs were stopped. Study | showed that SO**C was lost throughout the soil profile 18 months later, but it
is unclear where it has gone. Microbially processed or mobilized and translocated to greater soil depth
would be two conceivable possibilities. The former likely dominates, but in case of the latter or a
combination of both, it would be important to know for how long there will be significant fluxes
detectable. Analyzing the DOC fluxes of the months and years after label removal and restoration of the
natural litter layer will be of great help to answer these questions. In a preliminary analysis, a period of
nearly three years after label removal was evaluated similar to Study 111 and proportions of DOC (Fig.
6.1) and cumulative DOC fluxes (Fig. 6.2) were added to the timeline to give a first impression of the

progress in downward cycling of litter-derived OM during 5 years of observation.
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The use of segmented suction plates in the Grinderwald yielded novel results, but they were not used to
their full potential yet. A more detailed look at the DOC flux of each segment would provide new
insights of matrix and preferential flow paths and their relevance for litter leachate translocations, a

perspective which is largely untouched until now.

In conclusion, it was surprising that the outstanding role of forest (sub)soils for C stabilization and climate
change mitigation, as it is proposed mainly from laboratory experiments and modeling exercises, was not
confirmed by the field approaches in this thesis. The **C manipulation experiments yielded comprehensive
field evidence that it is unlikely that forest (sub)soils will serve as potential future C-sinks. It became
apparent that the performance of subsoils is controlled by their environment, as an intact soil matrix and
an active microbial community were more decisive for C stabilization than potential sorption capacities.
Thus laboratory approaches alone are not sufficient to evaluate the processes in natural forest soils. A
combination with field experiments is needed to obtain a comprehensive picture of the potentials and

shortcomings of forest subsoils for the preservation of C in the future.
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