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Abstract

Soils in forest ecosystems bear a high potential as carbon (C) sinks in the mitigation of climate
change. The amount and characteristics of soil organic matter (SOM) are driven by inputs,
transformation, degradation and stabilization of organic substances. While tree species fuel the
C cycle by producing aboveground and belowground litter, soil microorganisms are crucial for
litter degradation as well as the formation and stabilization of SOM. Nonetheless, our
knowledge about the tree species effect on the SOM status is limited, inconsistent and blurred.
The investigation of tree species effects on SOM is challenging because in long-established
forest ecosystems the spatial distribution of tree species is a result of the interplay of
environmental factors including climate, geomorphology and soil chemistry. Moreover, tree
distribution can further vary with forest successional stage and silvicultural management. Since
these factors also directly affect the soNCW DW XV LW LV GLIILFXOW WR LGHC
HITHFW™ RQ WKH 620 VWDW XNtherdford i3 DridlebRit bW VerHrée VL W H
species-specific litter with different quality influences the microbial driven turnover and
formation of SOM.

Tree species effects on SOM and related soil microbial properties were investigated by
examining soil profiles (comprising organic forest floor horizons and mineral soil layers) in
GLIIHUHQW IRUHVW VWDQGY DW WKH UHFXOWLYDWHG VSRL
cast mine Hambach near Jilich, Germany. The afforested sites comprised monocultural stands
of Douglas fir Pseudotsuga menziésiblack pine Pinus nigrgd, European beech~agus
sylvaticg and red oakQuercus rubra as well as a mixed deciduous stand site planted mainly
with hornbeamarpinus betuluk lime (Tilia cordatad) and common oakJuercus robuy that

were grown for 35 years under identical soil and geomorphological conditions. Because the
parent material used for site recultivation was free from organic matter or coal material, the
SOM accumulation is entirely the result of in situ soil development due to the impact of tree
species.

The first study revealed that tree species had a significant effect on soil organic carbon (SOC)
stocks, stoichiometric patterns of C, nitrogen (N), sulfur (S), hydrogen (H) and oxygen (O) as
well as the microbial biomass carbon (MBC) content in the forest floor and the top mineral soil
layers (0-5 cm, 5-10 cm, 10-30 cm). In general, forest floor SOC stocks were significantly
higher at coniferous forest stands compared to deciduous tree species, whereas in mineral soil
layers the differences were smaller. Thus, the impact of tree species decreased with increasing

soil depth. By investigating the linkage of the natural abundan€ ahd®®N in the soil depth
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Abstract

gradients with C:N and O:C stoichiometry, the second study showed that differences in SOC
stocks and SOM quality resulted frariree species-dependent turnover of SOM. Significantly
higher turnover of organic matter in soils under deciduous tree species depended to 46 % on
the quality of litterfall and root inputs (N content, C:N, O:C ratio), and on the initial isotopic
signatures of litterfall. Hence, SOM composition and turnover also depends on additional
presumably microbié} driven tfactors. The subsequent results of the third study revealed that
differences in SOM composition and related soil microbial properties were linked to different
microbial communities. Phospholipid fatty acid (PLFA) patterns in the soil profiles indicated
that the supply and availability of C and nutrient-rich substrates drive the distribution of fungi,
Gram-positive (&) bacteria and Gram-negative {\Gacteria between tree species and along
the soil depth gradients. The fourth study investigated the molecular composition of extractable
soil microbial biomass-derived (SMB) and SOM-derived compounds by electrospray ionization
Fourier transformation ion cyclotron resonance mass spectrometrnyF{ESIR-MS). This

was complemented by the analysis of nine monosaccharides representing microbial or plant
origin. Microbially derived compounds substantially contributed to SOM and the contribution
increased with soil depth. The supply of tree species-specific substrates resulted in different
chemical composition of SMB with largest differences between deciduous and coniferous
stands. At the same time, microorganisms contributed to SOM resulting in a strong similarity
in the composition of SOM and SMB.

Overall, the complex interplay of tree species-specific litter inputs and the ability, aatidity
efficiency of the associated soil fauna and microbial commumityietabolizing the organic
substrates leads to significant differences in the amount, distribution, quality and consequently,
the stability of SOM. These findings are useful for a targeted cultivation of tree species to

optimize soil C sequestration and other foeegbystems services.



Kurzzusammenfassung

Waldboden besitzen ein grol3es Potential, als Kohlenstoffsenke zu fungieren und dadurch zur
Abschwachung des Klimawandels beizutragen. Die Menge und die Eigenschaften der
organischen Bodensubstanz (OBS) in Waldbdden sind abhangig von den Eintragen, der
Umwandlung, dem Abbau sowie der Sequestrierung organischer Substanzen. Wahrend die
Baumarten den Kohlenstoffkreislauf durch die Produktion von ober- und unterirdischer
Streubiomasse antreiben, sind die Mikroorganismen im Boden flir den Streuabbau sowie fir
die Bildung und Stabilisierung der OBS maligeblich verantwortlich. Der derzeitige
Kenntnisstand, ob und wie sich unterschiedliche Baumarten auf den Zustand der OBS
auswirken, ist durch mehrdeutige und zum Teil widersprichliche Untersuchungsergebnisse
begrenzt. Die Untersuchung mdglicher Baumarteneffekte auf die OBS gestaltet sich dulRerst
schwierig, da in etablierten Wald- bzw. Forstokosystemen die raumliche Verteilung der
Baumarten nicht unabh&ngig ist, sondern durch das Zusammenspiel verschiedener
Umweltfaktoren, wie dem Klima, der Geldndebeschaffenheit und den Bodeneigenschaften,
gesteuert wird. Dartber hinaus wird die Baumartenverteilung durch den Entwicklungszustand
des Waldes und nicht zuletzt durch waldbauliche Managementmal3nahmen des Menschen
bestimmt. All die genannten Faktoren beeinflussen wiederum die OBS direkt, sodass die
Identifizierung eines alleinigen Baumarteneffektes auf die OBS auf herkémmlichen
Forststandorten kaum maoglich ist. Folglich bestehen Unklarheiten inwieweit eine Baumart mit
spezifischen Streueintrdgen die mikrobiell gesteuerte Bildung der OBS und zugleich deren
Umsatz beeinflusst.

Um den Baumarteneffekt auf den Zustand der OBS und die damit verbundenen
bodenmikrobiologischen Eigenschaften zu untersuchen, wurden organische Streuauflagen und
Mineralbodenhorizonte von Bodenprofilen in unterschiedlichen Aufforstungsflachen auf der
rekultivierten Abraumib OGH JP6RSKLHQK|KHTY sighQ WoklwestKdhK wés G LH
Braunkohletagebaus Hambach in der Nahe von Jilich in Deutschland befindet. Die
aufgeforsteten Flachen umfassen Monokulturbestdnde von DouglaBiseudptsuga
menzies), Schwarzkiefern Kinus nigrg, Rotbuchen FKagus sylvatica und Roteichen
(Quercus rubra sowie einen Laubmischwaldbestand, der Uberwiegend aus Hainbuchen
(Carpinus betulus Winterlinden Tilia cordatg) und StieleichenQuercus robuy besteht. Die
35-jahrigen Baumbestande sind unter identischen Boden- und Bewirtschaftungsverhaltnissen
gewachsen. Das geologische Substrat, welches fir die Rekultivierung der Abraumhalde genutzt

wurde, war weitgehend frei von Kohle oder Rickstadnden alter OBS, sodass die in diesem
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Kurzzusammenfassung

Projekt untersuchte OBS ganzlich das Ergebnis der natirlichen Bodenentwicklung unter dem
Einfluss der einzelnen Baumarten widerspiegelt.

Die erste Studie zeigt auf, dass sich die Vorrate des organischen Bodenkohlenstoffs, die
stochiometrischen Verhaltnisse von Kohlenstoff (C), Stickstoff (N), Schwefel (S), Wasserstoff
(H) und Sauerstoff (O) sowie der mikrobielle Biomassekohlenstoff in der organischen
Humusauflage und den obersten Mineralbodenhorizonten (0-5 cm, 5-10 cm, 10-30 cm) unter
dem Einfluss der Baumarten signifikant unterscheiden. Im Allgemeinen sind die
Kohlenstoffvorrate in den organischen Humusauflagen unter Koniferen héher als unter den
Laubbaumarten, wahrend im Mineralboden die Unterschiede zwischen den Baumarten kleiner
werden. Der Baumarteneinfluss wird folglich mit zunehmender Bodentiefe abgeschwécht. In
der zweiten Studie zeigte die Untersuchung der natiirlichen AbundanZ&omind *°N-
Isotopen sowie deren Verhaltnisse zur C:N- und O:C-Stéchiometrie im Boden auf, dass die
Unterschiede in den Vorraten und der Qualitdt der OBS das Ergebnis baumartenspezifischer
Umsdzungsprozesse der OBS sind. Der héhere Umsatz der organischen Substanz in Béden
unter den Laubbaumarten ist zu 46 % abhangig von der Qualitat der Streufall- und
Wurzeleintrage (N-Gehalt, C:N, O:C-Verhaltnis) sowie der urspringlichen Isotopensignatur
des Streufalls. Demzufolge ist sowohl die Zusammensetzung der OBS als auch deren
Transformation von weiterexvermutlich mikrobiell gesteuertest Faktoren abhéngig. Die
Ergebnisse der dritten Studie deuten darauf hin, dass der Zustand der OBS und die damit
verbundenen mikrobiellen Eigenschaften mit unterschiedlichen mikrobiellen Gemeinschaften
in Verbindung stehen. Die Muster von Phospholipidfettsauren in den untersuchten
Bodenprofilen zeigen an, dass das Angebot und die biologische Verfiigbarkeit von kohlenstoff-
und nahrstoffreichen Substraten die Verteilung von Pilzen, grampositivéh (@&l
gramnegativen (G Bakterien zwischen den Baumarten sowie entlang der Tiefengradienten im
Boden steuern. In der vierten Studie wurde die molekulare Zusammensetzung einerseits der
extrahierbaren mikrobiellen Biomasse und andererseits der aus OBS extrahierbaren
Bestandteile mittels Elektrosprayionisation-Fourier-Transformation-lonenzyklotronresonanz-
Massenspektrometrie (ESF-ICR-MS) untersucht. In Ergdnzung hierzu wurden neun
Monosaccharide analysiert, die entweder mikrobiellen oder pflanzenbirtigen Ursprungs sind.
Die Ergebnisse der Studie zeigen, dass die mikrobiellen Bestandteile einen substantiellen
Beitrag zur OBS leisten und dieser mit zunehmender Bodentiefe weiter ansteigt. Die
Zulieferung von baumartenspezifischen Substraten fuhrt zu einer unterschiedlichen chemischen

Zusammensetzung der mikrobiellen Biomasse mit den grof3ten Unterschieden zwischen
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Kurzzusammenfassung

Laubbdumen und Koniferen. Gleichzeitig leisten die Mikroorganismen einen essentiellen
Beitrag zum Zustand der OBS, was dazu fiihrt, dass groRBe Ahnlichkeiten in der
Zusammensetzung zwischen der OBS und der mikrobiellen Biomasse bestehen.
Zusammenfassend kann gesagt werden, dass das komplexe Zusammenspiel von
baumartenspezifischen Eintragen sowie der damit verbundenen Boderbiotd deren
Fahigkeit, Aktivitdt und Effizienz die organischen Substrate zu verarbeitensignifikanten
Unterschieden in der Menge, Verteilung und Qualitat der OBS fuhrt und schlussendlich die
Stabilitat der OBS beeinflusst. Diese Ergebnisse tragen dazu bei, eine zielorientierte Auswabhl
der Baumarten in bewirtschafteten Waldokosystemen so zu gestalten, dass auch die
Sequestrierung von Kohlenstoff im Boden neben anderen Okosystemdienstleistungen von

Waldern optimiert werden kénnte.
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Preliminary remarks

This PhD thesis comprises two published peer-review journal articles (chapters 2 & 3) and two
submitted manuscripts (chapters 4 & 5). Importantly, during the course of this cumulative thesis
new research questions successively emerged due to findings of the first studies presented in
chapter 2 and 3. Therefore, multiple field surveys were conducted in three consecutive years,
in which specific soil layers and/or tree species stands were investigated. For example, the
organic forest floor horizons (OL, OF, OH) were investigated as a composite sample in the
studies presented in chapter 2 and 4, whereas they were separately analyzed in the studies
presented in chapter 3 and 5 to gain more detailed data. The studies presented in chapter 3 and
5 addressed only a subset of tree species in order to keep the related workload and time at a
manageable level. Due to the resulting imbalance of datasets, it is not feasible to interlink the
findings of the single studies with statistical tools. Consequently, the synthesis of all findings
presented in chapter 6 was conducted without a statistical focus.

Chapter Year of sampling Tree species Soil horizons
2. Tree species affect soil organic 2016 D, P,B, O, MD Forest floor
matter stocks and stoichiometry ir 0-5cm
interaction with soil microbiota 5-10 cm
10-30 cm
3. The linkage of°C and®N soil  2016-2018 D,P,B,O oL, OF, OH
depth gradients with C:N and O:C 0-5cm
stoichiometry reveals tree species 5-10 cm
effects on organic matter turnover 10-30 cm
in soil + Litterfall
+ Roots
4. Evidence for the response of 2016 D, P, B, O, MD Forest floor
microbial community composition 0-5cm
in soil profiles to dominant tree 5-10 cm
species 10-30 cm
5. The molecular composition of 2017 D,P,B oL, OF, OH
extractable soil microbial 0-5cm
compounds varies with soil depth 5-10 cm
and tree species 10-30 cm

D = Douglas fir, P = black pine, B = European beech, O = red oak, Mied deciduous stand,
Organic forest floor horizons (OL = Litter, OF = Fragmented, OH = Humified)

Xl
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1.1. Soils in a changing world

Soil xthe thin layer covering the terrestrial part of our plafit a living, four-dimensional

natural entity consisting of solids, water and air (Hartemink, 2016). These complex and
dynamic regulatory systems perform a multitude of key environmental, social and economic
functions that deliver valuable ecosystem services contributing to human welfare (Adhikari and
Hartemink, 2016; Blum, 2005). The ecosystem services provided by soils comprise
provisioning services (e.g. providing food and water), regulating services (e.g. climate,
greenhouse gas and water regulation), cultural services (e.g. recreation, heritage) and
supporting services (e.g. habitat, nutrient cycling) (Jonsson and Davidsdéttir, 2016; Pereira et
al., 2018). In times of facing global challenges such as climate change and food seeurity th
outstanding role of the vulnerable resource soil became increasingly recognized (Lal, 2010)
Soils represent one of the biggest carbon (C) reservoirs on Earth, containiri@4@0eg C,

which is more than stored in the atmospheB60 Pg C) and terrestrial vegetatio®$0i650

Pg C) combined (Friedlingstein et al., 2019). Soil organic carbon (SOC) was identified as one
key soil property that is related to almost all ecosystem services provided by soils (Adhikari
and Hartemink, 2016; Hatfield et al., 2017). The SOC pool is highly dynamic and driven by
interactive and integrated biotic and abiotic factors (Paul, 2016). Even small changes of this
massive C pool on the regional and local scale significantly alter land-atmospheric feedbacks
at a global scale (Ali et al.,, 2018; Nave et al.,, 2010). Soils have a substantial potential
t+dependent on anthropogenic management practidesact asa C sink and therefore, to
mitigate climate change (Paustian et al., 2016).

The significance of SOC for a healthy, sustainable soil functioning and its connection to
ecosystem services that are indispensable for human health is indisputable (Lehmann et al.,
2020). Consequently, a precise understanding of the accumulation, turnover and storage of
organic matter (OM) in the soil is essential to predict ti2R EW KV UHVSRQVH WR HC
changes (Blankinship et al., 2018).
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1.2. Soil organic matter ta brief overview

Soil organic matter (SOM) can be defined as a range of organic materials along a decay
continuum from readily mineralizable fresh litter inputs and root exudates to completely
transformed and persistent organic substances that are stored in soils (Coonan et al., 2020;
Lehmann and Kleber, 2015). The amount of OM stored in soils results from the balance
between the input of OM into soils and the output of C through mineralization, leaching and
erosion (Mayer et al., 2020). SOM is heterogeneous: once OM enters the soil, some parts of it
are promptly mineralized, while other parts persist as stable SOM for very long periods (Dignac
et al., 2017; Schmidt et al., 2011).

7UDGLWLRQDOO\ VWDEOH 620 zZzDV UHFRJQL]JHG WR EH
macromolecules created by humification processes (Kleber and Johnson, 2010). These
processes would lead to purportedly chemically distinct humic substances that were thought to
be determined by alkaline extraction methods (Dungait et al., 2012; Kleber and Johnson, 2010;
Simpson et al., 2007). The long-standing theory suggested that stable SOM was created by
selective preservation of inherently saiH 20 p U H F D OdfanVbionbagskipdt (nRinly
aboveground) together with condensation reactions of transformed OM from that sources
(Schmidt et al., 2011). One of the first fundamental conceassraised by Simpson et al.
(2007) by demonstrating that about 45 % of the soil extracts that were regarded as the humin
fraction were of microbial origin. Later, a consolidated assessment of empirical information
about the nature of SOM revealed a lack of evidence for the traditional interpretation of
properties of alkaline extracts that were denoted as humic substances (Lehmann and Kleber,
2015).

Recent research determined that SOM is a complex mixture of organic compounds consisting
of a vast number of different biomolecules, each with their individual molecular structure,
among them polysaccharides, lipids, phenol-aromatics and nitrogen (N) compounds (Kdgel-
Knabner, 2002; Paul, 2016). Specific biomolecular compounds of SOM proved to have lower
mean residence times than bulk SOM (Amelung et al., 2008). Moreover, the age of
carbohydrates, which are regardec&shile C source, was similar to that of that of bulk SOM
(Derrien et al., 2006). The conclusion is that (i) the composition of stable SOM at a molecular
level is not entirely identified (Kogel-Knabner, 2017) and (ii) the molecular structure of SOM

is not necessarily related to C age and, thus, its persistence (Kleber et al., 2011).

As result of these growing insights, modern concepts and analytical methods are used to

fractionate SOM in different functional pools according to biological stability (labile, stabile,
3



1. Introduction

refractory and inert), decomposition rate (fast-active, slow-intermediate and very
slow/passive/inert) and turnover time (short, long, very long) (von Lutzow et al., 2007; Poeplau
et al., 2018; Stockmann et al., 2013). Correspondingly, SOM can be roughly differentiated in
() plant litter with macroscopic recognizable morpholodicatructures and short turnover
times, (1) partly degraded plant and animal residues designated as particulate organic matter
(POM) with intermediate turnover times, and (I1l) stabilized OM that persists in soil for longer
times after substantial molecular transformation, especially through biotic activity (Blume et
al., 2016; Coonan et al., 2020). The general consensus now is that the chemical interaction of
mineral surfaces with OM (MOM) and the overall spatial inaccessibility of OM for
decomposers represent main mechanisms leading to the stabilization and persistence of SOM
(von LUtzow et al., 2006). A substantial part of SOC, which is stabilized in organo-mineral
complexes, proved to be microbial residues resulting from the microbial transformation and
metabolism of labile compounds such as carbohydrates, proteins and lipids (Haddix et al., 2016;
Kallenbach et al., 2016; Miltner et al., 2012). Furthermore, new findings suggest that the
contribution of microbial biomass and even more, its derived non-living compounds
(necromass) to SOM can reach up to 80 % of SOM (Liang et al., 2019). These advances clearly
demonstrate that microorganisms are not only the primary agents of SOM decomposition, but
that they also substantially contribute to SOM by their own bio- and necromass (Lehmann and
Kleber, 2015).

Consequently, the dual role of soil microbes as agents of SOM decomposition and its
stabilization evoked the conceptualization of a new view of how SOM is formed and stabilized
through microbial metabolic activities (Bradford et al., 2016; Cotrufo et al., 2013; Schimel and
Schaeffer, 2012). In this context, Liang et al. 0WUDQVIHUUHG WKH FRQFHSW
FDUERQ SXPSY 0&3 IURP PDULQH WR -0V Ht desEHes theDO HF |
transformation of different plant inputs to stable SOM along two pathwayst ¥he turnover

by microorganisms and thex vivo modification by extracellular enzymes. The soil MCP
represents a conceptual entity demonstrating that mickpliafived compounds (necromass

and metabolites) can be the precursors of persistent SOC via the entombing effect (Liang et al.
2017).
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Fig. 1-1: Schematic diagram of microbial metabolic psses involved in C diiig in terrestrial ecosystems.
Primary production inputs were microbially catabolizedf ar anabolized before entering the stable SOC pool. The
sail microbial carbon pump (MCP) is a concephuity to demonstrate that labile ptaand microbiallerived
compounds can be stabilized as microbial necromass armblitetan mineral surfaces and within soil structures
via the entombing effect. These processes are modulatbé kgil microbial community composition (fungi,
bacteriaetc.).(Fig. and text mod. from Liang et al., 2017)

Current research targets the identification of controlling factors amckgses as well as their
driving and constraining forces involved in the micrdiahediated formation, degradation
and storage of SOM. The state of knowledge on factors influencing the SOC tuwwasver
recently thoroughly summarized and synthesized by other aiBes#e Doelsch et al., 2020;

Wiesmeier et al., 2019)A selection of factors and their effect on C storage is gimen
Tablel1-1:
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Table 1-1: Mechanistic analysis of factors influencing thiei@over time in soil (Basile-Doelsch et al., 2020)

Effect Consideration in
onC  model Century
storage and RothC

Factor changes Effect on intensity of the mechanism involved
(increase9 decrease) (increase9 decrease, increase or decreaS9

9 & LQSXW IC 9 6RXUFH RI 20 99 Yes

9 %LRGHJUD!' 9 &D uWgeRfriency 9 No

C input 9; 6RUSWLRQ DVVRFLDWLRQV 9; No
9Microbial activity 9; Yes, all

9 6RLO WHPS ; 6RUSWLRQ - mechanisms
9 'LIIXVLRQ 9; combined

-Sashr/l]?r‘f—rrzlgggior der O &Recipitation 99 No

hases 9 9 &RPSOH[DWLRQ 9 No

f’AI e and Ca 9 6RUSWLRQ 9 No

con,1plexes ; TUDQVIHU 9 No

- 2:1 phyllosilicates 9 $JJUHJIDWLRQ o No
9 OLFURELDO JURZWK DQG PRI 9;

;6 RihS : Yes, all

9 :DWHU FRQ 9 'LIIXVLRQ DQG WUDQVIHU 9; mechanisms
9; $JJUHJDWLRQ 9; combined
9; (URVLRQ 9;
= Microbial activity (4.5 < pH < 8.3) 0 No
9 &KDUJH RI RUJDQLF DQG PLC(C9 No
9 S+ 9 ;Destabilization of organo-mineral associations 9; No
; JUHH $0O : No
9 ([FKDQJHDEOH &D 9 No
9 )DXQD 9; No
9 '"HFRP SRVLWNRQariIrekidué K No

91 3 DQG 6

availability ; BULPLQJ HIIHFW No

9
9; & D uwseRflgiency 9; No
9Antibacterial compounds 9 No
9
9
9

YActivities of specific 9 % Dveiuslfyddators No
organisms, biodiversit 9 O\FRUUKL]DO V\PELRVLV ; No
9 (DUWKZRUPV DVVRFLDWLRC No

Liang (2020) linked several of the factors listed inl€db1 to the concept of the soil MCP and
pointed out that microbial physiological traits, molecular properties of OM as well as its
physical protection internally drive the soil MCP, while edaphic and climatic factors as well
land use and faunal interactions externally constrain the soil MCP. Nevertheless, it remains
elusive how SOC pools are affected by microbial-mediated transformation processes because
the metabolic activity and growth rate of microorganisms is highly sensitive to environmental
conditions (Anthony et al.,, 2020; Sulman et al., 2018). Although our knowledge of the
principles and driving forces of SOM formation and stabilization is constantly growing,

considerable gaps hamper precisely predicting responses of SOM level to changes in land-use
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or under environmental conditions such as global climate change (Dignac et al., 2017; K&stner
and Miltner, 2018; Smith et al., 2020). Consequently, estimations of overall SOC stocks range
widely from 510 to 3040 Pg C between different Earth system models (Todd-Brown et al.,
2013). This is due to a missing or insufficient implementation and/or an inadequate
parametrization of SOM stabilization mechanisms that were tightly linked to microbial
metabolism (Hararuk et al., 2015; Todd-Brown et al., 2014). This calls robust study designs
that enable an investigation of separated individual factors influencing SOM dynamics. When
the exact mechanisms and effects of an increasing number of individual influencing factors
become understood, an overall mechanistic understanding of the complex nature of SOM and
its dynamics can be successively developed.

The emerging view on the formation and stabilization of SOM is based on major advances
analytical techniques and methods. A milestone was the integration and improvement of solid-
state nuclear magnetic resonance (NMR) spectroscopy in soil science (Kogel-Knabner and
Rumpel, 2018). The combination of NMR spectroscopy with chemolytic and thermolytic
techniques yields information on the overall chemical composition of $@&haracterizing
molecular moieties and functional groups of C- and N-containing compounds (Kégel-Knabner,
2000). Today, several sensitive techniques with high resolution have been established to gain
detailed information about the molecular composition, the morphology as well as the spatial
arrangement and heterogeneity of SOM in its natural soil environment (Chenu et al., 2015).
Examples are Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR-MS)
(Sleighter and Hatcher, 2007), scanning transmission X-ray microscopy (STXM) coupled with
near-edge X-ray fine structure (NEXAFS) (Lehmann et al., 2008), and NanoSIMS (nano scale
secondary ion mass spectrometry) (Mueller et al., 2013). Biomolecular and physiological
methods such as the analysis of phospholipid fatty acids (PLFA) patterns (Frostegard and Baath,
1996) and metagenomics approaches (Riesenfeld et al., 2004) are used to study the distribution,
diversity and physiology of the microbial community (Kandeler, 2015). They are
complemented with methods to determine the metabolic activities of soil microorganisms
(Thiele-Bruhn et al., 2020). A combination of the above-mentioned methods for chemical and
biological analysis with the use and tracing of different isotopes't€.g*C and'*N) provides
detailed insights into SOM turnover and its dynamics (Gleixner, 2013; Hatton et al., 2012;
Kuzyakov and Domanski, 2000; Trumbore, 2009). In comparison with these complex and
labor-intensive methods, the determination of the elemental composition (e.g. C, N, sulfur (S)
and phosphorus (P)) of organic substrates, bulk soil and microbial biomass requires a

7
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comparably low effort. Applying the concepts of ecological stoichiometry by using elemental
C:N:P:S ratios is suitable to assess SOM and its turnover (Manzoni et al., 2012; Mooshammer
et al., 2014; Zechmeister-Boltenstern et al., 2015).

The application and integration of complementary, micrbbaid physicochemidgl oriented
methods operatingt different levels of resolution into robust study designsatiagh potential

to provide new insights into the fundamentalsS®OM formation and turnover. This would
contribute to improving our mechanistic understanding of the fate of SOM in response to

changes in environmental conditions, land use and management practices.
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1.3. Importance of forest ecosystems

The current main report of the Global Forest Resources Assessment (FRA) revealed that forests
cover about 4.06 billion ha (31 %) of the global land surface (FAO, 2020). Approximately one
fourth of them are primary forests composed of native species and in which no clearly visible
indications of human activity or significant disturbances of ecological processes can be
detected. Planted forests cover around 7 % of the total world forest area, while in Europe about
30 % of the total forest area is planted (FAO, 2020). Forest ecosystems provide essential
ecosystem services closely associated with human health (FAO and UNEP, 2020)., For one
forests provide goods such as timber, food and medicinal resources. At the same time they
provide essential habitats for pollinating species and wildlife, supply and purify water, provide
many cultural services associated with recreational activities and nature experience, and
regulate climate (Bauhus et al., 2010; Brockerhoff et al., 2017; Felipe-Lucia et al., 2018).
Forests have a large capacity to sequester atmospheric C in plant biomiassoglschs SOM
(Bonan, 2008; Friedlingstein et al., 2019). For example, between 1990 and 2007 more than
30 % of the anthropogenic GAHPLVVLRQV ZHUH VHTXHVWHUHG LQ WKH
(Pan et al., 2011). Soils play a crucial role here because most of the C in forests is stored as
SOM (FAO, 2020). Globally, more than 40 % of the total organic carbon (OC) in terrestrial
ecosystems is stored in forest soils (IPCC 20&E8en small changes of foréSOC stocks on
regional and local scale can significantly alter land-atmospheric feedbacks at a glthal sca
ultimately affecting climate change (Ali et al., 2018; Crowther et al., 2016; Nave et al., 2010).
SOC stocks are vulnerable to several direct and indirect anthropogenic activities, including
land-use changes (LUC) and the effects of climate change (Jackson et al., 2017). The response
of forest SOC stocks to increasing atmospherie €@hcentrations and global warming is
uncertain due to antagonistic and not fully understood feedbacks on plant biomass production
and the microbidy mediated turnover of OM in soil (Conant et al., 2011; Gross and Harrison,
2019; Lindner et al., 2010; von Lutzow and Kégel-Knabner, 2009). However, LUC are highly
relevant for SOC stocks because they can lead to sequestration or emissierdep&daling

on the type of land conversion (Poeplau and Don, 2013). When primary forests were converted
to plantations or even to cropland, the SOC stocks declined by an average range be¥veen 13
and 41 % (Guo and Gifford, 2002). In other cases, LUC also provide an opportunity to sequester
additional OC in soils, e.g. SOC stocks commonly increase after a conversion of barren land
and croplands to secondary forests and plantations (Liu et al., 2018). A high C sequestration

potential was identified by recultivation and afforestation of post-mining sites (Frouz and
9
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9L QG X&aNR YGlobally, such sites coval 57,277 knt between 2000 and 2017 (Maus et

al., 2020). The rate of SOC sequestration as well as the quantity and quality of the SOC stock
arearesult of the complex interaction between multiple factors such as climate, soil properties,
tree species and management (Jandl et al., 2007; Lal, 2005; Mayer et al., 2020).

The conclusion is that there is high priority to fully understand the formation of SOM and its
driving factors in forest ecosystems (I) to predict the response of SOM for the imminent,
increasing global challenges and (Il) to develop target-oriented mitigation and adaptation

strategies to optimize ecosystem services provided by forest soils.
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1.4. C cycle in forest ecosystems and the role of tree species

Forest C cycle £Trees play a major role in the forest C cycle. Basically, trees fuel the C cycle
by producing plant biomass through photosynthesis (Lorenz and Lal, 2010), whereby large
amounts of C accumulate in aboveground and belowground tissues (Bonan, 2008). Afterwards,
the C stored in trees is relocated in the forest soil, where it can persist as SOM at different time-
scales. The amount and characteristics of SOM are driven by input, transformation
degradation, stabilization and losses of organic substances @&igThie principal sources of

OM entering the soil in forest ecosystems are dead aboveground (leaf litter) and belowground
(root litter) tissues produced by trees (Mayer et al., 2020). Additionally, dead wood provides
an aboveground C source that partly enters the soil after @oaywell et al., 2009). Another
important source is C released by living roots that is referred as rhizodepositions (Kuzyakov
and Domanski, 2000). Rhizodepositions encompass a wide range of processes including: (1)
root cap and border cell loss, (2) necromass from root cells and tissues, (3) C flow to root-
associated, soil-dwelling symbionts (e.g. mycorrhiza), (4) gaseous losses, (5) root exudates, and
(6) mucilage (Jones et al., 2009). Fecal materials and other faunal residues represent a source
for OM in the soil as well, but are quantitatively of minor importance (Wolters, 2000).

Once dead OM has been deposited on top or inside the soil, it will be immediately and
progressively transformed by soil organisms (Fig. 1-2). Earthworms, as ecosystem engineers,
affect SOM dynamics by shredding and (to a minor part) assimilating litter material,
redistributing OM in whole soil profiles, modifying microbial activity and protecting OM in
ageing casts (Frouz, 2018; Kaneda et al., 2013; Lavelle, 1997). Microorganisms produce
extracellular enzymes that break down large biopolymers of leaf and root litter to smaller
molecules that can be utilized by microorganisms in intracellular metabolism (Kaiser et al.,
2010; Veres et al., 2013rxoenzyme activity is also a main driver of wood degradation (Kahl

et al., 2017), but occurat a considerably slower rate compared to leaf litter decomposition
(Pietsch et al., 2014). Certain macromolecular compounds of plant litter (e.g. lignin) are not
readily decomposable by the microbiota (Kdgel-Knabner, 2002; Liang, 2020). Such partly
decomposed plant residues contribute to SOM. In contrast to dead wood, leaf and root litter,
the substances derived from rhizodeposits are easily bioavailable and thus rapidly utilized by

microorganisms (Kuzyakov, 2002; Pausch and Kuzyakov, 2018).

11
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After metabolic turnover by the soil microbial community, the organic substances persist in the
soil as microbidl derived SOM, while parts of the metabolized substrates will be mineralized
and respired to C£(Gleixner, 2013). Moreover, microbial groups recycle already processed
organic compounds such as microbial necromass and carbohydrates for growth and
maintenance (Apostel et al., 2015; Basler et al., 2015; Cui et al., 2020). Consequently, SOM
comprises progressively transformed plant and microbial residues. At the same time, there are
substantial losses of OC from forest soils. The major pathways of such losses encompass
respiration to C@(Valentini et al., 2000), leaching of dissolved organic carbon (DOC) if it is

not bound to the mineral phase of the (sub-)soil (Michalzik et al., 2001) and (anthropogenically-
induced) erosion of OM-containing soil particles (Lal, 2003). Accordingly, the total SOM
content at a particular place and time represents the balance of C inputs versus outputs
(Campbell and Paustian, 2015).

The amount of C stored in forest soils is affected by numerous factors. At the global scale,
climatic parameters have a pronounced effect on SOC storage, with a general increase in soil C
with increasing precipitation and decreasing evapotranspiration (Lal, 2005; Post et al., 1982)
this reflects temperature- and moisture-dependent C turnover times (Carvalhais et al., 2014)
At a (sub-)regional scale with more uniform climatic conditions, biotic and land use factors
become more important in regulating SOC storage (Aerts, 1997; Wiesmeier et al., 2019).
Despite the differences in SOC stocks caused by anthropogenic management activities like
harvesting and fertilizer application (Achat et al., 2015; Jandl et al., 2007; Mayer et al., 2020),
the dominating tree species were identified as a controlling factor of SOMjest@adrian,

E %RpD HW. Thé®general consensus is that SOC stocks in forest floors under
conifers are higher than under deciduous trees (Andivia et al., 2016; Cremer et al., 2016;
Vesterdal et al., 2008). The observations made for the impact of specific tree species on mineral
soil C stocks are, however, less consiste¥ttR p D H W . Bd@ example, Frouz et al. (2009)
and & KRGDN DQG 1L N @porkedl Bignificantly higher SOC stocks under alder
(deciduous species) compared to different coniferous tree species, while Diaz-Pinés et al.
(2011) and Gurmesa et al. (2013) observed significantly higher C stocks under pine or spruce
(coniferous species) compared to beech and/or oak (deciduous species) in mineral soil layers.
Vesterdal et al. (2013) summarized that there is a tendency for higher C accumulation in the
mineral soil under deciduous tree species. Nonetheless, the authors of that review highlighted
the need for more studies in order to better understand the underlying processes leading to tree
species-specific SOC stocks and their distribution in the soil.

13
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The role of tree speciestTree species can differ in their effects on SOM formation by many
mechanisms that can be grouped into (I) the production and supply of OM, (II) decomposition
rates of OM, (Ill) stabilization of OM in the soil and (IV) indirect effects (Augusto et al., 2015;
Binkley and Giardina, 1998).

(I) The production of biomasky trees results from the interplay between site fertility, climatic
conditions, stand age and tree species-specific demands for nutrients and water as well as their
strategy of nutrient acquisition (Aitken et al., 2008; Huang et al., 2017; Pregitzer and
Euskirchen, 2004; Reich and Oleksyn, 2008). Only very few studies reported on the growth and
productivity of individual tree species investigated at experimental sites with similar growing
conditions (Nord-Larsen and Pretzsch, 2017). A meta-analysis by Augusto et al. (2015)
revealed that, under similar growing conditions, conifers tend to grow faster than deciduous
tree species. As stated by the cited authors, these estimations account mainly for tree species
selected by the foresters for production purposes. However, for the formation of SOM the flux
andsupply of OMrom tree to soil is more important than the production of plant biomass itself.
Reports about differences in annual litterfall C inputs from different tree species within a given
study site are inconsistent (Binkley 1995). For example, higher amounts of litterfall from
conifers versus deciduous tree species were observed by Hansson et al. (2011) and Vesterdal et
al. (2008), whereas several other studies found no differences between tree species (Frouz e
al., 2013; Hansen et al., 2009; Trum et al., 2011). Augusto et al. (2002) concluded that the
annual amount of litterfall in mature stands is only slightly influenced by tree species depending
more on climatic factors and latitude (Vogt et al., 1986).

In comparison to aboveground litterfall, only few studies have reported on belowground litte
inputs. Most of such studies reported differences in root biomass between tree species, but the
results about the direction and magnitude of tree species differences are inconsistent (Finér et
al., 2007; 2011; 2017; Hansson et al., 2013b; Liese et al., 2017; Oostra et al., 2006; Withington
et al., 2006; Yuan and Chen, 2010). Moreover, root system structures are strongly related to
edaphic conditions, because irrespective of tree species, they are opportunistic in developing in
a direction following gradients of water and nutrient supply (Zanetti et al., 2015). This
complicates the evaluation of tree species effects on root deatnformation about tree
species-specific rhizodepositions are also scarce, but the strong indication is that the type of
mycorrhizal association governs root exudation of temperate tree species more than the tree

identity itself (Liese et al., 2018). Exudation rates were higher for ectomycorrhizal (ECM)
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species than for arbuscular mycorrhizal (AM) species (Brzostek et al., 2015; Phillips and Fahey,
2006; Yin et al., 2014).

(1) Despite potentially different amounts of litter input between tree species, the raegaee d

of decomposition of the supplied OM are crucial for SOM formation in forest soils.
Decomposition depends on the interplay between the availability and quality of the substrate as
well as on the microbial metabolism of the soil microbial community as a function of boundary
conditions such as temperature and moisture. The following section chronologically illustrates
possible tree species effectsliter quality and on thesoil microbiomethat probably result in

tree species-speciftarnover rates

The determination ditter or substrate qualitys based mainly on its chemical composition

This includes the contents of organic components such as lignin and of nutrients such as N, P,
potassium (K), calcium (Ca), magnesium (Mg). The stoichiometric ratios among these
parameters are also important (Zhang et al., 2008). Leaf litter chemistry differs between
deciduous and coniferous tree species (Desie et al., 2020; Wang et al., 2016). Higher nutrient
contents, higher pH as well as lower C:N and C:P ratios were detected in abovegrousd tissue
of deciduous tree species, whereas higher C:N and C:P ratios and higher portions of lignin are
typical for conifer litter (Berg and McClaugherty, 2014; Fassnacht and Gowerr, 1999; Hobbie
et DO +RURGHFNL DQG -DJRG]L V. ifferences i l¢dffitker HW D O
quality among individual tree species within those species groups were observed as well
(Vesterdal et al., 2008). Additionally, tree species-specific differences in the contents of plant
secondary metabolites such as tannins and terpenes were determined for aboveground (Kanerva
et al., 2008; Smolander et al., 2012) and belowground litter (Dong et al., 2016). Therefore, tree
species also differ in their chemical characteristics of belowground tissues (Hellsten et al.,
2013). An assessment of root litter quality of 14 temperate tree species revealed significant
differences in terms of nutrient concentrations, the C:N ratio and C compounds (cell solubles,
cellulose, hemicellulose, lignin) between individual tree species (Hobbie et al., 2010). A meta-
analysis of global patterns of root quality indicated that root litter of conifers tends to have
lower levels of Ca and N as well as higher C:N and lignin:N ratios than that of deciduous tree
species (Silver and Miya, 2001). The few reports about the chemical composition of root litter
between tree species within one study site are inconsistent. This makes drawing a general
conclusion about systematic differences between conifers and deciduous tree species,

irrespective of varying environmental conditions, elusive. New findings indicate that the
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chemical composition of roots is strongly related to the type and degree of mycorrhizal
association (Averill et al., 2019; See et al., 2019), but this should be further systematically
investigated.

Themicrobiomein forest soils is largely determined by tree species (Baldrian, 2017a, 2017b).
The influence of tree species groups (conifers vs. deciduous) on the amount of soil microbial
biomass is not distinctly expressed (Augusto et al., 2015). Some studies reported significant
effects of tree speciem soil microbial biomass (Gunina et al., 2017; Scheibe et al., 2015;
Zederer et al., 2017), others did not (Ayres et al., 2009; Chodak et al., 2015a). This underlines
the ongoing open discussion on the topic. Overall, studies showing that differences in the
composition of the soil microbial community under the influence of tree specied jGwaina

et al., 2017; J6zefowska et al., 2017; Stefanowicz et al., 2021). One recent study revealed that
tree species-specific soil microbial communities will be established through the influence of
different forms of mycorrhizal symbiosis, with the biggest differences between AM and ECM
associated trees+ HG Q H.F2020). @hemical properties of the litter (e.g. pH, base cation
content) and tree species group are the main factors associated with differences in microbial
communitiegPrescott and Grayston, 2013). Moreover, the activity of enzymes was determined
specifically by the acids and C substrates released during decomposition of tree species-specific
litter %4R VND HW DO % Bhe pyeskebcdHof\sol f@una modulates the soll
microbial community and its activity (Aubert et al., 2010; Ferlian et al., 2018; Richter et al.,
2019). For example, earthworms play a central role for soil biodiversity in forest ecosystems
(Mueller et al., 2016). Several studies demonstrated that the abundance and species richness of
earthworms is higher under deciduous tree species, particularly those with high litter N
concentrations, compared to coniferous species (Frouz et al., 2009; Hansson et al., 2013a; Reich
et al., 2005; Wandeler et al., 2018). Thus, the tree species-specific abundance of earthworms
mediates the soil microbial community, its activity and thus the decomposition of OM (Frouz
et al., 2013).

The complex interplay of tree species-specific litter quality and the ability, activity and
efficiency of the associated soil fauna and microbial community to metabolize the organic
substrates leads to differedgcomposition rate€Spohn, 2015). Higher decomposition rates of

leaf litter originating from deciduous tree species compared to conifers are related to litter
qualty +tRURGHFNL DQG -DJRG]L VNL .ForekBnimeQliterfdHolkW D O
N, Ca and Mg concentrations correlate positively with C turnover times, while litterfall lignin
and C:N ratio are negatively related to decomposition rates (Hobbie et al., 2006; Vesterdal e

16



1. Introduction

al., 2008; 2012). Exceptions to this general trends (Melvin and Goodale, 2013; Prescott, 1995;
Prescott et al., 2000) are incompatible with the facts that (i) degradation rates systematically
depend on litter quality, and (ii) leaf litter decomposition rates systematically differ between
coniferous and deciduous tree species. Belowground tissues such as fine roots generally
decompose more slowly than leaf litter (Freschet et al., 2013). Silver and Miya (20€l¢de

that at global scale, decomposition of conifer roots is lower than their leaf litter due to lowest
levels of Ca and N and highest ratios of C:N and lignin:N in that root biomass. Yet it remains
unclear if this also applies for each specific local situation. For instance, Hobbie et al. (2010)
found that fine root decomposition rates do not mirror those of leaf litter at their particular
experimental site. Further uncertainties in predicting decomposition rates reflect the fact that
most of our knowledge about decomposition was gained from observations about the early
stages of decomposition (Berg, 2014). Information on late-stage decomposition processes
remains, however, fragmentary (Prescott, 2010) due to the lack of data on long-term
decomposition rates and remaining masses. The few available long-term studies (> 10 years)
also VXJIJHVW VLJQL ¢ Fliz2@&en Gdel sbddiesQiri- By remaining masses after
decomposition(Harmon et al., 2009; Prescott, 2010), but the underlying mechanisms are not
well understood. Caution should be taken when extrapolating short-term litter-bag studies
(e.g. < 3 yearsjo the long-term (Moore et al., 2017). The conclusion is that different factors
such as chemical composition of aboveground and belowground litter as well as the associated
soil biota influence tree species-specific decomposition, but the way they interact and possibly

counteract remains blurred.

(1) The stabilization ofOM through the association of SOM with minerals or the occlusion of
SOM within aggregates contributes to long-term SOM storage (Kégel-Knabner et al., 2008;
von Lutzow et al., 2006; Marschner et al., 2008; Six et al., 2002). Only little is known about the
impact of tree species identity on SOC stabilization, but the few available studies suggest that
tree species can influence the stability and storage of OC and its vertical distribution from the
forest floor down to the mineral soil horizons (Ahmed et al., 2016; Angst et al., 2018b). For
example, Desie et al. (2019) demonstrated that a conversion of native broadleaved forest to
spruce increased the SOC storage in the forest floor, b8QGdecame less stable because it

is less occluded in aggregates or bound to soil minerals. This would make the new spruce-
derived SOC more vulnerable to environmental changes (Jandl et al., 1aG0@é)latter study,

the magnitude of the tree species effect onSBE stability depended on edaphic conditions
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in terms of acidity, base saturation and the related earthworm abundance. In particular, the
distance to a pedogenic threshold of the buffer system accounted for non-linearity of the
sensitive response 8IOC stability to the overstory species (Desie et al., 2019).

The OC in the mineral soil is apparently more stable under deciduous than conifer tree species
(Laganiére et al., 2011; Soucémarianadin et al., 2018; Wiesmeier et al., 2013). This reflects
intrinsic leaf litter properties that lead to (i) pronounced tree species-specific effects on soil
acidification and subsequent mineral weathering reactions, which provide hydrolyzing cation
for organo-mineral interactions (Mueller et al., 201R),the release of different amounts and
composition of dissolved organic matter (DOM) that can be adsorbed to soil ming@dsk V N D
et al., 2021; Kalbitz et al., 2005), (iii) variable fauna-mediated incorporation rates of leaf litter
into the mineral soil, which alter the OM supply for microbes (Frouz et al., 2013; Groffman et
al., 2015) that in turn leads to (iv) different substrate use efficiencies and production rates of
microbial necromass (Angst et al., 2019; Liang et al., 2007). Fine silt- and clay-sizedsninera
are generally associated with microbial-derived C, while minerals from the coarse silt and sand
fractions adsorb aromatic C (Han et al., 20T6)erefore, tree species with more labile leaf
litter compounds promote the incorporation of OMoimicroaggregates via the microbial
turnover pathway, while OM in macroaggregates is mainly derived from tree species with more
complex leaf litter compounds (Kemner et al., 2021). The biotic (microbial turnover pathway)
and abiotic (direct sorption of intact or partially oxidized plant compounds) control of the
formation of MOM varies between soil microhabitats (e.g. rhizosphere vs. bulk soil) (Sokol et
al., 2019b).

Recent studies suggest that higher proportions of the mineral-associated SOC pool derive from
root OC compared to leaf OC (Crow et al., 2009; Sokol et al., 2019a). This was related to (i)
higher substrate use efficiency of the adapted rhizosphere microbial community that feeds on
root substrates (i.e. exudates) relative to the bulk soil community that feeds on litter substrates
(Sokol and Bradford, 2019), and (ii) earthworm abundance, which favors the accumulation of
root-derived compounds (Angst et al., 2020). The differences in belowground C inputs between
tree species are expected to particularly reflect their type of mycorrhizal association. Exudation
rates and rhizosphere effects on soil microbes and their activities were higher for ECM species
than for AM species (Brzostek et al., 2015; Phillips and Fahey, 2006; Yin et al., 2014).
Especially in N-limited systems, a condition that applies to most temperate forest systems
(Rennenberg et al.,, 2009), plant-microbe competition for N resources was identiled as
controlling factor over rhizosphere effects (Yin et al., 2018). Accordingly, microbial-meditated
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C dynamics are strongly connected to nutrient supply and availability (Manzoni et al., 2012;
2017; Sinsabaugh et al., 2016; Spohn and Chodak, 2015). This complicates the interpretation
of tree species-specific rhizosphere effects because cycles of specific nutrients (e.g. N and P)
were also tree species-dependent and not uniformly and linearly connected to C slynamic
(Adamczyk et al., 2014; Ribbons et al., 2016; 2018; Trum et al., 2811¢ast there is a
consensus that different root depositions (e.g. tissues and exudates) strongly influence the soil
microbiome and therefore SOM formation and stabilization (Angst et al., 2018a; Bardgett et
al., 2014; Germon et al., 2020; Jackson et al., 2019; Meier et al., 2019; Poirier et al., 2018)
Nonetheless, the extent and direction of variations evoked by different tree species requires
further systematic investigations (Angst et al., 2018b; Han et al., 2020).

(IV) Despite the direct effects on SOM dynamics (i.e. production and supply of OM,
decomposition rates, SOM stabilizatiotnge species affect the SOM status indirettyy
influencing soil water and temperature dynamics, with cascading effects on soil biological and
physicochemical properties (Binkley and Fisher, 2020). Tree species modify within-site
edaphic conditions such as moisture and temperature through differences in their physiological
and morphological traits such as leaf structure, photosynthetic capacity and hydraulic network
(Aranda et al., 2012; Augusto et al., 2015; Barbier et al., 2009; Chandler et al., 2018). The
microbialy mediated turnover of organic substances is highly sensitive to environmental
changes and responds to even small variations in soil moisture and temperature (Conant et al.,
2011; Moyano et al., 2013; Zak et al., 1999). For example, Laganiere et al. (2012) demonstrated
that the influence of forest composition on the soib@@lux is mediated through effects on

soil temperature. The expectation is therefore that the tree species-specific shaping of edaphic

conditions further influence the decomposition and stabilization of OM in the soil.
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1.5. Investigation of the tree species effecttackling a big challenge

In (semi-)natural mixed foHVW HFRV\VWHPV LW LV GLI¢(FXOW WR WUDF
SOM status because the spatial distribution of tree species is a result of the interplay of
environmental factors including climate, geomorphology, soil chemistrit aad further vary

with forest successional stage (Schurman and Baltzer, 2012). All these factors directly affect
the formation, composition and stabilization of SOM (Hall et al., 2020; Schmidt et al., 2011)

In long established forest ecosystems tree species distribution is mostly modified and controlled
by human silvicultural management (Barbier et al., 2008). This, in turn, causes additional
variations in SOM status by a multitude of management practices (Jandl et al., 2007; Mayer et
al., 2020). Investigations in forests differing in several factors including tree species are
therefore XVHIXO LQ GLVWL Qdexdf thi $it®-Spanids ldormek, Yout @ss suited to
identify the single effect of tree species on soil properties (Prescott and Grayston|r2RiE3)

review, Binkley (1995) concluded that experimental studies that limit the influence of such
confounding factors in (semi-)natural or long established forests are rare.

One approach to overcoming such complexity and related ambiguities is establishing
experimental plots in whichWKH LQAXHQFH R Vreie@ Get@s bre Da@y&y VLW H
controlled (Vesterdal et al., 2013). do-called 3 FRPPRQ JDUGHQ, tiff3entire® HQW V"’
species were planted in adjacent blocks at the same time on similar soil. This enables
disentangling geographic and abiotic effects from the tree species effect (Binkley and Fisher,
2020; Reich et al., 2005; Uroz et al., 2016). Such common garden experiments yielded
important insights into the relationship between tree species and the cycling of SOC and other
nutrients or the soil microbiome (Gurmesa et al., 2013; Hobbie et al., 2007; Kubartova et al.,
2009; Mueller et al., 2015). Nevertheless, they are often limited through a previous land-use
conversion, e.g. from arable land or from clear-felled forests (Binkley and Giardina, 1998;
Vesterdal et al., 2008). Old SOM sources from former land-use types often impede interpreting
the effects of tested species on SOM dynamics (Balesdent et al., 2018). For example, one
common garden experiment (Callesen et al., 2013) revealed that the natural abunéfhce of

LQ VRLO SUR¢OHV UHAHFW$eGypw KidtheR shBvred) thatuhz Enfpiint 6fD Q G
former cropland on the soil microbial community remained more than 30 years after
afforestation + HG QHF H WCangparable with common garden experiments, differently
afforested soils at post-mining sites provide a unique opportunity to study SOM formation as a
function of tree species identity (Frouz et al., 2009). At such sites, however, the investigation

of recent tree-derived SOM can be complicated through the presence of fossil C derived from
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coal or oil shale in the overburde8VVLUL DQG /DO 9L Q.GMsAmBReg i HW DC

sites that are free from old C sources rare but highly suitable to investigate initial soil

developments including the formation of SOM at the landscape IV IR X] DQG 9LQG XAaNF
AR X 8& R.Y2005).

Such a recultivated post-mining site was the subject of this study. The research was conducted

DW WKH p6RSKLHQK|KHY Ibdated in Rendrthwest @f tieSligrit®opeht East

PLQH p+DPEDFKY LQ WKH 5KLQHODQG QHDU -+@GigFK3. *HUPDQ

The spoil heap has an area of about 14 With an elevation of around 300 m a.s.l. (200 m

above the surrounding natural ground level). The mean annual rainfall is 694 mm and the mean

annual temperature is 10.1 °C (Forschungszentrum Julich, 2020). The here investigated, oldest

westward part of the Sophienhéhe was constructed from 1978 to 1990 by dumping about

1.2 billion n? overburden generated by brown coal mining (Kunde and Miillensiefen, 1998;

Niemann-Delius et al., 2009). The heap was covered and leveled with a up to 4-m-thick layer

ZLWK D PL[HG VXEVWUDWH FD On@ k@ HiGR USYDAUNHLAHW TP DLVQ HW KB

parent material consists of Zb % loess and B0 % sandy gravel material. The latter

originates from Pleistocene gravels and sands of the fluvial Rhine terraces and the overlaying

loess and loess loam layers (Topp, 2000). The underlying Tertiary deposits mostly comprise

considerable amounts of sulfur; these are far below the soil surface and lack ascending water

movement, so the influence of this material on soil processes near the surface can be disregarded

(Nicolini and Topp, 2005). The dumping and recultivation is still ongoing, expanding the

Sophienhdhe in eastward direction. The parent material that was used for the spoil heap

recultivation had a C content of 2.0 + 0.5 g'kgith a C:N ratio of 7.5. This excludes any

relevant impact of old or fossil carbon from former land use types or the introduction of coal

from lignite minirg (chapter 2).

The studywas carried out on the oldest, 35-year-old afforested sites located on the western

exposed slopes of the heap (inclination of 22.2° + 2.2°). The sites included monocultural stands

of Douglas fir Pseudotsuga menzigsipine Pinus nigrg, beech Fagus sylvaticaand red

oak Quercus rubra as well as a mixed deciduous stand site consisting mainly of hornbeam

(Carpinus betulus lime (Tilia cordata) and common oakJuercus robuy. Each species stand

is subdivided ito six to ten plots with a size of 1780 + 668y skid trails established in slope

line. The various sites investigated in this study were close to each other (max. distance: 1700

m), and the boundary conditions including soil substrate and texture, climate, exposition, stand

age and management were similar. It can therefore be assumed that differences in soikpropertie
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are primarily caused by the influence of tree species. This study desigmparable to a
common garden experiment tre landsape level in spite of the limited number of replicates

per tree species.
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1.6. Objectives and hypotheses

A review of the previous research underlines that our knowledge about the SOM status under
different tree species is limited, inconsistent and blurred. The factors leading to possible tree
species-specific differences in the amount, distribution and quality of SOM are not fully
understood. This reflectsvb facts: first, a lack of study designs enabling the isolation of the
tree species effect from other confounding factors that also determine the SOM formation, and
second, the early stage of integrating into suitable study designs the emerging view that the
formation of SOM represents a continuum of progressively decomposing organic compounds
regulated by adapted dynamic microbial communities. The major uncertainties in elucidating
the interplay of tree species and SOM appear to be:

x the amount of SOC that is stored in the mineral soill,

x the quantity and quality of leaf litter and particularly of root litter inputs,

x the microbialy mediated turnover of OM provided by tree species and

X the stabilization of OM in the soil.

For this purpose, this thesis created a conceptual framework to study the complexity of tree
species effects on the SOM formation and its status under similar environmental conditions
(e.g. climate, parent material, geomorphology, stand age) by the combined analyses of litter
inputs, SOM properties and the soil microbiome (Fig).1-4
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Fig. 1-4: Conceptual framework of this thesis designed/esitigate the tree species effect on the formatiSOM
and its characteristics.

Based on this, the first study of this thesis tagd#te following issues: (i) Are the total amounts

of SOM and the soil microbial biomass (SMB) affected by tree species and how are they
distributed over the soil profile? (ii) Are there differences in SOM quality indicated by
elemental stoichiometry? The second study focussed on SOM decomposition and its tree
species-related driving factors using the natural abundanti€ aind®>N. It dealt with the
questions: (i), V WKHUH D W U H H®&SIHEW ki tha-tiepkh iadiéne starting from

the OL horizon down to 10-30 cm of mineral soil? (ii) Are stable isotope contents in the depth
profiles related to the stoichiometry (C:N and O:C ratio) of the bulk soil? (iii) Does the
decomposition of OM and its stabilization in soil vary significantly between tree species and,

if yes, are litterfall and/or root properties important for these processes? The third and fourth
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study reported in this thesis shed light on the soil microbial community composition (fungi vs.
bacteria) via PLFA and its molecular composition using FT-ICR-MS. They targeted the
following questions: (i) Is the soil microbial community composition determined by tree species
and does it vary with increasing soil depth? (ii) Is there a systematic difference in the molecular
structures between extractable SOM- and SMB-derived compounds? (iii) Are molecular
features of the SMB connected to classical stoichiometry ratios (C:N, C:P, C:S, H:C, O:C) of
bulk soil? (iv) Do tree species affect the molecular characteristics of SMB and, if yes,avhat ar
the main factors controlling tree species-specific molecular patterns of SMB? (v) Does the
molecular composition of SMB vary with increasing soil depth?

Overall, this led to the formulation of the following three central hypotheses:

H1: Tree species have a significant impact on the amount, distribution and quality of SOM
in forest soils, but this influence declines with soil depth due to an irgasing impact of
microorganisms on SOM decomposition and contenthis refers to chapter dree species

affect soil organic matter stocks and stoichiometry in interaction with soil microbiota

H2: The degree of SOM decomposition in forest soil profiles is determined byete species
and at least in part related to tree species-speafguantities and qualities of root and litter
inputs. This refers to chapter Fhe linkage ot°C and™N soil depth gradients with C:N and

O:C stoichiometry reveals tree species effects on organic matter turnover. in soil

H3: The soil microbial community is adapted to the organic substrates provided by tree
species and modulates the turnover and formation of SOM in different organic and
mineral soil layers by metabolic processe3his refers to chapter &Evidence for the response

of microbial community composition to dominant tree species in soil pradiheschapter 5:

The molecular composition of extractable soil microbial compounds varies with soil depth and

tree species

The objectives of each hypothesis are detailed in the individual chapters.

25



2. Tree species affect soil organic matter stocks and

stoichiometry in interaction with soil microbiota

Marcel Lorenz, Soren Thiele-Bruhn

Geoderma 353, 386 (2019)
https://doi.org/10.1016/j.geoderma.2019.06.021

1 University of Trier, Soil Science, FB VI, Behringstral3e 21, D-54296 Trier, Germany

The study presented in this chapter is a copy of the final version of the published, peer reviewed
article. For presentingp this thesis, the formatting addbg the publisher was removed. The
contribution of M. Lorenz to this scientific publication was guiding and supervision of the joint
field and lab work. Furthermore, M. Lorenz performed the data analysis and took the lead in

writing and editing the manuscript.
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Abstract

The purpose of this research was to evaluate tree species effects on quantitative and qualitative
soil organic matter (SOM) properties of forest floors and mineral soil layers. Additionally, the
contribution of soil microbial biomass to SOM was studretive forest stands with different
dominant tree species.

The study was conducted attbel  RUHVWHG VSRLO KHDS p6R $opdhQ K|KHY
cast mine Hambach near Julich, Germany. The 35 year-old afforested sites consisted of
monocultural stands of Douglas flPfeudotsuga menzigsipine Pinus nigrg, beech Fagus
sylvaticg and red oakQuercus rubra as well as a mixed deciduous stand site planted mainly
with hornbeam Carpinus betulugs lime (Tilia cordatd) and common oakQuercus robuy.

There, boundary conditions regarding soil, climate, topography and management were highly
similar, equivalent to a common garden experiment but on landscape level. Because the parent
material used for site recultivation was free from organic matter or coal material, the SOM
accumulation is a result of in situ soil development.

Tree species had a significant effect on soil organic carbon (SOC) stocks, stoichiometric
patterns of C, hydrogen (H), nitrogen (N), oxygen (O) and sulfur (S) and the microbial biomass
carbon (MBC) content in the forest floor and the top mineral soil layers (0-5 cm, 5-10 cm,
10-30 cm). In general, forest floor SOC stocks were significantly higher in coniferous forest
stands compared to deciduous tree species. Differences in SOM quantity became less
pronounced with increasing depth, while stoichiometric molar ratios of SOM as indices of litter
turnover and SOM composition differed also in deeper layers. Differences in H:C and O:C
ratios among tree species clearly increased along the depth gradient in mineral soils, indicating
that SOM turnover by oxidative processes depends on tree species. Differences in depth
gradients of the microbial quotient (MBC to SOC ratio) among tree species emphasized
differences in the microbial C turnover. Furthermore, the relationship between the microbial
guotient and SOM stoichiometry (C:N and C:S ratio) became stronger with increasing soil
depth. This suggests that N and especially S limitation determined the microbial turnover of

SOM in deeper mineral soil layers.
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2.1. Introduction
Tree species fuel the soil organic carbon (SOC) cycle via the production of biomass and of dead
organic matter (OM), which materials are decomposed in soil with different rates or can
undergo stabilization (Augusto et al., 2015). Consequently, biogeochemical cycles in forest
ecosystems are strongly related to the above- and belowground litter input and the
transformation of it by soil organisms (Berg and McClaugherty, 200i.total amount of
litterfall in total daesnot differ significantly among tree species (Hansen et al., 2009) but litter
decomposition rates are significantly higher under deciduous tree species compared to conifers
+RURGHFNL DQG -DJRG]L \sbldned to diffeifede¥ infieQigair ald litter
calcium (Hobbie et al., 2006) as well as plant secondary metabolites, for example, tannins and
terpenes (Adamczyk et al., 2018), which influence microbial decomposition and earthworm
activity. However, such differences between tree species in leaf litter quality guadiakson
were not consistently found for root litter (Hobbie et al., 2010; Domisch et al., 2015; Alberti et
al., 2017; Finér et al., 2017).
In a review Vesterdal et al. (2013) revealed that in the temperate region SOC stocks in forest
floors are highest under conifers or are at least similar to beech stands. In mineral soil, however,
C stocks differences among tree specresve@aker and less consistent, yet with a tendency of
higher C accumulation under deciduous tree species. Vesterdal et al. (2013) highlighted the
need for more studies in order to reach better quantitative estimations of SOC stocks influenced
by tree species also with respect adaargeted cultivation of tree species to maximize
sequestration of GC.
To a high extent the microbiome in forest soil with its different habitats encompassing forest
floor and mineral soil horizons is determined by tree species (Baldrian, 2017). Microbial
processes are controlled by the quantity, quality and availability of substrate (Jan@D&7a
Some studies reported significant effects of tree species on soil microbial biomass (Chodak et
al., 2015; Scheibe et al., 2015; Gunina et al., 2017; Zederer et al., 2017), while other studies
showed that the effect was not significant (Ayres et al., 2009), pointing to an ongoing open
discussion in the topic.
However, effects of tree species on SOM and the microbiome are often unclear and blurred.
This is because in long established forest ecosystems the spatial distribution of tree species is a
result of the interplay of environmental factors including climate, geomorphology, soil
chemistry and can further vary with forest successional stage (Schurman and Baltzer, 2012).

Even morehuman silvicultural management have strong impacts on tree species distribution
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(Barbier et al., 2008)& RQVHTXHQWO\ LW LV GLIILFXOW WR LGHQWLI\
SOM status at regular forested sites (Vesterdal et al., 2013). However, the number of well-
designed and longer established experiments or study sites is scarce. Due to this fact, further
research is required to clarify if the accumulation and composition of SOM in forest floor and
mineral soil differs between tree species. Recultivated soils of post-mining sites provide a
unique opportunity for studying soil development processes in early stages (Frouz and
9L QG XaNR)Y so they are ideal to understand mechanisms in SOM formation. This is
because soil conditions are similar at adjacent sites including similar soil forming factors like
geomorphology, climatic conditions and soil age. No previous accumulation of SOM that was
affected by other plants is present. Thus, only the input from the recent plant cover differs at
adjacent sites.

Ecological stoichiometry using elemental ratios is a suitable tool to unravel the natural
complexity of ecological dynamics with respect to biogeochemical cycles and to assign sources
of OM in soil (Mooshammer et al., 2014). The macroelements C, hydrogen (H), nitrggen (N
and oxygen (O) as well as phosphorus (P) and sulfur (S) are dominant components of
biomolecules such as structural macromolecules and thus they are largely contributing to
organism structure. Stoichiometric imbalances (homeostasis) among organisms and resources
can be used to characterize nutrient regimes or biomass production on different scales from
subcellular level to ecosystems (Sterner and Elser, 2002). The C:N ratio is commonly used for
SOM characterizing (Stevenson, 1994), while other major elements (H, aks0ear high
potential to assess SOM.

This study, aiming to investigate the impact of different tree species on the SOM status of forest
soil, was done on a post-mining site. The investigated plots had been afforested with Douglas
fir, pine, beech and oak trees in monoculture and trees were grown for 35 years under identical
soil and geomorphological conditions, equivalent to a common garden experiment. The study
especially focused on environmental stoichiometric analyses. In more detail, we investigated
SOC stocks, C, H, N, O and S stoichiometry of SOM, MBC and pH values and their
interconnection in depth gradients from forest fldothree mineral soil layers of different tree
stands. We hypothesize that tree species have a significant impact on the SOM status in forest
soils and we expect that this influence declines with soil depth due to increasing impact of

microorganisms on SOM composition and content.
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2.2. Material and methods

2.2.1. Study site

7KH UHVHDUFK ZDV FRQGXFWHG DW WKH p6RSKLHQK|KHY DC
open-FDVW PLQH p+DPEDFKY LQ WKH 5KLQHODQG QHDU -+OLFK
The spoil heap has an area of about 14 ith an elevation of around 300 m a.s.l. and 200 m

above the surrounding natural ground level. The mean annual rainfall is 699 mm and the mean
annual temperature is 10.0 °C.

The formation of the Sophienhdhe started in 1978 by the dumping of overburden generated by
brown coal mining (Henning and Millensiefen, 1990). The heap was covered and leveled with

a layer of up to 4 m thickness with a mixed substfai@ O O H G p(riRthe VoloWihg-herfied

S SDUHQW PDWHULDO” 7 EtdHof Q@25 I IdAssPaBAN 5 809D andiyRy@weL
material. The latter originates from Pleistocene gravels and sands of the fluvial Rhine terraces
and the overlaying loess and loess loam layers (Topp, 2000). The underlying tertiary deposits
mostly comprise considerable amounts of sulfur but they are far below the soil surface and there

IS no ascending water movement, so the influence of this material on soil processes near the
surface can be disregarded (Nicolini and Topp, 2005). The dumping and recultivation is still
RQJRLQJ H[SDQGLQJ WKH pu6RSKLFhOHYdYMEs ta@icd BWNW O UG GL
oldest, 35 year-old afforested sites located on the western exposed slopes of the heap with an
inclination of 22.2° + 2.2°. The five sites included monocultural stands of Douglas fir
(Pseudotsuga menziesipine Pinus nigrg, beech Fagus sylvaticaand red oakQuercus

rubra) as well as a mixed deciduous stand site consisting mainly of hornli&aminus

betulug, lime (Tilia cordata) and common oakQJuercus robuy. Each stand is subdivided in

six to ten plots with a size of 1780 + 666 Iny skid trails established in slope line. The various

sites investigated in this study were close to each other (maximum distance: 1.7 km) and
boundary conditions including soil substrate and texture, climate, exposition, stand age and
management were similar. Consequently, it is assumed that differences in soil properties are
primarily caused by the influence of tree species. This study design is comparable to a common
garden experiment on landscape level in spite of the limited number of replicates per tree

species.

2.2.2. Field and laboratory methods
Soil was collected at five plots per tree species from four layers (forest floor, 0-5 cmpb-10 ¢

and 10-30 cm). Sampling points within one plot were located at least 25 m away from forest
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roads. To ensure representativeness, samples were taken from four excavated 50 x 50 x 50 cm
pits at the different depths and samples from similar depths were subsequently pooled
(appendix, S-1-1). The parent material, unaltered by pedogenesis, was sampled at recent
recultivation sites at the north east slope of the Sophienhéhe. Bulk samples were collected in
April 2016, transported and divided in subsamples that were stored at 4 °C and -20 °C,
respectively, for further analyses. Additionally, volume-specific samples were collected.

In the laboratory the soil samples were carefully crushed, root and litter material was removed
from mineral soil samples and passed through a 2 mm sieve, while determining the stone
(@ > 2 mm) content gravimetrically, and divided in four subsamples. One subsample was air-
dried for pH measurement in 0.01 mot CaClb-solution by pH/ Cond 340i glass electrode
(WTW GmbH, Weilheim, Germany). A second subsample was dried at 60 °C until constant
weight and pulverized using a ball mill (Retsch MM400, Retsch GmbH, Haan, Germany) and
dried again at 60 °C. Total contents of C, H, N and O were determined using an Elemental
Analyser EA3000 (HEKAtech GmbH, Wegberg, Germany). Total S content was determined
using a sulfur/ carbon analyser SC-144DR (Leco Corporation, St. Joseph, MI, USA). The total
contents of the elements were used to calculate the molar C:N, C:S, H:C and O:C ratios. A third
subsample was dried at 105 °C to determine the moisture content. All results were recalculated
for absolute dry soil mass. A fourth subsample that was stored frozen (-20 °C) was used to
determine the soil MBC by the chloroform fumigation extraction method (Joergensen, 1995).
MBC was extracted from moist soil using a 0.01 mdél€aCk sdution and measured with a

TOC analyser (Shimadzu TOC-V, Duisburg, Germany). MBC was calculated using the
correction factor kc = 0.45 following Joergensen (1996). Additionally, the percentage ratio of
MBC to SOC was calculated that is termed as the microbial quotient (Pankhurst et al., 2001).
Soil bulk density was determined from volume-specific soil cores using standard sharpened
steel cylinders of 100 chand measured using the drying-weighing method (Blake and Hartge,
1986). SOC stocks were calculated considering C content, thickness of layers, bulk density and
rock fragment fraction.

2.2.3. Statistical Analysis

The collected data of the five plots per tree stand were tested for normality and
homoscedasticity using the Shapiro-Wilk test respectivelyH€H YV WHVW IRU HDFK F
horizons. Data which did not fulfill these criteria was log transformed and thus normality and

variance homogeneity of the data were achieved. SOC stocks, elemental composition and
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microbial biomass were tested for significant differences between five tree species stands
(species level) for every single of the four depths using one-way analysis of variance
(ANOVA). In case ANOVA vyielded significant differences among tree species, these were
futher VSHFLILHG XVLQJ WKH 7XNH\TV KR Q HWd¢ test. DQd-wayF D QW G
ANOVA was conducted to show differences between coniferous and deciduous trees (group
level). Additionally, relationships between individual soil parameters were evaluated using
regression analysis and Pearson correlation coefficient. All statistical analyses were performed
with a significame level of p < 0.05. Results are presented in arithmetic means = standard
deviation (SD) for the different sites. All data analyses were conducted using the R statistical
package version 3.3.2. (R Core Team, 2016).

2.3. Results

2.3.1. General soil properties

The parent material was free from carbonates and characterized by an OC content of
0.20 = 0.05 % as well as a C/N molar ratio of 7.5 £ 1.2 (Table 2-2). Thus, a relevant impact of
old or fossil carbon from former land use types and the introduction of coal from lignite mining
can be excluded. The parent material showed no indications of soil formation. In contrast,
Regosols (IUSS Working Group WRB, 2015) had developed at the recultivated and afforested
study sites that were exposed to 35 years of soil formation and plant impact (Table 2-1). Some
impacts of tree species on soil development were found. The development of Ah horizons
differed significantly among coniferous and deciduous tree species with on average thicker Ah
horizons under deciduous trees. Depths of Ah horizons ranged from 2.4 + 0.8 cm under pine to
6.1 £ 1.4 cm under oaka the mixed deciduous forest stand additional pedogenetic alteration
were found in the subsurface horizon (5-10 cm) and assigniedtial browning processes.
Similar initial browning characteristics were also found in some of the soils under oak. In
contrast, initial podzolization characterized the transition zone from the forest floor to the
mineral soil layein the pine stands.

Correspondingly, significantly lowest pH values (3.8 + 0.1) were determined in soils under the
pine stands and only slightly higher values under Douglas fir stands (4.1 + 0.5) (Table 2-2). In
comparison, the pH values of the forest floors under the deciduous tree species beech
(5.4 £0.1), oak (4.9 = 0.5) and the mixed deciduous stand (5.4 £ 0.2) were significantly higher

compared to the coniferous species stands. With increasing soil depth (0-5 cm, 5-10 cm,
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10-30 cm) differences in pH became less pronounced and were not significant for the 5-10 cm
and 10-30 cm layer.

The form of organic layers under all tree species was classified as Moder (Zanella et al., 2018)
with slight differences between sites (Table 2-1). Dependent on the thickness of the OH layer,
Dysmoder was the dominant humus form that coexisted in some patchy sections with Eumoder
at all investigated sites except the mixed deciduous forest stand. Here the humus form was
characterized as Hemimoder with a discontinuous OH layer. At all sites no distinct boundary

but a gradual transition from the OH layer to the mineral A horizon was found.
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Table 2-1: General properties of forest floor and minerdllagers on tree species level and group levelidghre means + SD. Differences between tree spéttien a soil
depth are marked by different letters (Tukey HSID<€0.05)p values refer to one-way ANOVAs. Humus form acegydo classification by Zanella et al. (2018). 8gik
according to WRB (IUSS Working Group WRB, 2015). Tspecies level: D = Douglas fir, P = pine, B = beech, @k, MD = mixed deciduous stand; group level: Con =
coniferous tree species, Dec = deciduous treeespeci

Tree species Forest floor Mineral soil
OL OF+0OH Ah
Thickness [cm] Thickness [cm] Humus form Thickness [cm] Soil type Comment
D 11+£03a 26+0.9 (Eumoder) Dysmode 5.0+ 1.4bc Regosol
P 27+0.7abc 2304 Dysmoder 24+0.8a Regosol initial podzolization at border from OH to A honizc
B 3.2+ 1.6bc 31+04 (Eumoder) Dysmode  4.2+0.7b Regosol scattered hydromorphic spots in 10-30 cm
@) 2.6+ 1.3ab 33%+16 (Eumoder) Dysmode 6.1+ 1.4c Regosol partial initial browning
MD 4.6+0.5c 26+1.1 Hemimoder 56+1.0c Regosol-(Cambisol intial browning in 5-10 cm
p values 0.0006 0.6630 <0.0001
Con 19+1.0a 2.4+0.7 37+x17a
Dec 35+1.4b 30+£13 53+1.3b
p values 0.0067 0.2400 0.0008
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2.3.2. SOC stocks

Within 35 years after afforestation total SOC stocks (forest flooB& €m mineral soil) varied
significantly in the differentforest stands (Fig2-1a), with highest stocks detected under
Douglas fir (35.17% 7.80 t hat) and lowest stocks under beech (18:8148 t ha). Pine, oak
and the mixed deciduous stand sites did not differ significantly from each otheo@neyvel

no significant differences for total SOC stock between conifers and decidqueciesswere
observedTableS-1-2.
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Fig. 21: (@) SOC stocks in different soil layers (forest floe, €m, 510 cm, 1630 cm) presented as arithmetic
mean and overall #tadard deviation. Differences between tree speciesug,gespectively, within a soil depth
are marked by different letters (Tukey HSD test < 0.@5)pivercase letters for individual soil depths and capitals
for total sail. (b) SOC stock distribah in the soil profile presented as percentage of SOC stocks/fuabisoil
depths based on total SOC stock. Differences on treesjaeal (left from dashed line): D = Douglas fir, P = pine,
B = beech, O = oak, MD = mixed deciduous stand; or differamcgeoup level (right from dashed line): Con =
group of conifers, Dec = group of deciduous tree stands.

When comparing SOC stocks in different soil layers, significant diffeseonetree species
level and group level were found. Forest floor SO&lst were significantly higher in the
coniferous group than in the deciduous gr@mpaverage 1.6 fold). Lowest stocks in the forest

floor were foundn the mixed deciduous forest stand, whereas under Douglas fir and pine up
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to fourfold higher C stocks were found (Fig. 2-1a). In the three mineral soil layers findings were
partly different. The mixed deciduous forest showed the highest stocks, while beech stands
showed the lowest with two to three times lower SOC stocks. The C stocks in the different
layers decreased with increasing dethall forest stands. It must be noted that the apparently
high SOC stocks in the 10-30 cm layer have to be divided by four when comparing stocks in
this four times thicker layer with stocks in the 0-5 cm and 5-10 cm layers (data in Fig. 2-1a are
based on the original layer thicknesses). Along the depth gradient the differences in SOC stocks
on tree species level became less pronounced. On group level no significant differences in SOC
stocks in mineral soil layers were detected between the coniferous and deciduous groups.

The distribution of SOC in the soil profile (down to 30 cm) was similar among the coniferous
forest stands (Douglas fir, pine) i.e. 36-39 % of the SOC were stored in the forest floor and
61-64 % in the mineral top 30 cm (Fig. 2-1b). In comparison, the portion of SOC that was stored
in the forest floor in relation to the mineral soil layers{80 cm) was lowest at the deciduous
group. However, distribution patterns at the deciduous sites varied significantly between tree
standslIn the mixed deciduous forest stand approximately 90 % of the SOC was stored in the
mineral top 30 cm, whereas under beech only 52 % of the C was stored in the mineral soil until
30 cm depth.

2.3.3. Stoichiometry

The following ratios are all presented as molar ratios calculated from the total contents of C, H,
N, S and O. The C:N ratios of SOM decreased consistently with increasing depth at all study
sites from a maximum of 27.4 + 1.6 (forest floor, pine) to a minimum of 13.2 + 2.3 (10-30 cm,
mixed deciduous) and they were significantly different at the level of tree species for all
sampled layers (Table 2-2). On group level (coniferous vs. deciduous) the C:N ratio at all layers,
except the 5-10 cm layer, were higher for the conifers compared to the deciduous species. The
lowest C:N ratios of 20.8 £ 0.9 and 23.5 + 0.4 in forest floor and of 15.7 £ 1.1 and 13.2 £ 2.3
in mineral horizons were detectiexthe beech and mixed deciduous forest stands, respectively.
Similar to the C:N ratios the C:S ratios of SOM decreased with increasing depth but in contrast
to the C:N ratios, the C:S ratios did not differ among the tree stands on group level (Table 2-2).
Also on species level no differences were found between the forest floor layers but with
increasing depth the C:S ratios varied significantly with highest values under oak and lowest

under the mixed deciduous stand.
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Table 2-2: Soil chemical and biological properties in forest floor and nliseilancrements under different tree species. Dataés @ tree species level and group level.
properties also giveor parent material (PM). Values are means + SD. Differebetween tree species within a soil depth are marketégndiétters (Tukey HSD test < 0.05).
p values refer to oreay ANOVAs. Tree species level: D = Douglas fir, P = pine, B = beechp@k~MD = mixed deciduous stand; group level: Con = congdrea species,
Dec = deciduous tree species.

C N S H O CN CsS H:C ocC MBC MBC pH
[%] [%] [%] [%] [%] molar molar molar molar > J7 [% SOC content]

forest floor D 12.14 + 4.64ab 0.54 + 0.20 0.071 + 0.030b 1.65 £ 0.69 11.92+3.30b 26.2+1.7c 464.3+31.7 1.61 + 0.24ab 0.77 £ 0.16b 1655 + 567bc  1.65 + 1.02bc

P 13.37+1.89b  0.57 + 0.06 0.075 + 0.011b 1.59 £ 0.27 9.93+0.66ab 27.4+16c 479.9+ 30.7 1.42 + 0.07a 0.56 + 0.06a 1322 + 90b 1.00 + 0.11ab

B 7.32+0.68a 0.41 + 0.03 0.037 + 0.004a 1.01 + 0.06 6.44+0.49a 20.8+009a 528.3+83.5 1.64+0.09ab  0.66+ 0.05ab 373+ 67a 0.51 + 0.08a

(0] 9.12+270ab  0.41+0.11 0.050 + 0.012ab  1.33+0.34 8.45+2.90ab 25.6+1.2bc 488.4 + 61.6 1.76 + 0.13b 0.69 + 0.05ab 1707 + 459bc  1.98 + 0.73bc

MD 12,54 + 5.15ab  0.62 + 0.25 0.072 + 0.023b 1.83+0.74 9.16 + 4.36ab 23.5+0.4b  469.7 + 100.3 1.74 + 0.05b 0.54+0.11a  2655+926c 2.16 + 0.39c

p values 0.0262 0.1280 0.0063 0.0676 0.0448 <0.0001  0.5990 0.0037 0.0061 <0.0001 0.0013 <0.0001

Con 12.76 + 3.40b  0.55+0.14 0.063 + 0.023 1.41 £ 0.52 9.29 + 3.25b 26.8+1.7b 472.1+30.6 1.51 + 0.20a 0.67 £ 0.16 1489 + 421 1.33+£0.77

Dec 9.66 + 3.85a 0.48 £ 0.18 0.053 + 0.020 1.39+ 0.56 8.02 + 3.05a 23.3+22a 4955+81.2 1.72 + 0.10b 0.63+0.10 1578 + 1116 1.55+0.88

p values 0.0310 0.2070 0.7590 0.2180 0.0195 0.0003 0.3960 0.0019 0.4640 0.4620 0.5230 <0.0001
0-5cm D 2.25+0.8lab  0.10 + 0.03bc 0.017 + 0.003bc  0.39+0.08bc 2.67+0.64b 255+25c 341.2+64.4ab 218+ 0.42a 0.92 +0.14 171 + 48b 0.88 + 0.47

P 1.10 + 0.44a 0.06 + 0.02ab ~ 0.011+0.005ab  0.29+0.09ab 1.89+0.42ab 22.3+0.3b 268.6+49.5ab 3.29+0.56bc  1.36 + 0.24 129 + 29b 1.27+045 b

B 0.66 + 0.23a 0.04 + 0.01a 0.008 + 0.004a 0.19+0.03a 1.09+0.22a  19.6+0.5a 243.6+108.8a 3.68+ 0.95c 1.33+0.45 70 + 15a 1.10+0.16

0] 2.25+1.56ab  0.11 % 0.08bc 0.015+0.009ab  0.40+0.19bc 3.16+1.67b  24.1+0.8bc 376.5+65.8p 236+ 0.45ab  1.59+ 1.29 206 + 69b 1.29+0.81

MD 2.73£0.54b 0.16 + 0.03c 0.030 + 0.006¢c 0.55+0.11c  2.66+0.58b 19.9+0.3a 253.6+82.9ab 241+002ab 0.73+0.11 380 + 76C 1.43+0.32

p values 0.0046 0.0002 0.0003 0.0001 0.0004 <0.0001 0.0474 0.0006 0.2960 <0.00010.4700 0.0073

Con 1.67 + 0.86 0.08 + 0.04 0.013 + 0.004 0.32 £ 0.09 2.09 + 0.63 23.9+24b 3049+ 66.3 2.73+0.75 1.14+0.29 150 + 43 1.08 + 0.48

Dec 1.88+1.28 0.10 £+ 0.07 0.018 + 0.011 0.38 £ 0.19 230+ 1.32 21.2+22a 291.2+1025 2.82+0.85 1.22+0.82 219 + 143 1.27 + 0.49

p values 0.6630 0.6750 0.9740 0.9210 0.6100 0.0067 0.7140 0.8050 0.6670 0.4860 0.3340 0.0130
5-10 cm D 0.89 + 0.14b 0.06 + 0.01c 0.010 + 0.002b 0.25+0.02ab 1.51+0.17b 188+ 1.6a 239.5+385bc 3.42+0.32ab 1.28+0.13 64 + 17ab 0.76 + 0.30a

P 0.51+0.11ab 0.03+0.0l1ab  0.008 + 0.002b 0.25+0.05ab 1.03+0.19ab 189+ 1.7a 169.9+547b 584+ 0.36¢c 1.53+0.22 80 + 21b 1.62 + 0.53c

B 0.42 £ 0.12a 0.03 £ 0.01a 0.005 + 0.002a 0.16 + 0.02a 0.85+ 0.27a 17.8+1.3a 227.8+29.1bc 4.78+ 1.06abc 1.55* 0.30 45+ 7a 1.11 + 0.13abc

0] 0.93 + 0.53b 0.05+0.02abc  0.008 + 0.002ab  0.24+0.07a  1.39+0.48ab 21.9+1.6b 294.7+79.3c 3.35+0.75a 1.22+0.25 63 + 3ab 0.83 + 0.36ab

MD 0.84 + 0.34b 0.06 + 0.02bc 0.057 + 0.005c 0.34 + 0.08b 141+028ab 17.7+1.1ab 115.5% 40.6a 5.20 + 1.69bc 1.38+0.48 117 + 28c 1.47 + 0.34bc

p values 0.0028 0.0028 <0.0001 0.0010 0.0104 0.0016 0.0003 0.0019 0.3370 <0.0001 0.0030 0.1600

Con 0.70 £ 0.23 0.04 + 0.02 0.009 + 0.002 0.25 + 0.03 1.20 + 0.27 188+ 15 204.7 + 57.7 4.63+1.31 141+0.21 72+ 20 1.19+0.61

Dec 0.73+0.42 0.04 + 0.02 0.011 + 0.008 0.25+0.10 1.22 £ 0.43 19.1+24 212.7+ 915 444 +1.41 1.38 £ 0.36 75+ 35 1.14 £ 0.38

p values 0.8630 0.7970 0.3650 0.9110 0.7330 0.7320 0.8090 0.7410 0.8410 0.8880 0.8080 0.92
10-30 cm D 0.48 + 0.10b 0.03 + 0.01b 0.006 + 0.001a 0.22 + 0.02b 1.29 £ 0.10 174+ 0.7b  210.2+50.7ab  5.59 + 0.87ab 2.07 £ 0.37ab 28 + 10a 0.57 + 0.12a

P 0.39+0.12ab  0.03 + 0.01ab 0.008 + 0.003a 0.25+0.07bc  1.03+0.31 16.9+1.2b 1422+ 50.6ab 7.83+ 1.18ab 2.07+0.69ab 49 * 9bc 1.33+0.22b

B 0.23 + 0.05a 0.02 + 0.00a 0.005 + 0.001a 0.13 + 0.00a 0.93+0.22 15.7+1.1ab 117.6+35.3ab 6.72+ 1.18ab 3.07 £ 0.59b 28 + 5ab 1.22 + 0.10b

(0] 0.51 + 0.18b 0.04 +0.01b 0.006 + 0.001a 0.19+0.03b  1.05+0.17 16.6 + 3.1ab 229.8+93.6b  4.80+ 1.16a 1.60+0.28a 44+ 12abc 0.99 + 0.55ab

MD 0.60 + 0.41b 0.05 + 0.02b 0.016 + 0.004b 0.34+0.10c  1.18+0.28 13.2+23a 97.8+5l7a 8.07 £ 3.16b 1.81+0.71la 70+ 3lc 1.30 + 0.30b

p values 0.0081 0.0008 <0.0001 <0.0001  0.1490 0.0193 0.0078 0.0301 0.0051 0.0005 0.0038 0.3790

Con 0.43+0.12 0.03+0.01 0.007 + 0.002a 0.23 + 0.05 1.19+0.27 171+ 10b 176.2 £ 59.7 6.71+1.53 2.07+£0.52 39+ 14 0.95+0.43

Dec 0.45+0.29 0.03 + 0.02 0.009 + 0.006b 0.22+0.11 1.05+0.24 15.2+2.6a 148.4+851 6.53 + 2.36 2.16 £ 0.85 47+ 25 1.17 £ 0.36

p values 0.6670 0.7790 <0.0001 0.3630 0.3170 0.0348 0.3820 0.8350 0.7680 0.3600 0.1750 0.3060
Parent material PM 0.20 + 0.05 0.03 + 0.00 0.014 + 0.004 0.46 + 0.03 1.09 + 0.08 75+1.2 37.2+2.8 28.14 + 5.16 4.20 + 1.30 15+4 0.75 + 0.02




2. Tree species affect soil organic matter stocks ancha&aietry in interaction with soil microbiota

In all forest stands H:C ratioscreasedvith increasing depth. When comparing the H:C ratios
on group level significant differences between soils under coniferous and deciduous specie
were detected in the forest floor layer but not in the mineral soil layers. Crespevel the
H:C ratios differed significantly from each other in all layers. In tmedofloor highst values
were obtained under oak and lowest under pine, whereas in mineral soil layevatteshlues
were found under oak.

As for the C:S and H:C ratios, no significant differences in O:C ratios wezetel@éton group
level. By comparing the forest stands on species level significant di¢issevere found for the
forest floor and for the deepest soil layer @Dem). O:C ratios followed similar patterns like
H:C ratios and increased with larger depth. The ratios that were detefiontieel forest fbor
layers from the different tree species were very close together with vaogsg from
1.42 £0.07 to 1.76+ 0.13 for H:C and 0.54 0.11 to 0.7#4 0.16 for O:C. With increasing
depth the differences between tree species became substdatgdiy(Fig. 2-2), which is
indicated by different slopes of the regresdioas (Table S1-3). H:C ratios differed up to a
factor of 1.7 and the O:C ratio up to a factor of 1.9 in th&@.@m layer with the biggest

difference in O:C and H:C ratio observed between the mixed deciduous and beech stand.
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Fig. 22. Relationship between H:C and O:C ratios in the forest floor (Ba;m, 510 cm, 1680 cm layers. Tree
species: D = Douglas fir, P = pine, B = beech, O =Mak;= mixed deciduous stand.

All stoichiometric ratios of SOM were significantly correlated among each other ZRy.
Linear correlations were observed between the H:C and O:C ratio as well asrbéte C:N
and C:S ratio, whereas the relationships of the C:N and C:S ratio to O:C and Ev@dbdn
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exponential curve. The strongest relationship was observed between the H:C ardidD:C r
(r =0.86,p < 0.0001).
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Fig. 2-3: Matrix scatterplot, depicting relationships between the C:N, C:S,r@:8:€ molar stoichiometric ratios
of SOMfor thedata from all investigated tree stands and soil depths. CorregpBediison correlation coefficients
andp values are shown on the miroverted side of the figure.

2.3.4. Soil microbial biomass
MBC contentsin the forest stands ranged from roughly 26 J “Jin forest floors to

J Jin the mineral soil layer from 180 cm, whereas thgarent materialvas characterized
E\ DQ 0% & FRQW H(@aMe R2). Significdnt differences on tree species level were
detected in all investigated sdalyers but with increasing depth the differences became less
pronounced. Consistently for each soil layer the mixed deciduous forest stand hachsigifi
the highest and the beech stand the lowest MBC contents (Bay.224b). The forest floor
MBC contentin the mixed deciduous stand was uggwerntimes higher compared to the beech
forest floor. In the 10-30 cm layer the MBC content under the mixed deciduous stardkexcee

the content of beech standsdiactor of 2.5. On group level no significatfferences between
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the coniferous and deciduous group were deteattherin mineral soil layersior in forest
floors. Especially the low MBC contents in soils of the beech stand conttibutbe low
average MBC contents of the deciduous group, which led to only moderately but not

significantly higher MBC contents in the forest floor and 0-5 cm soil layer comhparthe

coniferous group.
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Fig. 24: (a) MBC content in the forest floor and (b) in th& 6m, 510 cm, 1680 cm layers and (c) microbia
quotient in the forest floor,-® cm, 510 cm, 1680 cm layers. Means + and standard deviations are shown.
Differences between tree species within a soil depth are markifitetent letters (Tukey HSD test < 0.05). For

abbreviations see Fig:12

The microbial quotientranged from 2.16= 0.39 % (forest floor, mixed deciduous) to

0.51 £0.08 % (forest floor, beech). It did not differ significantly between the conifemis a
deciduous group. Under Douglas fir, oak and the mixed deciduous stand thedvti2Gtage
declinedwith increasing depth, whereas pine and beech were characterized by an increase

(Fig. 2-4c). On species level significant differences in the forest floor and the cegldayers
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(5-10 cm, 1030 cm) were detected. Ir
forest floors uder beech stands th
microbial quotient was significantly
lower compared to the other tre
species. In all mimal soil layers
(0-5 cm, 5-10 cm, 10-30 cm) the
microbial quotient was significantly
lowest under Douglas fir.

The microbial quotient was ré&d to
SOM stoichiometry which relation
became stronger in the mineral sc
layers with increasing depth. Along th
depth gradient in the mineral soil fror
0-5 cm to 5-10 cmand to 10-30 cm
increasinty stronger correlation was
foundto the C:N ratio and in particula
to the C:S ratidsignificance levep in
brackets):C:N ros cm-0.21 (0.3028 >
rs-10 cm -0.32 (0.115% > r1030 cm -0.38
(0.0638);C:S ro5 cm -0.18 (0.3923B >
rs10 cm -0.65 (0.000% > r1030 cm -0.77
(< 0.0001). In the 10-30 cm layeigh
C:S ratios were significantly correlate

with low proportions of MBC of the
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Fig. 2-5. Relationship between (a) Cy50.0001) and (b) C:N
molar ratio p=0.0638) and the microbial quotient in the300

cm layer. Tree species: D = Douglas fir, P = pine, B = beech, O
= oak, MD = mixed deciduous stand. Conifeesrapresented

by black symbols and deciduous tree species by white symbol

SOC contentind vice versgFig. 2-5a).A trend for similar correlations to the C:N ratio was

observed (Fig. 2-5b).

24. Discussion

Our study at the post-mining site Sophienhdhe showed that individual tree speat=s]affe

initial soil formation and had significant impacts on SOC stocks, SOM stoichioaradryhe

microbial biomass in the forest floor as well as in the three different mirgrkysers 05 cm,

5-10 cm and 10-30 cm of the young soils, 35 years after recultivation. Podzolization dppeare

41



2. Tree species affect soil organic matter stocks and stoichiometry in interaction with satiiotécr

in soils under pine, while first indications of Cambisol formation were found under deciduous
trees, emphasizing the individual role of vegetation as soil forming factor (Miles, 1985).

The C concentrations of the forest floors were mostly low (< 13 %). The reason for that is first
of all assigned to bioturbation and abiotic turbation processes on the steep-sloped sampling
sites. Due to that, we focused on C stocks for data assessment. The significantly higher forest
floor C stocks under conifers compared to the deciduous species are in agreement with other
studies (Vesterdal et al., 2013; Boca et al., 2014; Andivia et al., 2016, Cremer et al., 2016). The
differences in SOC stocks result from an interplay of different factors including (i) the amount
of OM input by plant litter, (ii) the chemical composition of the aboveground and belowground
litter and (iii) resulting bioturbation and turnover processes by soil organisms (Lal, 2005).
(i) Only in the pine stands significantly different and highest aboveground litterfall input rates
(7.77 t hat yr't) were determined using litter collectors (method in appendix, S-1-4; data not
shown), while in the Douglas fir, beech and oak stands similar masses of litterfall inputs
(4.70 £5.96 t hat yr't) were measured coinciding with findings of common garden experiments
(Hansen et al., 2009; Trum et al., 2011). The differences in the forest floor SOC stocks can
therefore be primarily attributed to differences in litter composition and decay and not to the
total amount of litterfall. (ii) Higher portions of recalcitrant constituents such as lignin are
typically detected in conifer litter compared to deciduous litter (Berg and McClaugherty, 2014).
Litter consisting of more complex organic compounds is characterized by slower
decomposition going along with higher production of organic acids and a delayed release of
base cations from litter to soil (Hagen-Thorn et al., 2004). In our study unfavorable degradation
was indicated by significantly higher C:N ratios and significantly lower pH values of more than
one unit in the forest floor of Douglas fir and pine stands compared to the deciduous species.
Higher C:N ratios in coniferous litter compared to deciduous litter were also reported in other
studies @ Q D M G, Q0EBWAUBUStO et al., 2015; Jozefowska et al., 2017). (iii) This resulted in
substantially stronger C accumulation in forest floor under conifers, which is typically
combined with lower biological activity by faunal species such as earthworms (Hansson et al.,
2013; Mueller et al., 2015). The mean residence times of C and N in forest floor decrease, while
the reallocation into the mineral topsoil increases with earthworm abundance (Frouz et al.,
2013, Melvin and Goodale, 2013). Thus without bioturbation by earthworms, litter tends to
remain and accumulate in the forest floor as it was found in this study. In acidic soils as they
were investigated at the Sophienhdhe (soil pH range from 3.6 to 5.4) the abundance of

earthworms is very scarce (Curry, 2004). Therefore, earthworm activity was presumably much
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less than in the study of Frouz et al. (2009) on a post-mining site with alkaline soils. During the
field survey no earthworms were found in the coniferous and beech stands, while in the oak and
mixed deciduous stands a few individuals were found. These findings correspond to the SOC
stocks in the three mineral soil layers (0-5 cm, 5-10 cm, 10-30 cm) that decreased in the order:
mixed deciduous = oak = Douglas fir > pine > beech. Our results showed that beech
accumulated more C in the forest floor compared to the other deciduous species indicating
slower C and N cycling (Vesterdal et al., 2008). In contrast, in the mixed deciduous forest stand,
where lime was growing that is highly favored by earthworms (Vesterdal et al., 2013; Frouz et
al., 2009), approximately 90 % of the SOC was stored in the mineral top 30 cm. The tree species
effects on mineral soil C stocks became remarkably less pronounced with increasing depth
corresponding to findings of Gray et al. (2015). Additional to earthworm activity this is a result
of a shallow vertical distribution of SOC in temperate forests that depends on higher relative
aboveground compared to belowground allocation (Jobbagy and Jackson 2000). It is
characterized by root:shoot ratios §10.30 and §0.31 for coniferous and deciduous trees
respectively (Mokany et al., 2006).

Furthermore, the SOM in forest floor and the top 30 cm of mineral soil differed in quality,
which is reflected in significaht different C:H:N:QOS stoichiometry patterns among tree
species. In general we found a similar trend at all forest sites. Each of the elements H, N, O and
S proportionally increased in SOM with increasing depth, while the C content of SOM
decreased. In a meta-analysis similar depth gradients of C:N and C:S ratios were found at all
soil types, vegetation types or land use studied (Tipping et al., 2016). Moreover, our study
revealed that the influence of the specific tree species led to stoichiometric patterns with
differently pronounced depth gradients emphasizing that this is a general characteristic of SOM
in forest soil profiles. The C:N ratios decreased consistently with increasing depth from the
forest floor down to the mineral soil layer in 10-30 cm depth, on average from 24.7 to 16.0
(Table 2-2). This depth gradient in C:N ratio can be attributed to the turnover of plant residues
by soil microorganisms where organic plant material tends to have high C:N ratios
(foliage 843; McGroddy et al., 2004) and microbial biomass low C:N ratg&9; Cleveland

and Liptzin, 2007). Thus, the depths gradients of C:N ratios indicate that plant-derived OM,
dominating forest floors, is more and more converted to microbial-derived OM in mineral soil.
This also explains the vanishing difference in C:N ratios among tree species with increasing
soil depth. Our findings show that the statement on tree species being the major factor
explaining C:N ratios in European forest soils (Cools et al., 2014) applies to organic layers and
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uppermost layers of topsoil horizons but not for deeper soil layers where SOM composition is
more driven by microbial turnover, while the tree species effect diminishes.

Similar to the C:N ratios, the C:S ratios also decreased with increasing depth. Decreasing C:S
ratios can be assigned to microbial mineralization, partial decomposition of amino acids and
extracellular hydrolysis of plant-derived S that were coupled to a subsequent immobilization of
organic S by microbes (Zhao et al., 1996). In all forest stands strongest declines in C:S ratio
were consistently found from the forest floor to the top 5 cm of mineral soil. Obviously, in this
section of the profile microorganisms mineralize C-bonded S at highest rates to meet their
energy demand and the newly formed sulphates can be used for microbial synthesis (David et
al., 1983; Autry and Fitzgerald, 199Q.owest C:S ratios of on average 160 found in 10-30 cm
depth (compared to 300 in 5-10 cm) can be attributed to the incorporation of inorganic sulfate
and organic S compounds into microbial biomass (Kirkby et al., 2011). Typical C:S ratios of
bacteria range from 152 to 227 (recalculated to molar ratios) and are generally lower than for
bulk soils (mean C:S ratio 294) (Stevenson and Cole, 1999). This corroborates that with
increasing soil depth SOM increasingly originates from microbial biomass because it was
presumably turned over more often in biotic cycles (Liang et al., 2017). The significant
differences in C:S ratios in deeper soil layers (5-10 cm, 10-30 cm) among the forest stands
indicate different tree litter-specific turnover processes of sgtfntaining compounds, which

may result from an interplay between sequestration, immobilization and mineralization
occurring at the same time (Kertesz and Frossard, 2015). It must be noted though that with the
analysis of total S it could be not be distinguished between organic and mineral S. This applies
also for H and O which is especially relevant for mineral soil horizons with very high O:C and
H:C ratios. However, the possible error was similar at all investigated plots where forest stands
were established on the same parent material.

H:C and O:C ratios increased with increasing depth and are linearly correlated with each other
(Fig. 2-3, Table S-1-2). The differences in H:C and O:C ratios among tree species clearly
increased with increasing depth. Both ratios capture the state of chemical oxidation or reduction
(Fan et al., 2018), so that divergences indicate different decomposition processes of plant-
derived biomolecules. In the 10-30 cm mineral soil layer significantly highest O:C ratios were
detectedin the beech stand indicating that oxidation processes occurred at higher rates.
Oxidation encompasses the microbial breakdown of plant residues to smaller biopolymers and

monomers resulting in the assimilation of C in microbial biomass, the protection of SOM by
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the interaction with soil minerals and mineralization at the same time (Cotrufo et al., 2013;
Lehmann and Kleber, 2015).

The MBC content in soil was not significantly different on the group level of deciduous vs.
coniferous tree species, confirming findings of Augusto et al., (2015). Yet, when comparing the
individual tree species stands, the mixed deciduous forest stand showed significantly highest
MBC contents in all investigated soil layers. More diverse plant communities and respective
litter can lead to more efficient utilization by microorganisms (Wardle et al., 2004) and
consequently to higher MBC (Anderson, 2009). However, in other studies it was found that tree
identity rather than diversity drives soil properties, such as SOC stock, C:N ratio and microbial
biomass (Dawud et al., 2016; Gunina et al., 2017). Litter from lime, which was also present in
the mixed deciduous forest stand at the Sophienhdhe is favored by soil organisms (Frouz et al.,
2013). This may have resulted in higher C accessibility (especially in the mineral soil layers)
for microorganisms coinciding with the highest MBC contents in the mixed deciduous stand.
MBC contents in the beech stand were significantly lower, though, compared to the other
deciduous stands. Similar observations in other studies were explained with differences in litter
and root exudate composition (Jacob et al., 2010; Scheibe et al., 2015; Gunina et al., 2017).
The microbial quotient showed different depth gradients. It increased from the forest floor to
the mineral soil under pine and beech, while it clearly decreased under Douglas fir, oak and the
mixed deciduous stand (Table 2-2). Typically, microbial growth is promoted and the microbial
guotient increases with the concentration of degradable OM (Anderson and Domsch, 1986;
Brookes, 1995). Higher microbial quotients characterize a habitat enabling more efficient
microbial C turnover (Wiesmeier et al.,, 2019). Correspondingly, lower microbial
decomposition rates of lignin rich beech and pine litter compared to better degradable litter
from Douglas fir, oak and other deciduous tree species (Hobbie et al., 2006; Jacob et al., 2010)
corroborate the determined depth gradients of the microbial quotient. However, the microbial
qguotient was highest in the 10-30 cm mineral soil layer under beech, where microbial
dissimilation of OM was presumably highest as it was deduced from the significantly highest
O:C ratio in that samples (Table 2-2). Additionally, the higher microbial quotients in forest
floors of mixed deciduous stands compared to stands with beech alone may suggest that more
diverse and more readily degradable carbon resources lead to higher microbial carbon use
efficiency (Anderson and Domsch, 2010). In the mineral soil layers the lowest microbial
quotients were detected in Douglas fir stands. This is related to SOM stoichiometry patterns
where increased C:N and especially C:S ratios reduced the contribution of MBC to SOC,
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indicating that microbial substrate use decreased due to N and in particular S limitations (Khan
et al., 2016; Manzoni et al., 2017). The relationships between both ratios and the microbial
quotient became substantially larger with increasing depths revealing that nutrient (especially
S) limitation determines the microbial turnover of SOM in the mineral soil layers at least from
10 cm depth downwards. Consequently, with progressing OM turnover in soil the availability
of OM to microorganisms can decline and the microbial carbon use can be hampered. However,
the extent to which this occurs appears to be modified by the OM quality produced by the

specific tree species.

25. Conclusion

The postPLQLQJ VLWH pP6RSKLHQK|KHYT ZLWK LWexpeximhdnt, ODULW
provided a unique opportunity for investigating on a landscape level the influence of tree
species on soil properties. The recultivated forest sites of the spoil heap were suitable to
characterize the SOM status and the role of microorganisms in the transformation of plant-
derived OM in the forest floor and the top 30 cm of mineral soil. Differences in SOM status at
the afforested sites, which were exposed to 35 years of soil formation and plant impact,
compared to the properties of the parent material, were a result of in situ processes determined
by tree species. Significant differences for various C:H:N:O:S ratios in all investigated soil
layers indicated that turnover processes of organic substrates provided by the trees were
species-related. Effects of trees on SOM quantity, quality and distribution among forest floor
and mineral soil could not be distinguished on a group level, i.e. differentiating between
coniferous and deciduous trees. The investigated deciduous species oak and in particular beech
were very close to coniferous species in terms of effects on soil properie®xjtected,

though, that under the influence of other deciduous species, like lime and alder, the differences
on group level will be more pronounced. Nevertheless, the investigated soil and SOM properties
were differently affected by the individual tree species and our study indicates that certain soill
properties may differ in a mixed deciduous stand with a component of lime from oak, beech
and coniferous stands. The tree impacts are altered in depth gradients due to soil microbial
turnover and biomass, which was reflected by different oxidation status of SOM and microbial
guotients. It is concluded that a decrease in C:N and C:S with increasing soil depth and
progressing SOM transformation leads to a reduced microbial quotient. This indicates that

limitations of available N and especially S lead to a less efficient substrate use by microbes.
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Abstract

The knowledge of tree species-dependent turnover of soil organic matter (SOM) is limited, yet
required to understand the carbon sequestration function of forest soil. We combined
investigations of*C and®N and its relationship to elemental stoichiometry along soil depth
gradients in 35-year old monocultural stands of DouglaP&edotsuga menziésiblack pine

(Pinus nigrg, European beech-égus sylvaticaand red oakQ@uercus rubra growing on a
uniform post-mining soil. We investigated the natural abundancéCfand >N and the
carbon:nitrogen (C:N) and oxygen:carbon (O:C) stoichiometry of litterfall and fine roots as
well as SOM in the forest floor and mineral soil. Tree species had a significant effect on SOM
& D QW freflecting significantly different signatures of litterfall and root inputs.
Throughout the soil profile/** & D @ were significantly related to the C:N and O:C ratio
which indicaes that isotope enrichment with soil depth is linked to the turnover of organic
matter OM). Significantly higher turnover of OM in soils under deciduous tree species
depended to 46 % on the quality of litterfall and root inputs (N content, C:N, O:C ratio), and
the initial isotopic signatures of litterfall. Hence, SOM composition and turnover also depends
on additional +presumably microbial drivertfactors. The enrichment 6N with soil depth

was generally linked t&C. In soils under pine, however, with limited N and C availability, the
enrichment of°N was decoupled frof¥C. This suggests that transformation pathways depend

on litter quality of tree species.
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3.1. Introduction

Soils in forest ecosystems bear a high potential as carbon (C) sinks in the mitigation of climate
change (Pan et al. 2011). Tree species identity plays a crucial role in the C cycle of these
ecosystems, e.g. by fueling soil with bio- and necromass, respectively (Augusto et al. 2015).
The total amount of C that is stored in the forest floor and mineral soil is affected by the
dominating tree species (Mueller et al. 2015). Furthermore, stoichiometric ratios like the
carbon:nitrogen (C:N) ratio of soil organic matter (SOM) are influenced by the forest stand
(Cools et al. 2014; Lorenz and Thiele-Bruhn 2019). Ecological stoichiometry using elemental
ratios is a suitable tool to assess SOM and its turnover (Manzoni et al. 2010; Zechmeister-
Boltenstern et al. 2015). For this, the C:N ratio is commonly used (Stevenson 1994). Also the
oxygen:carbon (O:C) ratio bears high potential to characterize SOM because it reflects the state
of oxidation of SOM (Beyer et al. 1998). Furthermore, the abundance of stable isotopes
(13C and™N) in soils also provide a powerful tool for investigating spatial and temporal SOM
dynamics (Ehleringer et al. 2000; Briiggemann et al. 2011; Craine et al. 2015). Variations in
the isotopic composition are useful for tracing carbon sources and fluxes between plants,
microorganisms and soils, thus serving to elucidate the impact of plant inputs on SOM
formation (Balesdent et al. 1987A).combination of both approaches, ecological stoichiometry
and stable isotopes, in soil depth gradients promises to get deeper insights into the turnover of
SOM. To our knowledge, this has not been used before to characterize the turnover of tree
species-dependent organic matter (OM) in the soil.

Typically, 2*C and'®N show trends of enrichment with increasing soil depth that were related
to aging and turnover of OM (Nadelhoffer and Fry 1988; Billings and Richter 2006; Trumbore
2009). Several SOM turnover and stabilization mechanisms were identified that can lead to a
variation of the natural abundance®& /LW W HU Z2WwakKie®fR@ dddvéground plant
materials triggers the topsoil, while the contributiord®-HQULFKHG URRWQSXWV \
increases with increasing soil depth (Bird et al. 2003). Root inputs encompass C release from
plant roots to soil including: (1) root cap and border cell loss, (2) necromass from root cells and
tissues, (3) C flow to root-associated, soil living symbionts (e.g. mycorrhiza), (4) gaseous
losses, (5) root exudates, and (6) mucilage (Jones et al. 2009). During the microbial metabolism
of C, preferentially*3C-depleted molecules will be respired by microorganisms and the
remaining SOM will be'*C-enriched (Lerch et al. 2011). In general, microorganisms are
13C-enriched compared to plant material or bulk SOM (Dijkstra et al. 2006) and the contribution

of microbial-derived C increases with the extent of OM turnover (Bostrom et al. 2007).
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$GGLWLRQDOO\ 20 DVVRFLDWHG ZLWK VRLO¥eguetJDOV L\
compared to free or occluded light OM fractions (Schrumpf et al. 2013). The association of OM
with minerals is an important mechanism for its stabilization in soil (von Litzow et al. 2007).
7KH SUHYDOHQFH RI &€ &ceasE Wit DeptH irDi@|Gdrained forest soils has
SURPSWHG WKH XVH RI WKH JUD%Lds @ Woxg fol62EM 8IDRS WH G D
(Acton et al. 2013). Consequently, degthH ODW H G L Q W HUah& SDQ ddsttibeRQe R | /
rate of change if°C natural abundance along a decay continuum from fresh litter inputs to
more decomposed SOM (Garten et al. 2000).

The absolute enrichment BN over soil depth can be determined as the difference between the
maximum enrichment dfN in the mineral soil and the litter bearing OL horizon (Hobbie and
Ouimette 2009). The developmentlell with soil depth is related to N cycling processes that

are coupled to SOM turnover (Emmett eéDa 6 L P [*°0 palueyy Brg@no-mineral
associations (Kramer et al. 2017) and the accumulatié?Noénriched microbial biomass in
PRUH WUDQVIRUPHG 620 :DOODQ G H UNH4ttem@Owithin soilFDQ GU
Furthermore, the type and degree of mycorrhizal associations (Hobbie and Hogberg 2012),
enzymatic hydrolysis (Silfer et al. 1992), N losses after ammonification, nitrification and
denitrification (Hogberg 1997; Portl et al. 2007), atmospheric depositions (Vallano and Sparks
2013) and mixing of soil N through bioturbation (Wilske et al. 2015) contributes t&Nhe
HQULFKPHQWY DORQJ W& H §Waf2 ntethanistioatly liskdt\wtough the
decomposition and microbial processing of SOM (Nel et al. 2018), thus highlighting the
suitability of both parameters to determine the degree of organic matter turnover in soil.

In natural mixed forest ecosystems it is difficult to track down a tree species effect on SOM
status; therefore common garden experiments, where different tree species were planted in
adjacent blocks at the same time on similar soil, were established to study tree species effects
(Reich et al. 2005; Vesterdal et al. 2013). Important insights into the relationship between tree
species and the cycling of soil C and other nutrients in forest ecosystems were gained from
common garden experiments (e.g. Mueller et al. 2012; Gurmesa et al. 2013). Nevertheless, such
experiments are often handicapped by a previous land-use conversion, e.g. from arable land or
from clear felled forests (Vesterdal et al. 2008). Old SOM from former land-use types often
makes the interpretation of the effects of tested species and their SOM on SOM dynamics rather
difficult (Balesdent et al. 2018). Callesen et al. (2013) revealed in a common garden experiment
WKDW W K H 3NDnvgaN prafil@svrefettdd the former arable land-use type. Comparable
with common garden experiments, differently afforested soils at post-mining sites provide a
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unique opportunity for understanding mechanisms in SOM formation (Frouz et al. 2009). In
particular, sites that are free from old C sources can be suitable but investigations on such sites
aUH UDUH 'XH WR WKLV IXUWKHUREHNGW,WRIthusMhe&JFOMX LU H G
status in organic forest floor horizons (litter - OL, fragmented - OF, humified - OH) and mineral
soil differs between tree species.
This research was conducted on a post-mining site, where previous accumulation of plant or
coal material are negligible (Lorenz & Thiele-Bruhn 2019). We studied monocultural stands of
Douglas fir Pseudotsuga menziésiiblack pine Pinus nigrg, European beechFégus
sylvaticg and red oakQuercus rubrathat were grown for 35 years under identical soil and
geomorphological conditions to assess tree species effects on the SOM status. In more detail,
we investigated the natural abundance& and**N in combination with C:N and O:C
stoichiometry of litterfall and root inputs (determined as belowground phytomass) as well as
SOM in depth gradients of forest soils to answer the following questions:
1) 'R OLWWHUIDOO DQG URRW LQSXWVERLDIGH bet@eeW KHLU L
tree species?
2) ,V WKHUH D W UH H&S B &isHil/thel dépthir gadrRe@s starting from the
OL horizon down to 10-30 cm of mineral soil?
3) Are stable isotope contents in the depth profiles related to the stoichiometry (C:N and
O:C ratio) of the bulk soil?
4) Varies the decomposition of OM and the stabilization of it in soil significantly between

tree species and if yes, are litterfall and/ or root properties important for these processes?

3.2. Material and methods

3.2.1. Study site

7KH VWXG\ ZzZDV FRQGXFWHG DW WKH DIIRUHVWHG VSRLO K&t
of the lignite openFDVW PLQH p+DPEDFKY LQ WKH 5KLQHODQG

E 6° 26.56"). There, boundary conditions regarding soil, climate, topography and management
were highly similar, equivalent to a common garden experiment. The Regosols at the
investigated sites developed on the same sandy gravelly parent material (Lorenz and Thiele-
Bruhn 2019). The carbonate-free parent material that was used for the spoil heap recultivation

had a C content of 0.20 = 0.05 % and a C/N molar ratio of 7.5 £ 1.2 (appendix, Table S-2-1).
Therefore, a relevant impact of old or fossil carbon from former land use types and the

introduction of coal from lignite mining was excluded (Lorenz and Thiele-Bruhn 2019). The
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investigation was carried out in monocultural stands of DouglaP$e(dotsuga menziesii

black pine Pinus nigrg, European beechrégus sylvaticaand red oakQ@uercus rubra that

were afforested in 1982 on the western slopes of the spoil heap. Within 35 years after the start
of the afforestation organic layers had developed that were classified as Moder (Zanella et al.
2018) with slight differences between tree stands. Dependent on the thickness of the OH layer,
Dysmoder was the dominant humus form that coexisted in some patchy sections with Eumoder
under Douglas fir, beech and oak, while under pine solely Dysmoder had developed (Lorenz
and Thiele-Bruhn 2019).

3.2.2. Sampling scheme and sample preparation

Each species stand is subdivided in six to ten plots with a size of 1780 + &§0skid trails
established in slope line. For each of the four stands, five plots were selected for sampling of
the forest floor, mineral soil, roots and litterfall (Fig. 3-1). Sampling (light grey circles) points
within one plot were located at least 25 m away from forest roads and in the upper parts of the
middle slopes. In April 2016, forest floor samples were taken with a steel frame (20 cm x 20
cm) and carefully separated into the organic litter, fragmented, and humified horizon, OL, OF
and OH, respectively, according to Zanella et al. (2018). Afterwards, bulk soil samples were
taken at three different depths (0-5 cm, 5-10 cm, 10-30 cm) from excavated 50 cm x 50 cm x
50 cm pits. To ensure representativeness, forest floor and soil samples (grey rectangles) were
taken from four positions and samples from similar depths were subsequently pooled. In total
60 forest floor samples and 60 mineral soil samples were collected (five per depth in each stand,
Table S-2-2), transported and stored at 4 °C for further preparation. Forest floor samples were
dried at 60 °C and visible roots were carefully sorted out. Mineral soil samples were passed
through a 2 mm sieve, roots were removed and the soil samples were dried at 60 °C. All samples
were ground and homogenized using a ball mill (Retsch MM400, Retsch GmbH, Haan,
Germany).

We performed root sampling two years later, in April 2018 and distinguished roots from
different horizons. To do so, we collected five replicate samples of forest floor and mineral soil
(dark grey circles in Fig. 3-1) with a distance of 1 m around a tree within each of the five plots
per species stand. Forest floor roots were collected using a steel frame (20 cm x 20 cm).
Underneath, mineral soil roots were collected using a root auger with a diameter of 8 cm
(Eijkelkamp Soil & Water, Giesbeck, Netherlands). The cores of mineral soil were divided into

the three subsamples (0-5 cm, 5-10 cm. 10-30 cm). In total, we collected 400 root samples
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(25 per depth in each species staiable S2-2) that were transported and stored at 4 °C. In

the laboratory, the forest floor samples were spread out in plastic bowls andemotavefully

separated using a tweezer. The rooteevearefully washed to remove adherent soil particles.

The mineral soil samples were put into plastic bowls and immediately washed withtavate
VHSDUDWH URRWY 5RRWV ZLWK D GLWRHWHWHUPER HZ IGWH Z
and a subset of 8Gamples (five per depth per species) was homogenized using a ball mill

(Retsch MM400, Retsch GmbH, Haan, Germany) for further chemical analysis.

/s 0O Soil N
* OL,OF OH
* 0-5,5-10,10-30 cm
Roots
. * Forest floor
* 0-5,5-10,10-30 cm

| Litterfall /

\%;.

Fig. 3-1: Sampling design at the study site ‘Sophienhthe’. 3soj@aifforested monocultural stands of Dlas fir
(Pseudotsuga menzigshlack pineRinus nigrg, European beeckggus sylvaticeand red oakQuercus rubrg
were investigated. They are located on the westernagkplopes (inclination: 22.2° + 2.2°) of the spoil hEagh
stand is subdiviel in six to ten plots with a size of 1780 + 66Myrskid trails established in slope line. For each of
the four tree stands, five plots were selected for Isan{pght grey circles) of the forest floor (grey rewites),
mineral sail (grey rectanglesdots (dark grey circles) and litterfall (litter trap).

In each of the five plots per species stand the litterfall was collectedlgsingaps made with

nylon mesh (0.5 mm mesh size) that was fixed on a wooden frame (1 m x 1 m). Lpder tra
were nstalled 1 m above the soil surface and located in the plot near the central sailgsampl
point (Fig. 3-1). In the timespan from July 2016 to June 2017 the litter traps were monthly
emptied. In the laboratory, the 240 samples were immediately separatédliar and non-

foliar fractions and dried at 60 °C to determine dry weights (Ukonmaanaho et al. 2016). The

foliar fraction of the 12 monthly samples of each litter trap were pooled into i@ed sample.
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Consequently, five litterfall samples per tree species resulted in a total number of 20 litterfa
samples (Table S-2-2) that were homogenized using a ball mill (Retsch MM400, Retsch GmbH,

Haan, Germany) for further chemical analysis.

3.2.3. Laboratory analysis

Total contents of C, N and O were determined using an Elemental Analyser EA3000
(HEKAtech GmbH, Wegberg, Germany). Soil samples were acidic and free of carbonate
(Lorenz and Thiele-Bruhn 2019), thus the measured total C content represents organic C. The
contents of the elements were used to calculate the molar C:N and O:C ratios. The stable
isotopes’*C and'°N were determined by an IsoPrime 100 isotope ratio mass-spectrometer
(IsoPrime Corporation, Cheadle, UK) and vario ISOTOPE cube elemental analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany). Stable isotope compositions are reported in delta
QRWDW& AQD G A UHODWLYH -BéR Belerne VP33 fdr C, using the

international reference materials IAE2H-7 (- A 93'% 6' A DV D VWDQC(
and relative to atmosphericoNor N, using IAEA-N- A bLU 1 6' * A
IAEA-N-2 (+20. A DLU 1 6" * A DQG 86*6 ADLU1 6'“ A

according to equation [1]:

1) Uopande @ 22°PF sA® 14

pRIVITYI
whereR represents the ratio 5ICA%C or™>™N/**1 UHVSHFWLYHO\ 7KH PNDVXUHP
wasaSSUR[LPDWHO\ A DTG A IRU /

3.2.4. Data processing and statistics

7KH UHODWLRQVKLS EHWZHHQ WKH SUHY DO H%éW depty WLFD O
profiles was used as a natural indicator of SOC turnover (Acton et al. 2013). The ¥lope (

the linear regression\( D [EHWZHHQ WX luBHaddtheir respective log-
transformed C concentrations (mg G)gvas calculated and is referred as «value. The
distribution of°*N along soil depth profiles was compared between tree stands using the soil
enrichment factor @i*°N). It is defined as absolute enrichment between the OL horizon and

the 10-30 cm mineral soil layer (Hobbie and Ouimette 2009) and was calculated following
equation [2]:

2) Yaeé%?p:@); L Lr§9054?74('5:;1F L'§90EA

60



3. The linkage of*C and*N with C:N and O:C stoichiometry reveals tree species effec@\bhurnover in soil

The following statistical analyses were conducted separately for litter inputs (litterfall and
roots) and each depth starting from the OL horizon down to 10-30 cm with the R statistical
package version 3.3.2. (R Core Team 2016). Boxplots and one-way analysis variance
(ANOVA) as pretests were carried out to inspect the data structure. The residuals of ANOVA
were tested for normality and homoscedasticity using the Shapiro-Wilk test respectively
Levene's test. Accordingly, normal distributed and homoscedastic data were tested for
significant differences between tree species by dri2gA $129% IROORZHG E\ WKH
honest significant difference (HSD) post-hoc test. Significant differences between tree species
for normal distributed but heteroscedastic data were tested using Welch-ANOVA followed by
a pairwise t-test with Bonferroni-Holm correction. In case data was not normal distributed but
homoscedastic the Kruskal-Wallis test was applied followed by the Dunn test. Variance
analyses and necessary pretests were performed with a significance iew€.05. The results
are presented in arithmetic means + standard deviation (SD) for the different tree stands. To
FKDUDFWHUL]H UHODWLR Q3K '8l akH MoichidrerricL (CRWRG)LF  /
parameters regression analyses with linear and logarithmic functions were done. Additionally,
multiple linear regression models were generated to analyze explaining variablessgand

Qi1 YDOXHV )RU WKLV SXUBR VN, aswell as &helbiothads of litterfall
and roots were used as independent variables. To simplify the complexity of the model,
parameters were stepwise eliminated that decrease the quality of the regression model by
assessing Randp-values. Finally, the most appropriate models that comprise only parameters
with significant portions of the explainable variance were used to discuss driving factors for

/ sand Qi*°N values The results of the regression analyses were described as significant in
cases wherp < 0.05.

3.3. Results
3.3.1. Litter inputs

The total annual foliar litterfall in pine stands was significantly higher compared to beech
stands, whereas under Douglas fir and oak intermediate amounts were reached (Table 3-1). The
13C content of litterfall were significantly highest in Douglas fir stands and declined in the
VHTXHQFH 'RXJODV ILU ! SLQ™ of liikeDfdll waEdityrificantlyth@nheRin /
Douglas fir stands compared to the other tree species. The litterfall of coniferous species was
characterized by significantly higher C:N ratios compared to deciduous forest stands. The O:C

ratio of litterfall decreased in the order oak > beech > pine > Douglas fir.
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3. The linkage of*C and!*N with C:N and O:C stoichiometry reveals tree species effec@Mhurnover in soil

Table 341: Biomass and isotopic composition of litterfall and mputs of different tree species, 35 years afteresffation on a post-mining site. Root properties are gine
horizon level as well as sum (bioma&QR G RQ B*RHUD M URRWYV LQ WKH IRUHVUWVISHRRWL Y & GoBty/@ttEICKAR U RIREDWLDUH PHI
SD. Differences between tree species are marksiffdrent letters. Significam values (< 0.05) are highlighted in bold font stylee total number of samples (n) per parameter

and substrate comprises all four tree species.

Roots in
Litterfall Roots (general) Forest floor 0-5cm 5-10cm 1030 cm
biomass Douglas fir 359+09%b 9.01+1.83ab 0.37 £ 0.19bc 423+ 1.72a 1.38+0.54a 3.04+0.66
[t ha] Pine 4.54+0.73b 6.73+1.89a 0.09 + 0.05a 1.30+0.44a 1.68+1.02a 3.66+1.59
Beech 3.30+0.34a 18.41 + 6.88bc 0.61+0.10c 4.75 + 2.40a 429+ 2.77b 8.76 +6.51
Oak 343+0.38ab  22.70+7.22c 0.29+0.18ab 10.66 + 3.19b 4.59 + 3.98b 7.16+3.18
p values 0.0366 0.0011 0.0003 0.0011 0.0169 0.0797
n 25 400 100 100 100 100
<C Douglas fir -31.25+0.11c  -26.43+0.57c -26.14 + 0.43c -26.57 + 0.55¢ -26.50 £ 0.69¢ -26.52 + 0.65¢
>A@ Pine -3219+0.34b  -27.49+0.52b -27.06 + 0.21b -27.47+0.57b -27.61+0.43b -27.83 + 0.56ab
Beech -33.17+0.25a -27.63+0.41b -27.64 +0.43b -27.89+0.29b -27.67 +0.49b -27.32+0.28bc
Oak -32.06 £0.46b  -28.89 + 0.56a -28.88 £ 0.58a -29.25+0.41a -28.90 £ 0.63a -28.51 £ 0.50a
p values 0.0010 <0.0001 <0.0001 <0.0001 0.0001 0.0001
n 25 100 25 25 25 25
M™N Douglas fir -5.22 + 0.65¢c -2.54+1.39c -2.19+1.76c -2.13+1.62c -2.69+1.19 -3.18+1.02b
>A@ Pine -825+0.58ab -5.91+0.82b -6.05 + 0.66ab -5.45+0.79 6.08 +1.01a -6.07 £ 0.8%
Beech -7.79+0.22b -4.10+1.57b -4.89 + 0.40bc -3.65 +2.33bc -3.19+ 1.88ab -4.66 + 0.45ab
Oak -8.74+0.37a -5.42 +0.98a -6.31+0.58a -4.71+0.73ab -5.63 + 1.06a -5.02+0.87a
p values <0.0001 <0.0001 0.0014 0.0126 0.0052 0.0005
n 25 100 25 25 25 25
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3. The linkage of*C and*N with C:N and O:C stoichiometry reveals tree species effec@\bhurnover in soil

In contrast to the litterfall, substantially and in part significantly higher root biomasses were
detected in the upper 30 cm of soil under deciduous tree species than under conifers
(Table 3-1). In general, the roots of all tree species were significantly enriché@d iy

“ A BOE\ “ A FRPSDUHG W RIag/fi¢ Fbotd wveV HU ID O
FKDUDFWHUL]JHG E\ V0O @lues EdnQare®tdb tkidsé kfhbide And beech, while
WKH VLJQLIL F8oaues\wer®deteénnilled in oak roots. Similar differences between
WUHH VWDQGV Mt FhotRaX @EBDMR URU O NV @biAdus$Ip, The isbtopic
signatures of roots in the forest floors did not differ from roots in deeper soil horizons but the
tree species effect was similarly pronounced in each soil depth. In contrast to the litterfall, the
C:N ratio of beech and oak roots was significantly higher compared to the coniferous species

(Table S-2-3). The O:C ratio of roots was highest in the oak stand similar to the litterfall.

33.2. 'HSWK SURILOHYV R B QEAWNANd BhkeiOrelationship to

stoichiometry patterns

7KH SDUHQW PDWHULDO IRU VRLO UFCRXI@&EWLYDWLRQ ADV FK
D Q G'*® vélue of - “ AKable S-2-1). In general, with increasing soil depth an
enrichment of3C and>N was observed, while the contents of C and N decreased (Fig. 3-2). A

small deviation from this pattern occurred € in the forest floor horizons, where a depletion

RU QR VLJQLILFDQW YDULDWLRQ |URPBC2arisd b 2rangeRrohh ]RQ Z D
- A RDN 2) WAR 'RXJODMO0Ido). The coniferous species Douglas fir

DQG SLQH FDXVHG V ¢ @dluds e torest flsdr datrigated to beech and oak.

,Q WKH PLQHUDW® wikds @e@ Rdnd \n\We/oak stands - A WR A

ZKLOH LQ WKH 'R XJO DNC values\irohD Q GVAKW RKHXY VW HUH PHDVXUH
(Table S-2-4).7KURXJKRXW WKH VRLO SURILOH D VECQuSLFDQW
detected (Fig. 3-2b).

Compared to/**& 15N varied in a wider range from- A SLQH 2/ WR A EH
10-30 cm) and depth gradients were more pronounced. The forest floor horizons (OL, OF, OH)

Rl 'RXJODV ILU VKRZHG VN vaued edmpaped/to thekotheKtte&species (Fig.

3-2d). In the first two mineral soil layers (0-5 cm, 5-FP  WPK Maldes of all tree species
converged, while at a depth from 10 to 30 cm under beech and Douglas fir significantly higher
values were determined compared to oak. ConsequentyiaH H V S H F L'INwvad fduhéd W R Q /

in the forest floor as well as the deepest investigated mineral soil layer from 10 to 30 cm.
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Fig.32: ' HSWK JUDGLH®&V\E RI11& FENDX@ forh the OL horizon to 380 cm. Coiferous species
Douglas fir (D”) and pine (P”) are presented by black symbols and the deciduous species BEpand‘oak
(“O") by grey symbols. Significant differences between tree species asdméttk“*” (p < 0.05), “**” (p< 0.01),
7 ( p< 0001). Detailed information about statistical differes can be foundirable S2-4.

5HJUHVVLRQ DQDO\VHY DI HBr® keiatedMt& BVCMN and O:C ratio
(Table3-2). The relationships of these two stoichiometric ratios of the bulk soil weregstr

ZLWXL W KD Q¥z awi Were better described by a logarithmic ggnaather than by a

linear equation (Table3-2 and S-2-5). Along the soil profile from OL to 10-30 cm depth the

C:N ratio decreased in a range from 52.8 (oak, OL) to 15.7 (beech, 10-30 cm), widt€the

ratio increased from 0.40 (Douglas fir, pine, @.B8.07 (beech, 10-30 cm)gble S2-4). With

increasing soil depth the decline of C:N was exponentially correlated toiahneent of'°N

(Fig. 3-3a). Different slopes of the regsésn lines showed that the relationship between C:N

D Q ©N ivas differently pronounced dependent on the tree species. Similarly closssiegs

ZHUH GHWHUPLQHG IRU WKH UHOMDWHER Q3K L\t EHWZ HHQ 2

exponentially increasedheswing'®N enrichment with increasing O:C ratio.
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Table 32: Results of the regression analyses betweapis@nd stoichiometric ratios

function R? p values
C vs C/N  Douglas fir y =-0.181 log(x) 1.763 0.38 0.0003
Pine y =-0.252 log(x) 3.745 0.32 0.0011
Beech y =-0.191 log(x} 2.295 0.56 <0.0001
Oak y =-0.248 log(x)- 3.740 030 00018
AC vs O/C  Douglas fir y =0.538 log(x) + 14.472 0.55 <0.0001
Pine y = 0.595 log(x) + 16.336 051  <0.0001
Beech y = 0.55009(x) + 15.463 0.76 <0.0001
Oak y=0.402 log(x) + 11.131 0.45 <0.0001
MNvsC/IN  Douglas fir y =-0.141 log(x) + 2.889 0.79 <0.0001
Pine y=-0.124 log(x) + 2.796 0.85  <0.0001
Beech y =-0.105 log(x) + 2.772 0.88 <0.0001
Oak y =-0.180 log(x) + 2..662 075  <0.0001
MNvsO/C  Douglas fir y =0.363 log(x) + 0.521 0.85 <0.0001
Pine y=0.234 log(x) + 0.711 0.86  <0.0001
Beech y =0.263 log(x) + 0.763 0.90 <0.0001
Oak y = 0.244 log(X) + 0.602 0.80  <0.0001

(b)

5N (%o)

R?-0.85
R%=0.86

R%=0.80

Fig. 3-3: 5HODW LR QV KINSard Hhg\iadthHrgtios of C:N and O:C. Douglas fiY’(“and pine (P") are
presented by blue and green symbols, beBErefid oak (O") are represented by yellow and red symbols. Detailed
information about statistics of tlagarithmic and linear relationships can be found in TaBlandTable S2-5.
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3.3.3. ; gvalues and Qi'°N and the contribution of litterfall and root inputs

The , gvalues for beech (-1.14) were significantly more negative compared to-Pié)(

and Douglas fir 0.81) by a factor of 1.8, 1.4 respectively (Fig. 3-4a). For the oak stands
intermediate ; gvalues {0.87) were determined. Values f@si*°N differed up to a factor of

1.7 with significantly higher values under beech (7.02 %o) and pine (6.52 %0) compared to oak
(4.76 %0) and Douglas fir (4.05 %o) (Fig. 3-4b). Apparently, ¢values differed systematically

between coniferous and deciduous species, Ww@i#’N depended more on individual tree

species.
0.0 @ 10 (b)
os b ab 8 [I) b
b = =
o - a
o M a * = 6 a
&0 m— Z
| = 4
w
-1.5
2
-2.0 — 0 —
Douglas fir Pine Beech Oak Douglas fir Pine Beech Oak

Fig. 3-4: Boxplots of n3c VORSHV Rl WKH OLQHDHC andl by BM®)LaR@QE KBOM FNH Q /
enrichment from OL to 380 cm) (b) of investigated forest stands. Black rhomlvapessent mean values.

Using multiple linear regression analyses, the impact effitt and root properties on both

indices, ; zand Qi'°N, was assessed. In total, 49 % and 74 % of the variability imand

Qi°N was represented by the explaining variables (T8#¢. Higher ; e values were
associated with litterfall thaZz DV FKDU D FW H U 2 BH ® DED XKL\ KOMNG/AI0R.ZH U/
Furthermore, root C:N played a significant role for & Litterfall with lower C:N ratios and

PRUH Q HY®wWalues Mere related to high@i'®1 $GGLWLRQDO&C vauesKHU UR

and lower O:C ratios of roots were associated with higla@rN.
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Table 33: Final models with explaining variables of the iipidtlinear regression analysis for the deternonadf
factors influencing ; eand @i™N.

Model parameter R? p-values
I & /LW WH& | DOLOMAVHrobt B:® O/ 0.46 0.0046
QN /LWWHUIDOO ® 1 UBRWWHA&ZI DL 0.74 <0.0001
proxy Explaining variables Coefficients p-values
/& Intercept 5.63 0.0245
/ILWWHUIDOO / 0.21 0.0131
/ILWWHAUIDOO / -0.09 0.0337
Root C:N -0.01 0.0114
Qi N Intercept 42.74 0.0002
Litterfall C:N -0.04 0.0361
/ILWWHAUIDOO / -1.14 <0.0001
Root O:C -18.61 0.0086
5RRW / 1.19 0.0089

34. Discussion

3.4.1. Isotopic signatures of litter inputs
In all investigated forest stands roots were consistently enriché@ and'°N compared to the
litterfall (Table 3-1). Several post-photosynthetic allocation mechanisms can lead to an
enrichment of*C in heterotrophic plant organs compared to leaves (Cernusak et al. 2009). For
example, a greater allocation of depleted C to lignin and lipid pools and an export of less
depleted carbohydrates to roots result in an enrichmeéd€ah belowground organs (Hobbie
and Werner 2004, Badeck et al. 2005). The observed significant impact of tree species on root
DQG O L VioNgtcHusedby a/complex interplay of physiological differences between the
tree species and their response to environmental conditions, which has been thoroughly
UHYLHZHG E\ 'DZVRQ HW D% values of tlekhérekinvasighted/coniferous
species in comparison to deciduous trees (Table 3-1) are mainly caused by a higher intrinsic
water-use-efficiency, lower stomatal conductance and lower photosynthetic rates (Brooks et al.
W PXVW EH QYcvidEferankilevit partk karies on diurnal, seasonal and
DQQXDO WR LOQWHUDQQXDO WLPH VFDOHV “odf thehRRd QQ HW
litter inputs as reference points to evaluate the decomposition of OM along soil profiles
(Bowling et al. 2008).
7KH JH QH U D'IN@aluéshiitidfall compared to roots are in line with findings of other
studies (Hogberg et al. 1996; Templer et al. 2007). This pattern can be assigned to fractionation
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during N transformation and transport within the plant that leads to an assimilation of
15N-depleted N in leaves andN-enriched N in roots (Pardo et al. 2013). Moreover, the
IRUPDWLRQ RI P\FRUUKL]DO V\PELRVHV LV RQH RIPNWKH PRV
signature of leaves. The here investigated tree species Douglas fir, pine, beech and oak are well
known to form symbioses with ectomycorrhizal (EM) fungi (Wang and Qiu 2006).
N-enriched N compounds are preferentially retained by the fungal biomass, while
15N-depleted N compounds are transported to their host plant (Craine et al. 2009). The biggest
dLIITHUHQFH EHWZHHQ®UR®PW GCRAWHOUPNLWHGIDRW EHHFK “
E\ RDN “ A 7KLY UDQJH LV LQ DJUHHPHQW ZLWK G
Hobbie and Colpaert (2003). According to them, the amount of ectomycorrhizal mass included

with the roots also determines the enrichment of root&8Nncompared to foliar tissues. The

threefold higher root biomass of beech and oak compared to Douglas fir and pine (Table 3-1)

can therefore be responsible for the highest differences between the plant organs at these stands.
Analyzing the abundance of mycorrhizal fungi in symbioses with the investigated tree stands

was beyond the scope of the study. However, it is reported that the EM fungal biomass does

not vary significantly between beech and conifers in temperate forests but the mechanisms
behind the regulation of EM fungal biomass are highly complex (Awad et al. 2019). Additional

WR P\FRUUKL]DO DVVRFLDWL KR Wepetk bin th® formEdoDM Wat LQ SC
plants predominantly acquire (Vallano and Sparks 2013). Denitrification and nitrification both
discriminate again$fN becausé®N-depleted nitrate can be leached from the soil, resulting in
15N-enrichment of the remaining N that can be taken up by plants (Hobbie and Hogberg 2012).
High nitrate concentrations of soils under Douglas fir (Zeller et al. 2019) can account for the
VLIQLILFDQWO\ K¥IKHD/OX FO\L VDWHWIKDHO O W X G\ VLWH pH6RSKLE
VHFRQG KMNJMdlbed Wor fitter inputs, is recognized as a tree species that promotes
nitrification in soils (Andrianarisoa et al. 2010). However, a more profound investigation of
specific N cycling processes in the plant-soil system that potentially influence the natural

D E X Q G D &NFislb&bnd the scope of this studly.

'"HSWK SUR&LDGHK dd their relationship to stoichiometry

patterns
:LWKLQ \HDUV DIWHU DIIRUHVW BowWewrQpdd inalMrivestgate® H S W K

forest stands confirming findings of Brunn et al. (2017), who demonstrated that three decades

after afforestation are sufficient to yield such profiles. The gradients from OL to OH in our
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LQYHVWLIJDWHG IRUHVW VWDQGV ZHUH FKDUDFWHKOL]HG E\

(Fig. 3-2b). Within the early stages of OM decomposition water-soluble substances and non-

lignified carbohydrates are degraded, while the proportion of lignin residually increases (Berg
2VRQR HW DO /LIQLQ L VCRldes dpmpdtaditt btkFolak O R Z H |

/*3C, while cellulose and sugars are characterized by higher values (Bowling et al. 2008).

Therefore, a selective preservation of lignin, and lignin building blocks, respectively (Suarez-

Abelenda et al. 2015), which cannot be attacked by the vast majority of decomposers, can lead

to the depletion of°C downwards through the organic horizons under Douglas fir, pine and

oak. No significant depletion dfC was found under beech. It appears that beech maybe

belongs to the group of tree species, where the carbohydrate-dominated early stage of litter

decomposition V. VR PDUJLQDO WKDW LW KDVCQ&uRKERNMXWIDEOH L

McClaugherty 2014). The fact that the sampling campaign was in April and the litterfall

predominately occurred in October and November corroborates the assumption. The time

difference between litterfall and organic-layer sampling can also be responsible faghthe hi

extent of3C enrichment from litterfall to OL material. In the mineral soil horizons, however,

[3C of bulk SOM increased with increasing depth. A relevant contribution of atmospheric

13C-depleted C@(Francey et al. 1999), to OM at the soil surface can be excluded because the

35 years old afforested sites are rather young. Insté@ejepleted litter from aboveground

plant materials accumulates at the soil surface, while the contribution of OM that derives from

13C-enriched roots to SOM formation increases with soil depth (Bird et al. 2003).

Correspondingly, in our study roots were on average higher Wgh E\ “ A

compared to the litterfall. Furthermore, the kinetic fractionation of C isotopes during the

maturation of SOM leads to an enrichment3 with increasing depth (Wynn et al. 2006).

Within the microbial metabolism of C sources preferenti&iirdepleted C@is respired by

microorganisms, while the remaining SOM including the soil microbial biomass becomes

enriched int3C (Werth and Kuzyakov 2010). Thus, microorganisms fractionate during the C

assimilation and/ or preferentially US€-enriched substrates (Schwartz et al. 2007). Especially

in mineral soils of forestSC-enriched microbial-derived OM has a larger share of bulk SOM

[3C values than lignin or aliphatic biopolymers (Diimig et al. 2013). Throughout the soil

S UR | B0 ¢f SOM was affected by tree identity with consistently highest values in Douglas

fir stands and lowest values in oak stands. In contrast, Marty et al. (2015) found a negative

LPSDFW Rl WKH SHUFHQWDJH RI FRXhluesUvVmin€al&erigonsG LD Q |F

They assume that this was caused by lower microbial activity and/ or lower SOM degradation
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at sites dominated by conifers. Yet, induVW X G\ WKH GLIIHYa@rés\amoqy WKH 62
tree species reflect the isotopic signatures of the OL horizon that in turn strongly correlated
ZLWK OLYWaWHWKIDOB[SODLQV ZK\ 20 XQGHU foxvadésVh ILU ZL)
litterfall and rooW V. H[K L E L W H¥C Walkiés throubKadt\ha/ sail profile, while they were
lowest under oak.
In coincidence with th&*& HQULFKPHQW ZLWK LQFUHDWN@ImMURLO GHS)
OL down to the 10-30 cm layer of mineral soil had developed in all forest stands during
35 years of afforestation (Fig. 36 7KH GHSWK GLVWNha@MwesRQrdl 620 /
an interplay of input signatures and losses that occur during decomposition processes (Craine
et al. 2015). The accumulation ©N-depleted plant litter on the soil surface determines the
JUDGLHQW IURP WKH 8NLv&Qdsdf Foreg) o hobzeik HoltheN-enriched
PLQHUDO VRLO 7R\KwluediktHe fotedthléb/Narizons under Douglas fir reflect
the highH V*¥M values of the litterfall and roots of all tree species that in turn were determined
by the nitrate concentrations of Douglas fir soils (Zeller et al. 2019). The lowest forest floor
/N values that were observed in the pine stand are in accordance with other studies revealing
that conifer-dominated sites wetN-depleted compared to deciduous species (Pardo et al.
,Q FRQW UV W HE R KV B BiD/iGdrddsd\tinsigtently throughout the soil

profile following a curve that is typical for N-limited forest ecosystems dominated by EM fungi

+REELH DQG 2XLPHWWH 15N Avltes FuBddrCbee®h akd Daublas fir
compared to oak and pine are in accordance with observations made in a common garden
experiment in Poland (Angst et al. 2019). With increasing depth and ongoing decomposition,
SOM becomes preferentiaflyN-enriched due to microbial activity coupled with an increasing
proportion of*N-enriched microbial-derived compounds (Lerch et al. 2011). The individual
620 PN depth gradients of tree species converged in the upper two mineral soil horizons
(0-5, 5-10 cm) and diverged again with increasing depth implying that SOM turnover differed
under the influence of tree species. Additionally, tree species and their mycorrhizal symbionts,
UHVSHFWLYHO\ DO VRN BépQ vdiilessby Wieir W wtBkeViréaHsoil (Handley
and Raven 1992, Callesen et al. 2013). The type of mycorrhizal association mainly drives the
form of N acquisition of temperate tree species (Liese et al. 2017) and leads to differences in
15N enrichments in soil profiles between EM and arbuscular mycorrhizal fungi dominated
systems (Hobbie and Hogberg 2012). The here investigated tree species are all dominated by
EM fungi with similar fungal biomasses (Wang and Qiu 2006, Awad et al. 2019) and thus, the
N transfer from the solil to the host plant is presumably not significantly different between tree
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species. Anyhow, the turnover of SOM and the N uptake by plants are highly interrelated and
WKHUHIRUH ERWK PHFKDQLVPVY®RIdEp®D pobidsH FRQWULEXWHG '\
7KH QHJDWLYH UH O BNVan®R QIVEN Bati& iHay @sUH @ont increasing loss of
15N-depleted N in the form of nitrate leaching or denitrification as consequence of decreasing
N retention (Marty et al. 2019). However, this option is likely subordinate because N-limited
temperate forests are characterized by a largely closed internal N cycle, wheresNatesse
generally low due to a high competition for this growthiting resource (Rennenberg et al.
5DWKHU WKH UNHoOtBewdil RN \sKess elplaihed by the increase in OM
GHFRPSRVLWLRQ ZLWK LQFUHDVLQJ VRT@andGsdiSG\NKratig KH UHO
that is also negative, supports this assumption (Baisden et al. 2002). The well-known decline
of the C:N ratio with increasing depth (Marin-Spiotta et al. 2014) is mostly attributed to OM
decay because substrate that accumulates at the soil surface has significantly higher C:N ratios
compared to decomposers and their products (Manzoni et al. 2010; Paul 2016). The slopes of
the specific regression lines (Fig. 3-3a) were more driven by the enrichmém efith
increasing depth than by the C:N ratio. Steeper slopes in beech and pine stands were associated
with the significantly highe@.i'°N values of beech and pine compared to oak and Douglas fir.
Nonetheless, theV LJQLILFDQW U H O DN laRIQINeKET:S rdibl Whiphblsif@s the
potential of>N depth gradients as proxy for OM decay. Kramer et al. (2017) found that changes
inorganoPLQHUDO DVVRFLDWLRQV FDQ B\UnoreHhad khs midfohidlU H Q G V
decay. However, this effect was largely reduced, since forest stands with uniform mineral phase
were investigated in this study. Furthermore, the O:C ratio that represents the state of chemical
R[LGDWLRQ )DQ HW DO Rl 620 ZD%1DIDQRR tArdudiutl LFD QW
the soil profile. Oxidation is accompanied with microbial breakdown and depolymerization of
plant residues followed by assimilation of C in microbial biomass as well as mineralization at
the same time (Lehmann and Kleber 2015). Thus, with increasing depth the rise of the O:C ratio
indicated the progressive oxidative degradation of OM and correlated with the enrichment of
BNand®& LQ 620 $00 WKLV OHG WR WKH DVVXPI3IWLEGE 'WKDW

resulted mainly from the decomposition of OM.

3.4.3. ; egvalues and Qi°N and the contribution of litterfall and root inputs
Inwel-GUDLQHG IRUHVW VRLOV OLNH RXU VWXG\ VLWH pu6RSK
/3C and the logarithm of SOC with soil depth, termed asgvalue, is a suitable indicator of

isotopic fractionation during decomposition (Brunn et al. 2014). Physical soil mixing processes
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that could also have a contribution to the isotopic fractionation with soil depth (Acton et al.
2013) can be excluded because during field surveys no earthworms or signs of significant
bioturbation processes were found (Lorenz and Thiele-Bruhn 2019). However, steeper
regression slopes, and more negative gvalues respectively, indicate higher rates'id
enrichment through the soil depth profile and enhanced organic matter turnover (Garten 2006,
Wang et al. 2018). Tree species had a significant effect ogvalues. The most negative &

values and therefore the highest rates of SOM turnover were determined in beech forest stands,
while reduced SOM turnover at coniferous sites was indicated by less negatinealues.

This is in accordance with the view that turnover rates, especially in the early-stage of
decomposition, of deciduous species litter are generally higher compared to conifers (Augusto
et al. 2015 and references in there). Long-term studies (> 10 years) suggest that there are also
significant differences in the remaining masses after decomposition between tree species
(Harmon et al. 2009; Prescott 2010). This can be addressed to significantly higher N contents
and lower C:N ratios in the litterfall of beech and oak (Table S-2-3), because it is well
documented that these parameters correlate well with decomposition (Fernandez et al. 2003;
Laganiere et al. 2010; Vesterdal et al. 2012). Our findings are confirmed by other studies
revealing that more negativeiscvalues were related to higher N contents and lower C:N ratios

of litterfall (Garten et al. 2000; Garten 2006; Wang et al. 2015). The multiple linear regression
analysis, which included different quantity and quality properties of the litter inputs, pointed
out that the isotopic signatures of litterfall and root C:N account for nearly half of the variation
(46 %) in ; gvalues. This implies on the one hand that the initial isotopic composition of the
aboveground litter plays a crucial role, for evaluating'#eenrichment in soil depth profiles

in the context of SOM turnover. Camino-Serrano et al. (2019) figured out thatftieis the

key to predict and modef3C depth profiles. On the other hand, the C and N stoichiometry of
root biomass seems to be of high importance forvalues in forest soils. Belowground inputs

are still less researched but knowledge is growing that these inputs have a significantly
contribution to OM formation (Angst et al. 2018; Poirier et al. 2018). For example, Kramer et
al. (2010) demonstrated that root-derived C is the major (> 60 %) source of C for microbes in
temperate deciduous forest soils, while also in boreal forest soils 50 to 70 % of the stored C
derives from roots and root-associated microorganisms (Clemmensen et al. 2013). However,
54 % of the variation in; gvalues cannot be explained with the here investigated properties
of litterfall inputs and root material suggesting that SOM decomposition depends additionally
on other factors.
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The use of bulk SOM™N as proxy for turnover and stabilization of SOM bears an uncertainty
due to factors like the variability of the initial abundancé®nfin litter inputs (Hogberg et all.
1997). Thus, we evaluated soil enrichment fact@s'tN) to level out the different isotopic
signatures of litter inputs. Like thexscvalues, Qi°N values were significantly affected by

tree species but the differences between tree species are not consis@atband 3c
values. If mainly microbial turnover of SOM would drive both parameters in similar
trajectories, this would result in a negative relationship between both indices. This applies for
Douglas fir, oak and in particular for beech with oppositely highwr lascand @i*°N values,
respectively (Fig. 3-4). However, soils under pine were characterized by highests well

as high@i*>N values. This indicates that in pine stahi@and™®N enrichments with soil depth

are decoupled from each other and not systematically interlinked. Nel et al. (2018) reported on
a general link betweeA3C and /5N on global scale and with soil depth but they also mentioned
that this link varied with local influences from biota, disturbance and environmental conditions.
Multiple linear regression analysis revealed that litterfall C:N AP as well as root O:C and

/*3C account for 74 % of the variability iQ.i*°N. This highlights the importance of litterfall

and root inputs for thé®N enrichment with soil depth. The general view that the higher
decomposition rates of litter with high N content and low C:N ratio (Garten et al. 2000) are
associated with both, highN and**C enrichment does not match with the finding of hith
enrichment in soils under pine. This must be caused by other processes. The high C:N ratio of
the N-poor litterfall (Table S-2-3) suggests that the N supply in the upper 30 cm of soil in the
pine stands is limited. The significantly lowest root biomasses of the typical deep rooting tap
root system (Burylo et al. 2011) combined with its low turnover rates (Yuan and Chen 2010)
will also provide not much N. Under such N-limited conditions EM fungi are able to oxidize
OM primarily as N source rather than as a source of metabolic C (Lindahl and Tunlid 2015).
Thus, EM fungi in the pine stands can compete directly with decomposers for soil N resources
and exacerbate the N-limitation of free-living decomposers (Averill 2016). Therefore, the soll
microbial community could adapt their N-utilization strategy to an efficient re-use of organic
N derived from their own bio- and necromass. The multiple recycling of these N sources will
lead to an ongoing enrichment’8N without higher rates of decomposition and could end up

in the discrepancy betweenscand Q>N values. Furthermore, it has been reported that under
conditions with low C availability, N-containing organic compounds can be primarily used as
source of C and energy. Consequently, dissimil&tsedepleted N will be exported and the

microbial cell gets enriched relative to its source (Dijkstra et al. 2008). Consequently, both
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mechanisms, the effective recycling of microbial-derived N under N-limited conditions as well
as the dissimilation 0fN-enriched N, when the relative availability of C is low, could lead to

high @i*°N and low ;3¢ values in pine stands.

3.5. Conclusion

The postPLQLQJ VLWH 236RSKLHQK|KH” UHSUHVHQWHG D VXLWDE
tree species on the natural abundancE®fand*N in soil depth gradients. As an advantage

to many common garden experiments, an interference from old C sources originating from
former land use was negligible. Additionally, 35 years after the afforestation were sufficient to
generate tree species-specific depth gradients. Hence, evidence was provided that differences
in isotopic signatures of SOM originated from the input of plant litter and its decomposition
products.

The significantly different/A3C and /*°N values in the OM of forest floor and mineral soil
reflected the signatures of the litter inputs (litterfall and roots) that were tree species-specific.
Along the soil profile, both isotopes were significantly related to the C:N and O:C ratio
indicating that the enrichment 81C and'>N with increasing soil depth is driven by processes
that presumably can be assigned to microbial decomposition of OM. Consequently?@hen
and®N of bulk SOM are used to evaluate decomposition and stabilization of OM, the isotopic
signatures of litter inputs should be considered as well. Differencessinvalues indicated
different turnover of SOM between tree species with higher decomposition rates in deciduous
forest stands compared to conifers. The quality of litterfall and root inputs (N content, C:N, O:C
ratio) as well as the initial isotopic signatures of litterfall contributed to the regulation of OM
decomposition. Yets4 % of the variance inisc, and 26 % inQi'°N respectively, cannot be
explained with the here investigated litterfall and root properties showing that SOM
decomposition depends additionally on othgpresumably microbial drivertfactors. The
correspondence ddi*®N values with ;3¢ values in three of the four investigated forest stands
(Douglas fir, beech, oak) suggests that ¥@ and >N enrichment with increasing depth
followed similar principles. However, the conditions under pine did not follow the systematic
link betweent*C and™N enrichment. This is presumably due to specific N cycling mechanisms
mediated by microorganisms that were adapted to conditions of limited N availability and the
relatively low availability of C.

It is concluded that typical pattern'6€ and'®>N enrichment with increasing soil depth are due

to maturation and ongoing turnover of SOM. However, under the influence of tree species the
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enrichment of both isotopes did not follow similar trajectories in general because of
microorganisms that can create specific utilization strategies depending on the litter quality. It
was possible to obtain this finding by combining stable isotope analysis with the classical

determination of stoichiometry ratios (C:N, O:C).
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Abstract

The soil microbial community composition plays a crucial role for the functioning of forest
ecosystems. It is well known that plant species have a dominant effect on soil microbial
community composition, which was especially reported for crop plants. However, knowledge
about the tree species effect on the soil microbial community remains fragmentary. This is
because the abundance of tree species often goes along with other environmental factors so that
it is quite challenging to delimit the tree species effect. In this study, the soil microbial
community rtassessed by phospholipid fatty acids (PLFA) analygias investigated at a post-
mining site, which was recultivated with a soil material that was free from older organic carbon
(OC) sources. Thus, an interference with old soil organic matter, originating from former land
use, was negligible. Tree species-specific PLFA patterns were determined in the forest floor
and mineral soil 35 years after afforestation. The ratio of fungi to bacteria (F/B) as thell as

ratio of G to G' bacteria (&/G') represented good indicators to differentiate between tree
species. Results indicated that especially the relative abundance of fungi varied with tree
species. This impact was most related to fine roots abundance and their depositions than to
aboveground litter inputs. Furthermore, a general depth-related shift in the soil bacterial
community was observed with a significant relative increase” @fa@teria in the mineral soil.

This was mainly related to availability of OC sources that were provided by trees.
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4.1. Introduction
Soil microorganisms play an essential role for the functioning of forest ecosystems, such as the
cycling of carbon (C) and nutrients (Bardgett and van der Putten, 2014; Bahram et al., 2018).
The functional significance depends on the soil microbial community composition (Strickland
et al., 2009) that in turn is determined by different abiotic and biotic factors (Zak et al., 2003).
Soil moisture and temperature were highlighted as significant abiotic drivers for the microbial
community composition that prevail mainly on larger regional and continental scales, while one
of the most important driver on local scale is the dominating tree species (Urbanova et al., 2015;
Lladé et al., 2018). The amount and quality of litter inputs into the soil varies between tree
species that may lead to differences in soil physicochemical properties (e.g. pH, nutrient status
etc.), which in turn influence the soil microbiome and vice versa (Thoms et al., 2010; Khlifa et
al., 2017).
Numerous studies that investigated effects of tree species on the soil microbial community were
done in forest ecosystems, where the natural or silvicultural spatial distribution of tree species
follows certain gradients in abiotic factors (e.g. local climate, soil fertility) that also directly
affect the soil microbiome (Vesterdal et al., 2013). Therefore, in such ecosystems an
independent investigation or delineation of the tree species effect is quite challenging (Prescott
and Grayston, 2013). Planned common garden experiments on the other hand, where different
tree species are planted in adjacent blocks at the same time on similar soil, enable to disentangle
geographic and abiotic effects from the tree species effect (Reich et al., 2005; Uroz et al., 2016).
Fundamental insights into the relationship of tree species and soil properties including
microbial features were gained from such experiments (Hobbie et al., 2006; Kubartova et al.,
2009). Nevertheless, common garden experiments are often established on former arable land
or clear felled forests and therefore old soil organic matter (SOM) from the previous land use
and associated soil microbiomes impede the interpretation of the tested tree species effect. For
example, the imprint of former cropland on the soil microbial community remained more than
\HDUV DIWHU DIIRUHVWDWLRQ +HG QHF HW DO ) X L
either on the organic forest floor or on the very first centimeter of the topsoil (Leckie et al.,
2004; Gunina et al., 2017; Jozefowska et al., 2017), while more comprehensive investigations
on whole soil profiles were scarce. However, it is crucial to get a more profound understanding
of the tree species effect on the microbial composition and their distribution over the soil profile
because a targeted use of tree species in managed forests can provide important ecosystem

services.
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7TKHUHIRUH WKLV VWXG\ ZDV FRQGXFWHG DW WKH p6RSKLFE
with a uniform soil material and afforested with different temperate tree species in monocultural
stands 35 years ago. Consequently, soils, SOM and the soil microbiome developed together
with the monocultural tree stands (Lorenz et al., 2020). Thus, it is expected that the soil
microbial community composition is largely governed by the impact of the recent growing tree
species. To this end, phospholipid fatty acid (PLFA) patterns were analyzed to characterize the
soil microbial community composition based on the abundance of different microbial groups
(Zelles, 1999). In more detail, PLFAs in soil profiles from the forest floor layers down to 30
cm depth of mineral soil in five forest stands were analyzed to depict differences in the soll
microbial composition that evolved between (1) individual tree species and (ll) in different soil
depths. Previously published findings on soil chemical and microbiological properties as well
as litter inputs (Lorenz and Thiele-Bruhn, 2019; Lorenz et al., 2020) were used to assess

possible controlling factors of PLFA patterns.

4.2. Material and methods

4.2.1. Study site and soil sampling

7KH VWXG\ VLWH p6RSKLHQmottkwegt af theOiBri® Bpehcast @ingv K H
M+DPEDFKYT LQ WKH 5KLQHODQG QHDU -«OLFK *HUPDQ\ 1
was conducted at the western exposed slopes of the spoil heap, which were recultivated with
the same sandy gravelly parent material (Lorenz and Thiele-Bruhn, 2019). There, monocultural
stands of Douglas firRseudotsuga menzigsiiblack pine Pinus nigrgd, European beech
(Fagus sylvatica and red oak Quercus rubra as well as a mixed deciduous stand site
consisting mainly of hornbeanCéarpinus betulus lime (Tilia cordatg) and common oak
(Quercus robuy that were afforested in 1982 were investigated. Each species stand is
subdivided in six to ten plots with a size of 1780 + 660bmskid trails established in slope

line.

For each of the five tree species stands, three plots were selected for sampling of the forest floor
and the mineral soil in April 2016. Bulk samples of the forest floor and three mineral soil layers
(0-5 cm, 5-10 cm, 10-30 cm) were taken from 50 cm x 50 cm x 50 cm excavated pits. To ensure
representativeness, samples were taken from four positions, whereby samples from similar
depths were subsequently pooled. Additionally, the parent material that was used for the
recultivation was sampled without any influence of vegetation. In total, 61 soil samples were

collected. The bulk samples were stored at -20 °C prior to further analyses.
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4.2.2. Phospholipid fatty acid (PLFA) determination

In the laboratory visible roots from forest floor and mineral soil samples were removed and the
mineral soil was sieved through a 2 mm sieve. A first subsample was dried at 105 °C to
determine the moisture content. Phospholipid fatty acids (PLFAs) were measured in a second
subsample according to the method of (Zelles and Bai, 1993). The revealed fatty acid methyl
esters (FAMES) were analyzed using an Agilent 6890 series GC system (Agilent, Boblingen,
Germany), equipped witt P 1 PP 1 P IXVHG FDSLOODU\ FROXTF
Macherey-Nagel, Diren, Germany) and a mass spectrometer (Hewlett Packard MSD 5973,
Palo Alto, USA). Methylene nonadecanoate (C19:0, Sigma-Aldrich Chemie GmbH, Munich,
Germany) was used as in@D O VWDQGDUG 3/)$VY] TXDQWLWLHV ZHI
(nmol g* dry soil) and relative abundances (mol-%). The individual PLFAs were assigned to

the different microbial taxonomic groups bacteria, Gram-positive bactefiaG@m-negative

bacteria (@) and fungi (Zelles, 1999; Willers et al., 2015). Additionally, the ratio of fungi to
bacteria (F/B) as well as the ratio of Gram-positive to Gram-negative bactéf@'@as

calculated. For detailed information on the analytical method and the assignment of the
investigated PLFAs see Reichel et al. (2013).

4.2.3. Statistics

Data of forest floor and the three mineral soil layers was separately tested for nornhlity a
homoscedasticity. Accordingly, a one-way ANOVA, a Welch-ANOVA or a Kruskal-Wallis
test was used to check if there was a general tree species effect on individual PLFAs, PLFA
groups (bacteria, G G' and fungi) as well as the two PLFA ratios’(G', F/B). If the test
yielded a significant difference between tree speélesd.(b) a suitable posK RF WHVW 7 XNH\
HSD test, pairwise t-test with Bonferroni-Holm correction or Dunn test) was conducted to
identify significant tree species-dependent differences in all investigated soil layers. A similar
procedure was applied in order check differences between the forest floor and the three
mineral soil layers irrespective of tree species stand. Finally, a principal component analysis
(PCA) was performed to find which PLFAs mostly control possible variations in the microbial

community composition between (1) individual tree species and (lI) in different soil depths.
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4.3. Results and discussion
The total PLFA content in the here investigated soil profiles differed obviously but not
significantly between tree species with remarkably higher microbial biomasses in several soil
horizons under the mixed deciduous forest stand (Table 4-1). Of all afforested sites, the soils
under beech were characterized by the lowest total PLFA contents but even this were much
higher compared to the parent material that was used for the recultivation of the spoil heap.
Thus, afforestation led to significant increase of microbial biomass after 35 years due to inputs
of above- and belowground organic matter by trees (Yang et al., 2018). The observed trends in
total PLFA contents and observed differences between tree stands were in line with data on
chloroform fumigation extracted soil microbial biomass, which was determined using a more
comprehensive set of soil sample${®91; Lorenz and Thiele-Bruhn, 2019).
Additionally, the PLFA composition of all investigated forest stands differed from the parent
material (Fig. 4-1a). The relative abundance of fungi and bacteria differed significantly between
tree species in the forest floor as well as all in the investigated mineral soil layers (0-5 cm,
5-10 cm, 10-30 cm, Table 4-1). A recent study revealed that tree species-specific soil microbial
communities are established under the influence of different forms of mycorrhizal symbiosis
with biggest differences between arbuscular (AM) and ectomycorrhizal (EM) associated trees
+HG QHF HW DO 6LQFH DOO KHUH LQYHVWithBW®WWHG WL
fungi (Wang and Qiu, 2006), our study suggests that even within this group of EM associated
trees significant differences between tree species can be observed.
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Table 41: Total PLFA content, tative abundance dfifferent microbial taxonomic grougisacteria, G+ bacteria, '®acteria, fungi) as well as the ratios 6t&G' bacteria
(G'/G') and fungi to bacteria (F/B) in forest floor and mineral soil layeso®, 510 cm, 1680 cm) under different tree species (D = Douglas fir, P = pine, Bch, @& oak,
MD = mixed deiduous standy/alues are means + SD. Significamalues (< 0.05) are highlighted in bold font style and signifidtietahces between tree species are marked

by different letters.

Total PLFA Bacteria G+ G- Fungi GHiG F/B
[nmol g4 [mol-%] [mol-%] [mol-%] [mol-%]
Forest floor D 2.50+0.46 48.1+2.6a 33.8+2.8a 7.6+1.9a 51.9+2.6b 4.7+15 1.08+0.11b
P 4.35+1.38 77.6£3.2b 56.6+0.7c 12.9+2.9ab 22.4+3.2a 4.61£1.0 0.29+0.06a
B 1.46+0.45 76.7£2.8b 53.9+4.4bc 15.9+1.5b 23.3+2.8a 3.5+0.6 0.30+0.05a
O 4.86+4.77 70.41+9.4b 46.616.6bc 16.9+4.4ab 29.619.4a 2.9+0.8 0.44+0.21a
MD 8.61+8.39 66.3£3.7b 44.8+5.2b 14.4+1.6ab 33.7+3.7a 3.2+0.6 0.51+0.08a
P 0.0776 0.0001 0.0006 0.019 0.0001 0.0675 <0.0001
05cm D 0.80+0.43 78.8+4.9ab 62.7+4.5b 8.7+2.7 21.2+4.9ab 7.8+2.5ab 0.27+0.08ab
P 0.69+0.45 84.0+5.2b 66.6+9.9ab 10.5+5.0 16.0+5.2a 8.1+4.9b 0.20+0.08a
B 0.30+0.05 78.8+2.1ab 59.0+3.3ab 13.2+1.0 21.2+2.1ab 4.61+0.7ab 0.27+0.03ab
O 0.94+1.00 74.445.4ab 55.1+3.3ab 11.6+2.0 25.615.4ab 5.0+0.8ab 0.35+0.Dab
MD 2.17+2.05 69.9+3.5a 48.7+3.5a 135+1.1 30.1+3.5b 3.6+0.3a 0.44+0.07b
P 0.1588 0.0074 0.018 0.1253 0.0074 0.0399 0.0072
5-10cm D 0.29+0.17 81.8+3.9ab 64.2+3.4 10.5+0.6 18.2+3.9ab 6.2+0.6 0.23+0.06ab
P 0.47+0.33 85.3+2.2b 67.148.3 11.245.2 14.7+2.2a 7.6+4.3 0.18+0.03a
B 0.21+0.03 80.4+0.9ab 59.8+4.0 13.7¢3.1 19.6+0.9ab 46115 0.24+0.01ab
O 0.50+0.47 75.816.2a 55.7+4.8 12.742.2 24.246.2b 4.5+0.8 0.33+0.10b
MD 0.54+0.37 74.3+2.1a 55.1+4.6 10.1+4.9 25.7+2.1b 4.7+1.2 0.35+0.04b
P 0599 0.0054 0.0847 0.3959 0.0054 0.616 0.0068
1030cm D 0.17+0.08 83.2+5.7b 65.416.1b 10.3+2.2 16.8+5.7a 6.7t1.5 0.21+0.09a
P 0.37+0.24 80.2+2.4ab 61.3+2.6ab 11.3+3.9 19.8+2.4ab 6.0+2.3 0.25+0.04ab
B 0.09+0.02 79.8+1.9ab 59.9+4.8ab 11.5+2.2 20.2+1.9b 55+1.5 0.25+0.03ab
O 0.14+0.03 73.3£5.8ab 51.9+4.6a 13.1+1.8 26.7+5.8ab 4.2+1.0 0.37+0.10ab
MD 0.34+0.12 71.4+3.4a 51.6+3.0a 11.1+3.2 28.6+3.4b 5.0+1.5 0.41+0.07b
P 0.0548 0.0084 0.0029 0.771 0.0084 0.375 0.0071
Parent material 0.04+0.01 63.3t2.1 40.8+3.0 12.5+0.6 36.7+2.1 3.3+0.1 0.58+0.05
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Fig. 41: Plot of the principal component analysis (PCA) of the PLFA patteshwere determined (a) in different
tree species stands and (b) in different soil layerd?THAencludedndividual PLFAs, different microbial taxonomic
groups (bacteria, Gacteria, Gbacteria, fungi) as well dse two ratios 3G'and F/B

The PCA revealed that the soil microbial communities under the mixed deciduous,ewdik, be
and pine stands were separated from each other along the first principahesin(Fig. 4ta).

PC1 accanted for 42.6 % of the variation. It was mainly explained by a factor combination of
PLFAs representing fungi and*(acteria and therefore the tree species separation was
predominantly driven by the F/B ratio. Between these four tree species stardB tatio
decreased in the order mixed deciduous > oak > beech > pine in all investigated soil layer
(Table4-1; appendix,Table S3-1). In numerous studies it was reported that fungi dominate
over bacteria in soils with lower fertility, nitrogen availailand pH-values (Leckie, 2005;
Hogberg et al.,, 2007; Fierer et al., 2009). In our study, however, lower pH and lower N

availability (higher C:N ratio) in the forest floor under pine (Lorenz.e8R0) were combined
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with the strongest dominance of bacteria. Although the litterfall quality in terms of C/N ratio
and pH was significantly better at the deciduous tree stands compared to pine and Douglas fir
and thus, it was quite surprising that soils under deciduous tree species harbored obviously more
fungi than those under pine (Lorenz et al., 2020). Therefore, other tree species-related factors
may have overprinted the expected negative effect of litterfall and SOM nutrient status on the
F/B ratio.

The influence of aboveground plant traits on soil properties was intensively investigated, while
knowledge about the patterns and ecological consequences of tree species-specific
belowground traits is blurred (Hobbie et al., 2010). The few reports are often inconsistent (Finér
et al., 2011); there is a consensus that different root depositions (e.g. tissues and exudates)
strongly influence the soil microbiome (Jones et al., 2009; Bardgett et al., 2014) but the extent
and direction of variations evoked by different tree species is not sufficiently understood. A
previous study at the Sophienhthe revealed that the fine root biomasses under the deciduous
tree species beech and oak were up to threefold higher compared to pine and Douglas fir
(Lorenz et al., 2020). Higher root biomasses were also observed in the soil under the mixed
deciduous forest stand. Presumably, this went along with a larger share and impact of
rhizosphere soil at all deciduous tree stands, e.g. representing a habitat for EM fungi. Indeed,
litter and root manipulation experiments demonstrated that the abundance of fungal PLFA
biomarkers correlates positively with the presence of roots (Brant et al., 2006). Furthermore,
the roots of deciduous species were characterized by significantly lower N contents and higher
C/N ratios compared to the coniferous tree species (Lorenz et al., 2020) representing a C source
that is more favored by fungi than by bacteria (Baldrian, 2017). Consequently, tree species-
specific differences in the microbial community, particularly in the mineral soil, were more
driven by the quantity and quality of belowground C inputs than by aboveground litter.

The second principal component (PC2 = 19.0 %) separated Douglas fir from all other tree
species as well as pine from beech (Fig. 4-1a). PC2 was mainly driven by the relative abundance
of PLFAs describing the soil bacterial community. Both coniferous species, Douglas fir and
pine, were characterized by lower abundance ob&teria, higher abundance of Bacteria

and therefore higher'@5 ' ratios compared to the deciduous forest stands (Table 4-1). This is

in accordance with recent observations from another common garden experiment (Stefanowicz
et al., 2021) and can be related to differences in SOM chemistry between tree species. Higher
amounts of aromatic compounds in SOM under conifers compared to deciduous tree species
(Quideau et al., 2001) presumably promoted the abundancebafoteria because it was shown
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that they were positively associated with SOM that is characterized with more complex C
compounds (Fanin et al., 2019). This is corroborated by ultra-high resolution molecular
analyses of soil solutions extracted from the beech, Douglas fir and pine forest stands at that
site, which revealed that the aromaticity of the extractable soil microbial compounds increased
in the order beech << pine < Douglas fir (Lorenz et al., unpubl. results). Thus, soil microbial
community is adapted to their food resource provided by tree species.

Furthermore, higher @G’ ratio can be promoted by other environmental stresses such as
drought (Grayston and Prescott, 2005). It is shown that soils under coniferous trees are often
drier because of higher rainfall interception (Jost et al., 2012), anyhow, soil moisture was not
monitored in this study.

Notwithstanding the tree species-specific differences in the PLFA composition, a general
depth-related change in the microbial community composition with distinct differences
between the forest floor and mineral soil was observed independent from tree identity
(Fig. 4-1b). The relative abundance of fungi in the forest floor was significantly higher
compared to the mineral soil layers, while the significantly higher proportion of bacteria in the
mineral soil compared to the forest floor was determined by the increased dominarice of G
bacteria over G bacteria (Table S-3-2). This is in accordance with other studies, which
demonstrated that the decreasing proportion of fungi and increasing proportidhadtEria

with increasing soil depth were related to the declining availability of organic C s¢biees

et al., 2003; Preusser et al., 2019). Recent plant litter-derived OM that mainly accumulates on
the forest floor is preferably used by Bacteria, while Gbacteria use older, more processed

SOM-derived C in deeper soil layers (Kramer and Gleixner, 2008).

4.4. Conclusion

The recultivated and afforested pd3tt QLQJ VLWH pobf&Sdltstariglikg ikdnditions

to study tree species effects on soil microbial properties. Compared to other common garden
experiments an interference from old C sources originating from former land use was negligible
and therefore, a legacy effect that may influence the tree species-specific development of the
soil microbial community was excluded. The soil microbial community composition in the
forest floor as well as the mineral soil differed significantly between various coniferous and
deciduous tree species. Consequently, evidence was provided that the soil microbial community
responds to the organic matter supplied by the dominating tree species. Especially roots and

their depositions impact the soil microbiome and should be further investigated itodreler
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explain the tree species effect on soil microbial communiies. knowledge could lead to a
more targeted use of tree species in managed forests and particularly in afforestation to optimize

forest ecosystem services.
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Abstract

Soil microorganisms are crucial for litter degradation and formation and stabilization of soll
organic matter (SOM). Soil microbial biomass (SMB) thereby directly contributes to SOM and
its composition. However, it remains unclear in how far litter quality, microbial turnover and
composition of SMB and SOM interact. Hence, soil profiles (comprising organic forest floor
horizons and mineral soil layers) at a recultivated and afforested post-mining site were
investigated to evaluate the influence of litter quality provided by different tree spfeagrss(
sylvaticg Pseudotsuga menziediinus nigrg and soil depthtrepresenting different degrees

of organic matter turnovet-on the molecular composition of SMB-derived compounds in
comparison with SOM-derived compounds. Chloroform fumigated (SMB-derived compounds)
and non-fumigated (SOM-derived compounds) soil extracts were analyzed for microbial
biomass carbon (MBC), nitrogen (MBC) and phosphorus (MBP). The molecular composition
of SMB and SOM compounds were determined by electrospray ionization Fourier
transformation ion cyclotron resonance mass spectrometryfEBIR-MS) complemented

by the determination of nine monosaccharides representing microbial or plant origin.

Van Krevelen diagrams obtained from the ESHCR mass spectra revealed the substantial
contribution of microbial-derived compounds to SOM that further increased with soil depth.
Sugar analysis implied that >99 % of the easily extractable monosaccharides were oaimicrobi
origin. Microbial sugars as well as MBC, MBN and MBP explained best depth-related
variations of extractable SMB compounds indicating that supply and availability of C-rich OM
drive these parameters. Furthermahe contribution of microbial sugar C to MBC increased
with depth, suggesting that recycling of carbohydrates is an aldaptstrategy of
microorganismsin C-limited environments. The supply of tree species-specific substrates
resulted in different chemical composition of SMB with largest differences between deciduous
and coniferous stands and vice versa, microorganisms contributed to SOM resulting in large

similarity in the composition of SOM and SMB.
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5.1. Introduction

Forest soils represent one of the largest reservoirs of all terrestrial ecosystems to store organic
carbon (Pan et al., 2011; IPCC, 2013). The amount and characteristics of soil organic matter
(SOM) is driven by inputs, transformation, degradation and sequestration of organic substances.
The principal source of organic matte®N]) entering the soil in forest ecosystems is
aboveground and belowground litter produced by trees (Mayer et al., 2020). The subsequent
transformation by soil organisms depends on the quantity, quality and availability of the
substrate (Jandl et al., 2007) that are determined by tree species identity (Augusto et al., 2015).
This leads to differences in soil organic carbon (SOC) stocks in total but also to differences in
the distribution of OM in soil profiles between tree species (Vesterdal et al., 2013; Mueller et
al., 2015). Furthermore, the composition and stability of resulting SOM are affected by the
dominant tree species indicated by analytical parameters such as stoichiometric ratios
(e.g. C:N), stable isotoped™fC, /°N) and density fractions of SOM (Mueller et al., 2012;
Angst et al., 2019; Lorenz et al., 2020).

The traditional view that SON4 mainly formed due to inherent chemical recalcitrance of plant
litte- GHULYHG pKXPLF VXEVWDQFHVY KDV EHHQ LQWHQVLYHO
Johnson, 2010; Dungait et al., 2012). Evidence was gained that the role of microbes in the SOM
cycle comprises more than providing extracellular enzymes for the turnover of plant-derived
macromolecules (Schmidt et al., 2011; Lehmann and Kleber, 2015). New findings suggest that
the contribution of microbial-derived compounds to SOM can reach up to 80 % (Fan and Liang,
2015; Liang et al., 2017; Kastner and Miltner, 2018; Liang et al.,, 2019). A meta-analysis
revealed that the contribution of microbial necromass in forest soils increases significantly with
increasing soil depth and progressive SOM turnover (Ni et al., 2020). Furthermore, Kallenbach
et al. (2016) demonstrated that microbes can produce stable SOM, which is chemically diverse
dependent on microb&bstrate interactions. Thus, the microbial biomass and necromass have
a significant impact on chemical characteristics of SOM (Simpson et al., 2007; Liang and
Balser, 2011) and consequently, the molecular structure of microbial-derived compounds
directly influences stabilization processes of SOM (Miltner et al., 2012; Hobara et al., 2014).

A widely used method to receive microbial biomass from soil is the chloroform fumigation
extraction (CFE) method, where microbial cells are lysed upon fumigation with chloroform and
subsequently the cellular compounds released are extracted by a salt solution (Vance et al.,
1987). The differences in the contents of C, N and P between extracts from fumigated and non-

fumigated soil are used to calculate microbial biomass carbon (MBC), nitrogen (MBN) and
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phosphorus (MBP) contents (Chen et al., 2019). Moreover, several studies analyzed
biochemical compound classes such as ninhydrin-reactive N, carbohydrates and proteins
fumigated and non-fumigated extracts to characterize the SMB (e.g. Badaluccd @92i.,
-RHUJHQVHQ HW DO +RIPDQ Ddpé&its KighHHdémplexity the RZHY H
number of investigations dealing with the molecular characterization of these extracts is scarce
(Malik et al., 2016). Electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry (ESFT-ICR-MS) has emerged as a powerful tool to characterize the high
complexity of natural organic matter (Stenson et al., 2002). Thousands of compounds can be
identified simultaneously and therefore, this technique is suitable for identifying molecular
characteristics of highly complex mixtures like SOM and soil microbial biomass (SMB)
(Wilson and Tfaily, 2018). To our knowledge, BSI-ICR-MS has not been used before to
characterize SMB-derived compounds.
The formation of SOM in forest soils is largely determined by the nexus of tree species and the
depth-dependent soil microbiome (Baldrian, 2017). Both, tree species and soil depth, affect the
structural and functional diversity of the soil microbial community (e.g. Eilers et al., 2012,
aQDMGU H;\ScHeiBe et al., 2015; Jozefowska et al., 2017). Even more, also tree species
effects on SMB (Ribbons et al., 2016; Lorenz and Thiele-Bruhn, 2019) and the microbial C:N:P
stoichiometry (Zederer et al., 2017) vary with soil depth. Yang and Zhu (2015) found
indications that tree species affect the amounts of soluble organic compounds like amino acids,
reducing sugars and phenolic compounds in the SMB. However, more detailed information
about the depth-related molecular composition of SMB that developed in soil profiles under
different tree species are lacking and they are essential for a better understanding of SOM
composition and sequestration in forest soils.
Our study aims to answer the following questions:
1) Is there a systematic difference in the molecular structures between extracts from
fumigated and non-fumigated soil samples?
2) Are molecular features of the SMB connected to classical stoichiometry ratios (C:N,
C:P, C:S, H:C, O:C) of bulk soil?
3) Do tree species affect the molecular characteristics of SMB? If yes, what are the
main factors controlling tree species-specific molecular patterns of SMB?
4) Does the molecular composition of SMB vary with increasing soil depth?
To do so, this research was conduaed post-mining site that was investigated in previous
studies to elucidate tree species effects on SOM and related microbial properties (Lorenz and
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Thiele-Bruhn, 2019; Lorenz et al. 2020). We studied monocultural stands of European beech
(Fagus sylvaticg Douglas fir Pseudotsuga menzigsaind black pineRinus nigrg that were

grown for 35 years under identical soil and geomorphological conditions to assess their impact
on soil microbial properties in different soil depths. In more detail, we use&FEER-MS

to characterize the lower polarity molecular composition of fumigated and non-fumigated soil
extracts from organic forest floor horizons (OL, OF, OH) and three mineral soil layers (0-5 cm,
5-10 cm, 10-30 cm). For a more comprehensive overview the sugar content in both extracts was
determined to characterize one of the most abundant organic compounds with higher polarity
in SOM and SMB. Furthermore, the elemental composition of C, H, N, O, P and S of the bulk
soil was determined. It is expected that a combination of classical stoichiometry ratios with data
from ultrahigh-resolution mass spectrometry could give insights in the interdependence

between microbial decomposers and their food resource.

5.2. Material and methods

5.2.1. Study site

7KH UHVHDUFK ZDV FRQGXFWHG DW WKH pP6RSKLHQK|KHT
northwest of the lignite opesDVW PLQH p+DPEDFKY LQ WKH 5KLQHODQ
(N 50°56.11", E 6° 26.56"). The western exposed slopes (inclination: 22.2° + 2.2°) of the spoll
heap were recultivated with the same sandy gravelly parent material. There, we investigated
monocultural stands of European bedehgus sylvatica Douglas fir Pseudotsuga menzigsii

and black pineFinus nigrg that were afforested in 1982. In the investigated forest stands
Regosols developed that slightly differed from each other. The thickness of the Ah horizon was
significantly lower under pine (2.4 £ 0.8 cm) compared to beech (4.2 £ 0.7 cm) and Douglas fir
(5.0 £ 1.4 cm). Additionally, initial podsolization characterized the transition zone from the
forest floor to the mineral soil layer under pine compared to the other forest stands (Lorenz and
Thiele-Bruhn, 2019). Organic layers under all tree species were classified as Moder @anella

al., 2018). Dependent on the thickness of the OH layer, Dysmoder was the dominant humus
form that coexisted in some patchy sections with Eumoder under beech und Douglas fir, while
under Pine Dysmoder had consistently developed (Lorenz and Thiele-Bruhn, 2019). Each stand
is subdivided in six to ten plots with a size of 1780 + 66Mynskid trails established in slope

line. The various sites investigated in this study were situated within a maximum distance of
1700 m and boundary conditions including soil substrate and texture, climate, exposition, stand

age and management were similar, equivalent to a common garden experiment. Since the
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carbonate-free parent material that was used for the spoil heap recultivation had a C content of
0.20 + 0.05 % and a C:N molar ratio of 7.5 +, & Pelevant impact of old or fossil carbon from
former land use types and the introduction of coal from lignite mining was excluded (Lbrenz e
al., 2020).

5.2.2. Sampling and elemental characterization of bulk soil

In each of the three species stands, five plots were selected for soil sampling in April 2017.
Within one plot sampling points were located in the upper part of the middle slopes at least
25 m away from forest roads. Bulk samples of three forest floor horizons (OL, OF, OH) and
three mineral soil layers (0-5 cm, 5-10 cm, 10-30 cm) were taken from 50 cm x 50 cm x 50 cm
excavated pits. To ensure representativeness, soil samples were taken from four positions,
whereby samples from similar depths were pooled afterwards. In total, five composite samples
per soil depth were collected from 20 excavated pits in each of the three species stands.
Furthermore, the five horizon-specific samples were bulked in the laboratory to obtain one
representative composite soil sample for each horizon per tree species. Visible roots from forest
floor and mineral soil samples were removed and the mineral soil was sieved through a 2 mm
sieve. The mixed sample was then divided in two subsamples that were stored at 4 °C and
i20 °C, respectively, for further preparation.

The first subsample set was homogenized using a ball mill (Tesch MM400, Retsch GmbH,
Haan, Germany) and dried at 60 °C until constant weight. Total contents of C, H, N and O were
determined by using an Elemental Analyser EA3000 (HEKAtech GmbH, Wegberg, Germany).
Total S content was determined by dry combustion using CNS VARIO EL analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany). For quantitative analysis of P a total digestion
procedure was carried out, using oxidative microwave treatment (MARS X CEM GmbH,
Kamp-Lintfort, Germany) with nitric acid (HN§ 65 %) and hydrochloric acid (HCI, 32 %).

The P content was determined colorimetrically by the molybdenum blue method (Murphy and
Riley, 1962) using a photometer (Shimadzu UV-1650 PC; Shimadzu Europa GmbH, Duisburg)
at a wavelength of 720 nm.

5.2.3. Extraction and elemental characterization of soil microbial biomass
7KH VHFRQG VXEVDPSOH WKDW ZDV VWRUHG IURJHQ i f

biomass by the chloroform fumigation method (Vance et al., 1987). Depending on the density

of (soil) samples 3.125 to 25 g (dry weight) of moist sampling material (appendix,
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Table S-41) were fumigated in a desiccator with chloroform for 24 h followed by repeated
evacuation. 100 mL of a 0.01 M CaGblution were used to extract the OM from fumigated

and non-fumigated control soil samples (Joergensen, 1995). To this end, the suspended soll
sample was agitated on an orbital shaker (250 rpm, 30 min) before filtration throdyhl BrO W
paper (Whatman folded filter 595 %%). In order to obtain significantly large extract volumes, the
procedure was repeated multiple times with fresh soil material and the extracts were pooled for
further analyses.

(i) In an aliquot of the extracts the total organic C and N contents were measured with a
TOC-TN analyzer (Shimadzu TOC-V+TNN, Duisburg, Germany). MBC was calculated as
Ec/kec, whereEc = (organic C from fumigated sampleg)organic C from non-fumigated
samples) ankec=0.45. MBN was similarly calculated using the organic N concentration of the
extracts and the correction factefk= 0.40 according to Joergensen (1995).

(i) For the ESIFT-ICR-MS analysis, a second aliquot with soil horizon-specific volumes
(OL, OF, OH = 250 mL; 0-5 cm = 500 mL; 5-10, 10-30 cm = 700 mL; Table S-4-1) of the
acidified fumigated and non-fumigated Ca@xtracts were simultaneously desalted and
concentrated by solid phase extraction (SPE; CHROMABOND C18ec, Macherey-Nagel,
Duren, Germany). SPE cartridges were pre-conditioned with 6 mL methanol 8OWUD
LC-MS grade; Carl Roth, Germany), followed by 6 mL ultrapure water. 3 mL of methkanol
acidified water mixture (5:95, v/v) were used to wash impurities from adsorbed organics. It
must be noted that SPE-cleanup procedure may also have removed organic compounds with
very high polarity to some extent. Subsequently, the adsorbed analytes were eluted with
2x2 mL methanol. The received desalted and concentrated extracts were evaporated to dryness
and stored cooled until E&¥-ICR-MS analysis.

(i) Another aliquot of the fumigated and non-fumigated Gaéidtracts respectively, was
prepared for sugar analysis to characterize one of the most abundant biogenic compownd classe
with higher polarity (Gunina and Kuzyakov, 2015). After cartridge conditioning, first with

5 mL ultrapure water, followed by 5 mL 0.01 M CaClO mL of the extracts were filtered
through a Dionex OnGuard Il P cartridge (Thermo Fisher Scientific, Waltham, MA, USA) to
remove humic acids. The first 5 mL of the eluate were discarded, while the following 2 mL
were filtered through a cellulose filter (0.2, CHROMAFIL RC-20/15 MS, Macherey-Nagel,
Duren, Germany) prior to analysis by high performance anion exchange chromatography
(HPAEC-PAD).

103



5. The molecular composition of extractable soil microbial compounds varies with thilad®l tree species

In addition to the CFE method for determination of MBC and MBN, MBP was also determined.
Since the soils at the study site are acidic (Lorenz and Thiele-Bruhn, 2019), we followed a
specific procedure for acidic forest soils (Zederer et al., 2017) using a Bray-l solution
(0.03 M NHiF + 0.025 M HCI, pH 2.55) to extract MBP from fumigated and non-fumigated
soils, respectively (Bray and Kurtz, 1945).

5.2.4.ESI-FT-ICR-MS analysis

Ultrahigh-resolution mass spectra were acquired using an ESI-LTQ-FT Ultra (Thermo Fisher
Scientific, San Jose, CA, USA) equipped with a 7 T supra-conducting magnet (Oxford
Instruments, Abingdon, UK). The mass spectrometer was used in negative mode and daily fresh
tuned and calibrated following a standard optimization procedure for almost all settings. Hence,
the settings of the ion optics vary typically slightly from day to day.

Prepared samples were analyzed within 3 days as pure methanol solution without any pH
modification under typical conditions i.e. spray voltage 2.8 kV, capillary voltage -28 V, tube
lens -103 V. Sheath gas was optimized to 8 bar, no auxiliary and sweep gases were used. The
transfer capillary temperature was set to 275 °C. The sample introduction was made by a syringe
pump with 8 plmint. Full scan mass spectra were recorded in profile mode from

200 +£1000 Da, measured at a resolution of 400.000/a400 Da (for complete separation of
CHONS from**C;CHOS in even numbered peaks). The automatic gain control target in ICR
cell was set to 5E5 (nearly negligible interactions between the ions) to achieve deviations
considerably below 1 ppm (supplier specification). Each spectrum contained 50 transients. Six
replicate spectra were averaged in order to gain higher signal quality. For iimphevement

of accuracy and to obtain deviations under 500 ppb, each spectrum was recalibrated toward an
appropriate sample inherent intense CHO peak before mass analyses. Blanks were measured
prior and between sample analyses.

Manual formula assignment would be too time-consuming, therefore we developed an in-house
postprocessing using Scilab routines. First of all, all peaks of at least two randomly selected
masses (odd and even numbered, respectively) were characterized by hand to control exactness
of recalculated peaks as well as for setting proper constraints in the calculation program. For
all file calculations the number of C, H and O were unlimildé, DQG 3 ” 1 DQG 6 7
without SN3 and SNz combination, respectively. Once formulae had been assigned, obtained
mass lists were transformed into Excel format for sorting and/or preparation of graphical figures

like Kendrick and several van Krevelen plots, followed by Scilab based statistical calculations.
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5.2.5. Sugar analysis by HPAEGRAD

A /aliquot of the sample that was pretreated on a Dionex OnGuard Il P cartridge (section
2.3 iii) were injected into a Dionex IC system equipped with an autosampler AS 50, a gradient
pump GP 50 and an electrochemical detector ED 40 containing a thin-layer type amperometric
cell. As separation columaCarboPac PA 20 (3 x 150 mm) in combination with an upstream
connected 3 x 30 mm CarboPac PA 20 guard and an amino trap guard (3 x 30 mm) (Dionex,
Sunnyvale, CA, USA) was used to prevent co-elution of amino acids and sugars (Fischer et al.,
2007). In total nine different sugars were detected. It must be noted that mannose and xylose
eluted at the same retention time yielding in a combined signal. Data acquisition and processing

were done with the Dionex Chromeleon 6.40 software.

5.2.6. Data processing

The amounts of the elements were used to calculate the molar C:N, C:P, C:S, O:C and H:C
ratios of the bulk soil. Analogous, MBC, MBN and MBP were used to calculate the
stoichiometric ratios (microbial C:N, microbial C:P, microbial N:P) of the soil microbial
biomass.

The ESIFT-ICR-MS spectra were further processed by removing weak, statistically not
significant peaks. For this, all peaks < 0.2 % of the basic peak were removed still keeping more
than 5000 peaks per spectrum. Based on this spectra the number and intensities of peaks of
fumigated and non-fumigated samples were assigned to CHO, CHON, CHOS and CHOP
compounds. For data analyses, only detected masses with unique assigned molecular formulae
were considered. The soil horizon-specific sum of intensities of each compound class within
one tree species was normalized by the total intensity of all assignable formulae to calculate the
relative abundance of CHO, CHON, CHOS and CHOP in each soil depth and forest stand.
Furthermore, we analyzed formulae that were explicitly assignable to its origin. Fothatlae

were only present in fumigated extracts were considered and identified as microbial-derived,
while formulae only in non-fumigated were considered as bulk SOM-related. It must be noted
that the term SOM is used in this study for all non-living OM in all layers and soil horizons. It

is obvious that OM differs in that layers. For example, in the litter bearing organic (OL) horizon

it is first of all plant-derived particulate material, while in deeper layers this is more and more
decayed and modified OM. We used van Krevelen plots (van Krevelen, 1950) to visualize and
characterize microbial- and SOM-related formulae. Therefore, the elemental ratios of hydroge

to carbon (H/C) were plotted against the oxygen to carbon (O/C) e.g. for each formula of CHO
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compounds only. Based on the position in the van Krevelen diagram, the assigned formulae
were classified into the following major groups of biomolecules according to Sleighter and
Hatcher (2007): lipids (H/C = 12.25, O/C = (@0.22), proteins (H/C = 1.8.0, O/C =
0.26.5), amino sugars, (H/C = 14675, O/C = 0.59.7), carbohydrates, (H/C = 1450,

O/C = 0.74.0), lignin (H/C = 0.74.5, O/C = 0.20.6), tannins (H/C = 0.8.25, O/C =
0.69.95) and condensed hydrocarbons (H/C =825, O/C = @.7). Similar to the
compound classes (CHO, CHON, CHOS and CHOP) the relative abundance for all
biomolecular groups was calculated. Additionally, the aromaticity index (Al; Koch and
Dittmar, 2006), the double-bond equivalent (DBE), the double-bond equivalents to carbon ratio
(DBE/C), the nominal oxidation state of carbon (NOSC; Riedel et al., 2012) and the molal
Gibbs energies {f **cox, LaRowe and Van Capellen, 2011) for the oxidative half reaction of
each molecular formula were calculated. For all parameters, the weighted average based on the
relative share of intensity of the formula was summed to get an overall average for each soil
horizon per forest stand. In the same way mean molecular formulae for SMB and SOM assigned
formulae were calculated for horizon-specific samples and per forest stand. The horizon-
specific mean values of Al, DBE, DBE/C, NOSC afid®cox were checked if they were
significantly different between tree species in general. For this purpose, boxplots and one-way
analysis of variance (ANOVA) as pretests were carried out to inspect the data structure. The
residuals of ANOVA were tested for normality and homoscedasticity using the Shapiro-Wilk
test respectively Levene's test. Accordingly, normal distributed and homoscedastic data were
tested for significant differences between tree species by one-way ANOVA followed by the
7XNH\TV KRQHVW VLJQLILF bha\wesiGlignificant dffErdncesbetwBdn &k
species for normal distributed but heteroscedastic data were tested using Welch-ANOVA
followed by a pairwise t-test with Bonferroni-Holm correction. In case data was not normal
distributed but homoscedastic the Kruskal-Wallis test was applied followed by the Dunn test.
Variance analyses and necessary pretests were performed with a significandeRevél @b.
HPAEC-PAD was applied to quantify the nine different sugars that were assigned to pentoses
(arabinose, ribose, xylose) and hexoses (fructose, fucose, galactose, glucose, rhamnose,
mannose). The difference between fumigated and non-fumigated sugars was calculated to
determine the content of microbial sugars.

We conducted a correlation analysis to find relationships between the bulk SOM and microbial
stoichiometry as well as the data gained from high-resolutionFESGR-MS and sugar
analysisu$ QJ 6SHDUPDQTYVY UDQN RUGHU FRUUHODWLRQ 7KH U]
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described as significant in cases where0.05. Finally, a principal component analysis (PCA)

was performed to find differences in the characteristics of the soil microbial biomass between
tree species and between soil horizons. Therefore, data from microbial stoichiometry,
ESIFT-ICR-MS and sugar analysis that were assigned to the soil microbial biomass were used
as input variables. All data analyses were conducted with the R statistical package version 3.5.3.
(R Core Team, 2016).

5.3. Results
5.3.1. Stoichiometry of bulk soil and SMB

The following ratios are presented as molar ratios calculated from the total contents of C, H, N,
O, P, and S. In all investigated forest stands we observed a trend of consistently decreasing
C:N, C:P and C:S ratios in bulk soil with increasing depth, while the H:C and O:C ratio
increased (Table 5-1). The highest values for C:N (39.2), C:P (4063) and C:S (1302) were
determined in the OL horizon under Douglas fir. In general, C:N, C:P and C:S were higher in
the forest floor horizons of the coniferous species compared to the beech stands, while with
increasing depth the differences between tree species became substantially smaller. All three
ratios showed a convergence with increasing soil depth and the ratios were not significantly
different between tree species at a depth from 5 to 10 cm of mineral soil and the deeper layer.
The MBC contents in the forest stands ranged from 10,194 in forest floors (OL horizon,

pine) to 26 J “Jin the deepest mineral soil layer (10-30 cm, pine).

In summary, differences between tree species were detected for all investigated soil layers but
tas it was found for stoichiometric ratios of SOMwith increasing depth the differences
became less pronounced. Accordingly, the contents of MBN and MBP decreased with
increasing depth and the differences between tree species declined (Table 5-1).
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Table 51: Stoichiometric molar ratios of the budkil and elemental composition of the soil microbiemass
(SMB) in forest floor (OL, OF and OH horizon) and mineral soizbos (65 cm, 510 cm and 1430 cm) under
different tree species.

Bulk soil SVB
MBC MBN MBP
CN CP CsS O.C HcC >3 >3 > 39
Beech oL 339 2661 868 050 124 6180 926 179
OF 247 1305 461 0.68 1.25 2324 375 196
OH 213 926 321 052 1.36 819 135 90
05cm 164 350 81 089 221 97 18 83
510 cm 139 139 39 161 422 65 12 13
1030cm 116 95 27 268 6.70 40 7 <LOD
Douglas fir ~ OL 39.2 4063 1302 043 1.63 4761 1981 265
OF 355 2850 753 048 1.03 5221 786 106
OH 274 1155 406 056 121 1319 157 18
05cm 199 497 122 092 191 200 20 34
510 cm 139 215 51 1.78 417 56 3 2
1030cm 109 116 27 291 732 50 2 <LOD
Pine oL 36.3 2885 967 059 143 10194 496 76
OF 334 2179 634 051 120 4463 698 129
OH 28.3 1713 436 058 1.25 1031 207 30
05cm 179 534 133 1.04 207 214 31 11
510 cm 145 201 48 220 4.63 42 2 <0.1
1030cm 126 128 34 273 6.35 26 2 <LOD

<LOD = below limit of detection

5.3.2.Molecular characterization by ESI-FT-ICR-MS

The number of further investigated peaks after the spectra processing wadaifumigated
andnonfumigated soil extracts on average around 7000 (because of constant ion numbers for
the ICR cell filling). For both, fumigated and nfumigated extracts, approximately 70 of

the peaks could be assigned to CHO, CHON, CHOP and CHOS compound classeshgemaini
30% of the peaks are-C3 isotopic peakswithout new information and therefore disregarded
and peaks with double classificatiohable S4-2). In all investigated forest stands and
throughout the soil profiles CHO compounds had by far theesigtelative share to the total
intensity of all assignable compounds of the soil extracts (Fig, ®1b, 5-1c). The depth
gradients of the compound class intensities revealed that the relative inten§ityQo
compounds generally decreased with indreaslepth mainly in favor of increasing relative
intensity of CHON compounds. Additionally, CHO compounds were more intensive in non-
fumigated than in fumigated extracts (Fig:l® 51b, 54c), while CHOS and CHOP
compounds had a subordinate role witlatige share omostly less than 1% (Table $4-3).
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Fig. 5-1: Intensity of CHO, CHON, CHOP, CHO:

compounds (relative shares) in extracts of fumigated and

dominated the SMB and even more tl nonfumigated soil samples in depth gradients froe t

SOM-derived molecules (566 % in OL horizon to 1680 cm under (&) beech, (b) Douglas fir
and (c) pine.

Hatcher, 2007). Lignin-like compound:

SMB; 6778 % in SOM; Table $4-4).
Proteins were the second most abundant compound class, yet with higher share in SMB
(19-31 %) compared to SOM (1P2 %). Highest lignin portions in SOM as well as in SMB

were found under Douglas fir, while differences in the abundance of other compound classes
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between trespecies were restricted to various single soil horizonse¥ample, the intensity

of SMB-derived protein-like compounds decreased with increasing depth, while a depth

gradient in SOM-derived protein-like compounds was less pronounced (Bagabe5-3b).

The contribution of protein-like molecules in SMB was highest in OL and OF horizons under

pine(42-63%), whereas deeper in the soil prefihe relative intensity of SMBerived proteins

was highest in OH and the upper mineral soil layer (0-5 cm) under bee8b 2P From the

5-10 cm soil layer downwards, differences between tree species proffwtions of proteins

on the SMB became smaller and they ranged from 11 % @Hig.5-3b).
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Fig. 52: Van Krevelen plots of CHO compounds that were assignddBo(fed) and SOM (blue) origin in the
depth gradient undeine. a = OL horizon, b = Ofetizon, ¢ = OH horizon, d =Bcm, e = 5.0 cm, f= 1630 cm.
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In general, the overall averages of Al, DBE, DBE/C and NOSC were slightly and in segse ca
significantly higher for SOM-related compounds than for the SMB-related compounds under
all tree species, whilé **coxwas smaller in SOM than in the SMB (Table 5-2). The compounds
extracted from both SOM and SMB of beech soils were characterized by significantly lower
Al (0.09) compared to the compounds extracted from the coniferous species (Douglas fir: 0.24,
pine: 0.19). Similar observations were made for the DBE. Tree species also affected the NOSC
of the extracted soil microbial compounds with significantly lower values under beech
compared to Douglas fir. Correspondingl§**cox was significantly higher in the extracted
compounds from beech soils compared to Douglas fir, while intermediate values were
calculated for extracts from soil under pine. Consequently, the mean molecular formulae of
SMB- and SOM-derived compounds differed between tree species with lower numbers of C,
H, O, N and S atoms in the beech stand (Table 5-3). The calculated parameters (Al, DBE,
DBE/C, NOSC, (Il ®cox) as well as the mean molecular formulae did not show any significant
depth-related variation in the here investigated soil profiles (Tables S-4-5 and S-4-6).
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Table 5-2: Structural and energetic indices for the molecular composition of SiMB®M-derived compounds.
Differences between tree species are marked by different lettarsthe mean values. Signific&htalues (< 0.05)
are highlighted in bold font style. Al = aromaticity ind®BE = doublebond equivalent, DBE/C = doubtend
equivalents to carbon ratio, NOSC@RPLQDO R[LG DW L R & \Gibbd/dnery férthe &Radivednalf
reaction. Detailed information are given in Tabié®

SMB SOM
Beech Douglasfir Pine Beech Douglasfir  Pine
Al min 0.08 0.15 0.12 0.09 0.16 0.16
max 011 0.30 0.23 0.12 0.26 0.27
mean 0.09a 0.24b 0.19b 0.11a 0.22b 0.23b
sd 0.01 0.05 0.05 0.01 0.04 0.05
P 0.0002 <0.0001
F 31.87 22.98
DBE min 9.53 12.36 9.96 10.22 1231 12.23
max 11.20 14.95 13.02 12.46 14.61 15.8
mean 10.18a 13.46b 12.13b 10.86a  13.72b 13.79b
sd 0.60 0.92 1.28 0.82 0.81 1.38
P 0.0001 0.0002
F 17.26 1543
DBE/C min 0.29 0.34 0.27 0.32 0.34 0.34
max  0.37 0.42 0.38 0.36 0.40 0.48
mean 0.33 0.38 0.34 0.35 0.38 0.39
sd 0.03 0.03 0.04 0.02 0.02 0.05
P 0.0637 0.1320
F 333 233
NOSC min 0.87 0.64 0.79 0.79 -0.65 0.73
max  -0.61 0.44 -0.52 0.62 0.51 0.24
mean -0.73a -0.55b -0.64ab -0.68 0.57 -0.55
sd 0.09 0.06 0.11 0.06 0.06 0.17
P 0.0108 0.0595
F 6.22 5.64
Gibbs min 7770 72.80 75.10 78.00 74.80 67.10
energy( *%cox max 8510 78.50 82.80 82.80 78.80 81.10
[kJ (mol CYY mean 81.07b 75.93a 78.58ab 79.72 76.50 75.83
sd 255 1.85 3.04 171 1.59 4.98
P 0.0108 0.0595
F 6.22 5.64

Table 5-3: Mean mdecular formulae of SMBand SOMderived compounds under different tree species. Ebtail
information are giveim Table $4-6.

SMB SOM
Beech Cao6H4430054N0.5050.44 Ca0.74H43280068N0.40.40
Douglas fir CaseHae880108N1 0081 Cas0Has.611.2d\1.05%0.76
Pine Cas.044080107N1.05%0.82 Cas.2H470801061N 1165081
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5.3.3.Sugars

In all investigated forest stands, the vast majority of sugars ¥o)9®as determined in the
fumigated soil extracts and therefore, they were assigned as miatehiadd [Table S4-7).

The btal content of SMB sugars decreased with increasing soil depth and raoged f
722.6 J &1Xoil (OL, pine) to 5.8 J & 1Xkoil (10-30 cm, beech; Fig. 5-4a and Table
S-4-7). The SMB sugars were mainly dominated by hexoses and in particulducoyeghat

on average covered about ®0of the total SMB sugar content. Consequently, the total content
of SMB sugars was largely governed by the hexoses, and thus the depth gradisvesd tbie
same trend (Fig.-Ba and 54c).
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Fig. 54: Total contentsf (a)all sugars, (b) pentose and (c) hexose as well as the (d) hexose torptiniosihe
soil microbial biomaséSMB) in depth gradients from the OL horizon te3Mcm. Beech B") is represented by
grey symbols and the coniferous species Douglaef) and pine (P”) by black symboals.

The contents of SMB pentoses decreased with increasing depth as well bubtbehatioses
to pentoses increased with soil depth, particularly in coniferous forest stagds-éh and

5-4d). In the forest floor horizons the content of hexoses was on average nine times higher tha
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that of pentoses and in the mineral soil layers it was on average 32 times higher. Differences
between tree species in total SMB sugars were detected in the forest floor horizons, with higher
contents under conifers compared to beech. In the mineral soil layers the differences became
less pronounced but the lowest SMB sugar contents were determined under beech. The
contribution of microbial sugar carbon to MBC increased with increasing depth under all
investigated tree species (Table S-4-7). Highest values were detected in mineral soil layers
(5-10 cm, 10-30 cm) under pine, where the relative proportion of microbial sugars increased up
to 56.1 % (Table S-4-7).

5.4. Discussion
5.4.1. Depth-related differences and relationships between SOM- and SMB-

derived compounds

A statistical analysis revealed no clear correlations between chemical properties and
biomolecular groups of fumigated vs. non-fumigated samples representing the living microbial
decomposers (SMB) vs. the non-living organic matter (SOM), respectively (Fig. 5-5).
Confirming the concept of biological homeostasis (Sterner and Elser, 2002), molecules from
OM, serving as substrate, were not eo@ne assimilated. Instead, larger molecules

(> 600 Da) are broken down and transformed (Nikaido and Vaara, 1985), prior to cellular
uptake. Consistent with Malik et al., (2016), a lower Al und DBEMBSerived molecules
compared to OSM-derived molecules (Table 5-2) corroborated this assumption. Nevertheless,
positive relationships between the molecular proxies Al, NOSC, DBE and DBE/C of SOM and
SMB (Fig. 5-5) indicated that the molecular structures of the substrate and the decomposer were
interlinked beyond the level of biomolecular groups. It is speculated that tree-specific substrates
acting as supplier of energy and nutrient. Substrates influence if and what types of biomolecules

are formed by microorganisms.
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Fig. 55: Correlogram, depicting relationships between Sixis) andSOM-derived(x-axis) parameters. Only
significant relationshipp& 0.05) based on Spearman’s rank order corretatishown. Molar C:N, C:P, C:S, H:C,
O:C ratios refer to the bulk soil and are indicatedbalk “soil CN etc. The intensities of CHO,ION, CHOS and
CHOP compounds (relative shares) refer to extracts fonigdted and nefumigated soil samplesnd are
indicated as Fum_CHOQO, “Nonfum_CHO etc. Biomolecular groups and structural indic&l{ = aromaticity
index,“DBE_C' = doublebond equivalents to carbon ratiDBE’ = doublebond equivalentNOSC = nominal
oxidation state of carbon) refer to compounds that wegmasgsexplicitly aSMB- and SOMderived.
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Data from the ESFT-ICR-MS analysis revealed that the relative intensity of CHO compounds

in extracts from fumigated and non-fumigated soil samples generally decreased with increasing
depth mainly in favor of increasing CHON compounds (Fig. 5-1). This coincides with
observations made for molar C:N ratios of bulk soil that decline with increasing soil depth
(Marin-Spiotta et al., 2014). Such C:N gradients can be attributed to three major causes:
(i) degradation of OM, (ii) contribution of microbial biomass and (iii) shift in microbial
community composition. (i) The investigated depth gradients from the fresh litter bearing OL
horizon to the mineral subsoil horizon from 10-30 cm represent a continuum of progressively
decomposing organic compounds (Lehmann and Kleber, 20h8)degradation of OM is
accompanied by a narrowing C:N ratio because during the microbial metabolism parts of the
organic C will be respired by microorganisms to gain energy so that the remaining SOM will
be enriched in N (Lerch et al., 2011). Accordingly, plant litter that accumulates at the soil
surface has significantly higher C:N ratios compared to microbial decomposers and their
products in the soil (Table 5-1, Manzoni et al., 2010; Paul, 2016). (i) OM turnover goes along
with an increasing contribution of microbial-derived compounds with increasing soil depth as
also revealed by the depth gradients of the van Krevelen plots (Fig. 5-2). This confirms previous
findings that the contribution of microbial biomass and necromass increases whemnsSOM |
progressively transformed (Ludwig et al., 2015; Liang et al., gO¥@nsformation goes along

with a repetitive recycling of N-rich necromasg microbial groups as strategy to acquie

(Cui et al., 2020) that further contributes to narrowing C:N ratios of extractable microbial
compounds. (iii) The increase of CHON compounds in the molecular composition of the
extractable SMB (Fig. 5-1) also reflects shifts in the microbial community down the soil profile
(Aponte et al., 2010). C:N ratio of bacterial biomass (6.5) is mostly smaller than that of fungi
(5-17, Cleveland and Liptzin, 2007). This corresponds to the reported dominance ofbacteri
over fungi with increasing depth in forest soils (Baldrian, 2017) that was also observed in the
here investigated forest stands (Lorenz and Thiele-Bruhn, data not shown).

Along the soil depth gradient the overall intensity of the assigned molecular formulae of SOM
and SMB shifted from the top left to the center of the van Krevelen diagram (Fig. 5-2). This
shift can be explained by a combination of demethylation and oxidation reactions (Kim et al.,
2003). Demethylation is an important process for the fungal degradation of lignin rich
compounds (Filley et al., 2002). Lignin typically occurred in our investigated sites
(Table S-4-4) as well as in forest soils in general (Thevenot et al., 2011). Oxidation is
accompaniedby microbial breakdown and depolymerization of plant-derived macromolecules
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followed by assimilation of C sources in microbial biomass accompanied by dissimilation and
mineralization for microbial maintenance (Brown and Chang, 2014; Lehmann and Kleber,
2015; Shah et al., 2016). Thus, microbial demethylation and oxidation are major processes
raising the change in the overall molecular composition of SOM with increasing depth in the
here investigated forest soils.

Among the different assigned biomolecular groups, protein-like compounds were a major
constituent of SMB under all tree species (Fig. 5-3). Proteins represent the most abundant
compound class (~F&) in bacterial cells (Neidhardt and Umbarger, 1996). Fine et al. (2018)
showed that in forest soil profiles the contribution of proteins increases with increasing depth
and they assigned the proteins to microbial origin. Our results suggest thatdgpth trend

results even more from dead microbial residues (necromass) because the relative contribution
of protein-like compounds that were mainly extracted from microbial cells of living
microorganisms using the CF-extraction (Vance et al., 1987) decreased with increasing depth
in our investigated soil profiles (Fig. 5-3b). This assumption is supported by findings of Miltner
et al. (2009), who demonstrated that proteins are stabilized in the soil in non-extractable
microbial necromass or cell fragments.

Despite the differences in the molecular structure obtained fronFE8IR-MS analysis
remarkable differences in the sugar content of extractable SOM and SMB compounds were
detected. More than 99 % of the extractable sugars were released after fumigation
(Table S-4-7). Thus, nearly all sugars in soil originated from living biomass and
microorganisms as well as microbial residues. Similarly, Gunina and Kuzyakov) (2015
estimated that >80 % of sugars in soil derive from living microorganisms and microbial
residues, while the remaining 20 % originate from plant biomass. This corresponds to our
findings with on average 90 % hexoses vs. 10 % pentoses that are microbial- and plant-derived,
respectively (Oades 1984) in the soil profiles of all tree species stands (Table S-4-7).
Furthermore, the content of hexoses increased relative to the pentose content with increasing
soil depth and degree of SOM transformation (Fig. 5-4d). The content of the microbial sugar
was positively correlated with the molar C:N, C:P and C:S ratios of the bulk soil (Fig. 5-5).
This relationship is mainly driven by the depth-dependent supply and availability of C
compounds. Higher amounts of microbial biomass and therefore higher total amounts of
microbial sugars evolved in the C-rich forest floors with higher C:N, C:S and C:P ratios than in
the underlying less C-rich mineral soil with its lower C:N, C:S and C:P ratios (Table 5-1 and

Fig. S-4-8). However, it was shown that the litter quality and accessibility of C compounds
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controls the stabilization and recycling of sugars in the microbial biomas®sf $woils (Basler

et al., 2015)Interestingly, he highest contributions of microbial sugar carbon to MBC was
determined irthe two mineral soil layer-20 cm and 10-30 cm under pine (Table $}4Fhese
layers were characterized by higher C:N, C:P and&i& compared tcorrespondingnineral

soil layers in particulaunder beechund also in parts under Douglas firhus, it can be
speculated that under nutrient limited conditions (high C:N, C:P and C:S) microletote

recycle the sugars more effeclive

5.4.2.Differences in SMB-derived compounds between tree species along the

depth gradient
A PCArelated to soil microorganismmevealed thasoil depth as well asee speciespecific
patterns in the molecular composition of extractable SMB compauatgedwithin 35 years

afterland restoration and afforestation (Figep-

Fig. 56: PCA plot of the first two components including all investtgl parameters that were assigned to SMB
origin depicting differences between (a) soil depths antbéo¥pecies.

Data points that were assigned to soil layers separated along the ficspgdricomponent
following the soil depth gradient (Fig.&). The separation was very clear for the organic

forest floor, whereas the clusters of the mineral spéralargely overlapped. Thereby, a factor

combination of MBC, MBN and MBP as well as the sugars in the SMB loaded most on the first
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principal component (PC1 = 36.8 %). Similar depth trends of decreasing microbial parameters
including MBC, MBN and MBP contents were reported for a wide range of soil and land-use
types (Aponte et al., 2010; Gelsomino and Azzellino, 2011). The distinct separation of forest
floor and mineral soil samples (Fig. 5-6a) can be related to the supply of organic C gwirces
varied substantially between forest floors and subsoils. Organic C and energy-rich OM are
preferentially introduced in the forest floor and first centimeters of topsoil via litterfall and root-
derived inputs, while with increasing depth and ongoing SOM turnover the total content of
organic C and its labile fractions as well as nutrients and energy decrease (Agnelli et al., 2004
Goberna et al., 2006; Spohn and Chodak, 2015). Consequently, highest microbial biomasses
and correspondingly, highest total amounts of microbial sugars were observed in the forest floor
horizons (Table 5-1 and Fig. 5-4). However, with increasing d#gtcontent of hexoses
dominate more and more over pentoses (Fig. 5-4d) indicating an increasing microbial
transformation of plant-derived compounds (Gunina et al., 2014). It can be speculated that with
soil depth the relative contribution of microbial-derived hexoses increased additionally due to
recycling of these organic compounds by microbial processes (Apostel et al., 2015) because
carbohydrates tend to become stabilized in soil despite of their high bioavailability (Bore et al.,
2019). An increasing contribution of microbial sugar carbon to the MBC with increasing soll
depth (Table S-4-7) supports this assumption.

The second component of the PCA (PC2 = 18)%éparated between tree species with most
pronounced differences between the SMB-derived compounds in beech and Douglas fir stands
(Fig. 5-6b). Two groups of parameters loaded especially on PC2 that are related to the molecular
composition of extractable SMB compounds: elemental composition (CHO, CHON, CHOS,
CHOP) and structural indices (Al, DBE and NOSC). Also the mean molecular formula of SMB-
derived compounds differed between tree species with lower total numbers of C, H, O, N and
S atoms per formula in the beech stand compared to the coniferous species (Table 5-3). In
contrast, the empirical formulae of bacteria (GBo.4No.2), fungi (CH.700.5No.1) and algae
(CH1.700.5No.1) (Popovic, 2019) are very similar, which is due to the similarity of the general
chemical constituents of the three groups. Our experintgkaiermined average formulae of

all SMB compounds from beech (@HO0.31No.02%0.01), Douglas fir (CH.3500.31N0.035%.02) and

pine (CH.4200.31No.0s%0.02) Soils confirmed this similarity of microbial composition although

the experimental formulae slightly differed from the empirical ones. This is maybe first of all
related to the fact that with the CFE method only a part of microbial constituents, mainly of the
cytoplasm, can be extracted (Joergensen, 1996; Malik et al., 2013).
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Although differences in the molecular formulae of extractable SMB compounds between tree
species were small, they resulted in significant differences in the structural indices of the
molecular composition, i.e. Al, DBE and NOSC (Table 5-2). With an AT of the SMB-

derived molecules extracted from all forest stands can be classified as non-aromatic (Koch and
Dittmar, 2006). The microbial compounds extracted from beech soils, irrespective of soil depth,
were characterized by a consistently lower overall Al (€0081) compared to the compounds
extracted from the coniferous species (030, Table S-4-5). Correspondingly, the DBE,
which represents both, unsaturation bonds and ring structures in a molecule (Koch and Dittmar,
2006), indicated that the molecular structure of microbial compounds in soils under beech are
less aromatic. It is well documented that litter of coniferous species is enriched in aromatic,
phenolic and alkyl-C compared to litter originating from deciduous tree species (Preston et al.,
2000). Additionally, higher shares of aromatic compounds in SOM under coniferous species
compared to deciduous trees in general (Quideau et al., 2001) as well as in particulate and
dissolved fractions of SOM were observed (Don and Kalbitz, 2005; Soucémarianadin, 2019;
Thieme et al., 2019). The here reported trends in the molecular composition of SMB-derived
compounds indicate that the microorganisms adapted to the different substrates provided by the
different tree species. This assumption is further supported by the positive correlation of SMB-
related indices with Al and DBE of compounds extracted from SOM under Douglas fir and
pine (Fig. 5-5).

The CHONS stoichiometry of the SMB-derived compounds determines the nominal oxidation
state of C (NOSC). The NOSC can be used to predict the energetic potential of an organic
compound. The more reduced the C, the more positive are the Gibbs energies for oxidation half
reactions (LaRowe and Van Capellen, 2011). Therefore, the lower NOSC of SMB-derived
compounds under beech compared to the coniferous species indicated that more energy per C
atom is stored in the SMB under beech (Table 5-2). This is relevant for recycling and food web
processes, e.g. when specific microbial groups feed on other microorganisms (Mikola and
Setéla, 1999). It must be noted that more reduced substrates can be thermodynamically inhibited
or limited for the microbial oxidation (LaRowe and Van Capellen, 2011). It depends on oxygen
limitations in microsites of the soil and the presence of other principal terminal electron
acceptors (e.g. £ Fe(lll), NOz) that can be utilized by microbes (Keiluweit et al., 2016).
Nevertheless, if specific microorganisms were able to feed on the recent active microbial
biomass they would gain higher energy amounts for maintenance and growth in the soil under
beech.
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5.5. Conclusion

The results of the ultrahigh-resolution mass spectrometry analyses demonstrates that
extractable compounds of chloroform fumigated and non-fumigated soil samples differ in their
composition. This is especially reflected by general properties such as NOSC and energy
content 0 ®cox, emphasizing that microbial turnover of OM accumulates energy in soil. The
molecular features of SMB-derived compounds are controlled by two factors, the dominating
tree species as well as the soil depth. The different quality of the litter substrates provided by
the tree species mainly affects the elemental composition (CHONSP), the aromaticity and the
carbon oxidation state of SMB. This indicates that the soil microbial community and its overall
molecular composition depend to a certain extent on their substrate source. Nevertheless, the
finding that microbial synthesis of biomolecular groups was only slightly affected by tree
species suggests that anabolic processes of microorganisms depend also on other factors. This
alteration of SMB applied even more to the depth profiles of sugars and related ratios, being
indicator compounds of microbial biomass. Our results indicate that the supply of C-rich
compounds determines how much and what types of sugars were produced by microorganisms.
Overall, this study shows that microorganisms do not only turn over OM in soil, rather they
leave their mark by producing SOM that is largely similar to the composition of SMB. Vice
versa, the different food source provided by different tree species results in different chemical

composition of SMB.
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6.1. Brief, non-technical summaries of the studies and major outcomes
6.1.1. Chapter 2

Tree species affect soil organic matter stocks and stoichiometrgteraction

with soil microbiota

The study presented in chapter 2 aimed to evaluate soil and SOM properties at afforested post-
mining sites that were exposed to 35 years of soil formation and plant impact. In more detail,
SOC stocks, SOM stoichiometric patters of C, N, S, H and O as well as microbial biomass C
(MBC) in the forest floor and in three mineral soil layers (0-5 cm, 5-10 cm, 10-30 cm) were
investigated in different tree species stands. The afforested sites comprised monocultural stands
of Douglas fir Pseudotsuga menziésiblack pine Pinus nigrg, European beech-agus
sylvaticg and red oakQuercus rubra as well as a mixed deciduous stand site planted with
hornbeam Carpinus betulus lime (Tilia cordatg and common oakJuercus robuy.

Main findings of the study are:
x Forest floor SOC stocks were significantly higher in coniferous forest stands compared
to deciduous tree species, while with increasing depth the differences became smaller.
X Stoichiometric molar ratios of SOM as indices of litter turnover and SOM composition
differed between tree species also in deeper soil layers with lower C:N ratios under
deciduous tree species.
x Differences in depth gradients of the microbial quotient (MBC to SOC ratio) among

tree species emphasized differences in the microbial C turnover.

The study revealed that the recultivated forest sites at therpoisty site u6 R S KL HW@ke| KH I
suitable to characterize tree species effects on the SOM status and the role of microorganisms
in the transformation of plant-derived OM. As an advantage to many common garden
experiments, an interference from old C sources originating from former land use was
negligible. As result, SOC stocks, the distribution of SOC in the soil profiles as well as various
C:H:N:O:S ratios differed significantly between tree species indicating that turnover processes
of organic substrates provided by the trees were species-related. The tree wepmattered
in depth gradients due to soil microbial turnover and biomass, which was reflected by different
oxidation status of SOM and microbial quotients.
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6.1.2. Chapter 3

The linkage of'*C and**N soil depth gradients with C:N and O:C

stoichiometry reveals tree species effects on organic matter turnover in soil

The study presented in chapter 3 aimed to assess tree species-specific turnover of SOM and its
dependency on leaf litterfall and root inputs (determined as belowground phytomass) provided
by trees. To do so, the natural abundancé*@fand’*N and its relationship to elemental
stoichiometry (C:N, O:C ratio) along soil depth gradients comprising organic forest floor
horizons (OL, OF, OH) and three mineral soil layers (0-5 cm, 5-10 cm, 10-30 cm) was
investigated. The study was conducted in 35-year old monocultural stands of Douglas fir
(Pseudotsuga menzigsiblack pine RPinus nigrg, European beecliréagus sylvaticaand red

oak Quercus rubra

Main findings of the study are:

x Differences in isotopic signatures of SOM in forest floors and mineral soils originated
from tree species-specific litter inputs (litterfall and roots) and its decomposition
products.

x Decomposition rates of OM were higher in deciduous forest stands compared to
conifers.

x The quality of litterfall and root inputs (N content, C:N, O:C ratio) as well as the initial

isotopic signatures of litterfall contributed to the regulation of OM decomposition.

Tree species had a significant effect on SO and /°N that reflecedsignificantly different
signatures of litterfall and root inputs. Throughout the soil profifldC and /N were
significantly related to the C:N and O:C ratio which indicates that isotope enrichment with soil
depth is linked to the turnover of organic matter (OM). Significantly higher turnover of OM in
soils under deciduous tree species depended to 46 % on the chemical composition of litterfall
and root inputs. Hence, SOM composition and turnover also depends on additional

presumably microbié) driven tfactors.
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6.1.3. Chapter 4

Evidence for the response of microbial community composition in soil profiles

to dominant tree species

The study presented in chapter 4 aimed to describe the composition of soil microbial
communities that evolved in the soil profiles during 35 years of soil formation under the
influence of different tree species. PLFA patterns were determined to characterize the soill
microbial community composition basing mainly on the abundance of the microbial taxonomic
groups bacteria, Gram-positive bacteria’)(Gsram-negative bacteria (and fungi. The
research was conducted in monocultural stands of DougldasBufotsuga menzigsiblack

pine Pinus nigrg, European beeclirégus sylvatichand red oak@uercus rubra as well as

a mixed deciduous stand site consisting mainly of hornb&arpinus betulus lime (Tilia

cordatg and common oakJuercus robuy.

Main findings of the study are:
X Tree species affected the microbial community composition in soil profiles through tree
species-specific supply and availability of organic C.
x The ratio of fungi to bacteria as well as the ratio 6t&G' bacteria represented good
indicators to differentiate between tree species.
x The relative abundance of fungasdriven by belowground inputs.

X The relative abundance'®acteria increased with increasing soil depth.

This study provided evidence that the soil microbiome is determined by (i) tree species identity
and (ii) soil depth. The soil microbial community composition in the forest floor as well as the
mineral soil differed significantly between various investigated coniferous and deciduous tree
species. Indications arose that the tree species-specific relative abundance of fungi was more
related to fine roots and their depositions than to aboveground litter inputs. Furthermore, a
general depth-related shift in the soil bacterial community was observed with a significant
increase of Gbacteria in the mineral soil. This was mainly related to availability of organic C
sources that were provided by trees.
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6.1.4. Chapter 5

The molecular composition of extractable soil microbial compoundsiesr

with soil depth and tree species

The study presented in chapter 5 aimed to evaluate the influence of litter quality provided by
different tree species-@gus sylvaticaPseudotsuga menziesiinus nigrg and soil depth+
representing different degrees of organic matter turney@r the molecular composition of

soil microbial biomass-derived (SMB) compounds in comparison with SOM-derived
compounds. Chloroform fumigated (SMB-derived compounds) and non-fumigated (SOM-
derived compounds) soil extracts were used to determine microbial biomass carbon (MBC),
nitrogen (MBC) and phosphorus (MBP). The molecular composition of SMB and SOM
compounds were analyzed by electrospray ionization Fourier transformation ion cyclotron
resonance mass spectrometry (E$HCR-MS) complemented by the determination of nine

monosaccharides representing microbial or plant origin.

Main findings of the study are:
X Microorganisms are adapted to their food resource provided by tree species.
x Van Krevelen diagrams showed the substantial contribution of microbial-derived
compounds to SOM that further increased with soil depth.
X Supply of C-rich compounds determines type and amount of microbial produced sugars.

X Microorganisms produce SOM largely similar to their own molecular composition.

The molecular features of SMB-derived compounds are controlled by two factors, the
dominating tree species as well as the soil depth. The study emphasized that the supply of tree
species-specific substrates resulted in different chemical composition of SMB with largest
differences between deciduous and coniferous stands and vice versa, microorganisms
contributed to SOM resulting in large similarity in the composition of SOM and SMB. The
contribution of microbial sugar C to MBC increased with depth. It was concluded that recycling

of carbohydrates is an adaptation strategy of microorganisms in C-limited environments.
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6.2. Synthesis

Trees play a crucial role in the C cycle of forest ecosystems, but our knowledge about the
formation of SOM and its underlying processes under different tree species remains limited,
inconsistent and blurred because the accurate and representative investigation of tree species
effects on soil properties smajor challenge (chapter 1). The manner in which tree species
influence the formation of SOM and its properties is manifold and convoluted. Results and
observations from the single studies (chapters 2-5) revealed that a complex interplay of
numerous factors and processes is responsible for tree species effects on different individual
parameter combinations regarding the SOM status. For this reason, these individual findings
were additionally combined in the following to better characterize the SOM status that resulted
from the impact of tree species.

The postPLQLQJ VLWH pu6RSKLHQK|KHY ZLWK LWV VLPLODULW
offers outstanding conditions for investigating the influence of tree species on soil properties.
The carbonate-free parent material that was used for the spoil heap recultivation had an OC
content of 2.0 + 0.5 g kg This excluded a relevant impact of fossil C by the introduction of
coal from lignite mining or old C from former land ushapter 2). The properties of the parent
material were fundamentally modified over 35 years of pedogenesis due to the impact of tree
species. In general, the afforestation led to C sequestration in soils of all investigated sites. This
was accompanied by alterations of the SOM status (e.g. C:N:S*CO°N) and the soil
microbiome (e.g. MBC, microbial community composition). The average rate of C
sequestration of 0.8 t Hayear! is in line with observations from other reclaimed post-mining
soils (Akala and Lal, 2001; Bartuska and Frouz, 2015). It highlights that restoration of degraded
and abandoned soils must play a major role in global climate-mitigation strategies (Amelung et
al., 2020).

The total amounts of SOC differed significantly among the afforested tree species (chapter 2).
Forest floor SOC stocks were significantly higher in coniferous forest stands compared to
deciduous tree species, while with increasing soil depth the differences became smaller. This
agrees with general observations made by a multitude of other stdiésp D , BOM) DTGe
here-investigated deciduous tree species, with the exception of beech, tend to accumulate
proportionally more C in the mineral soil than in the forest floor compared to the coniferous
tree species, corroborating the findings of Vesterdal et al. (2013). Because beech did not follow
this pattern, it is concluded that the accumulation and distribution of OC in soils depends more

on individual tree species and their specific traits than on the general differentiation between
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conifers and deciduous tree species. Furthermore, SOC stocks in forest floors and mineral soils
do not respond linearly to the amounts of litterfall inputs, which was also demonstrated by
Lajtha et al. (2014). Accordingly, the rate and degree of decomposition of the supplied OM
determines the SOM formation in forest solls.

First indications for the higher relevance of decomposition stem from the stoichiometric
C:N:S:H:O ratios of SOM: they differed between tree species throughout the soil profiles
(chapter 2). For example, differences in H:C and O:C ratios among tree species clearly
increased with increasing depth. Both ratios capture the chemical oxidation or reduction state
(Fan et al., 2018), so that divergences indicate different decomposition processes of plant-
derived biomolecules. The conclusion is that SOM turnover by oxidative processes depends on
tree species. The natural abundanc&@fand'®N and their relationship to the C:N and O:C

ratio along the soil depth gradients from the OL horizon down to 30 cm of mineral soil
(chapter 3) provided further evidence for tree species-specific turnover rates of SOM. The
assessment of théC fractionation (based onnscvalues) revealed that SOM turnover rates
were higher in deciduous than in coniferous forest stands. Multiple linear regression analyses
emphasized that the chemical composition of litterfall and root inputs (N content, C:N, O:C
ratio) contributed to regulating of OM decomposition, whereas root and litterfall biomasses
played a subordinate role and had no significant contribution. Accordingly, higher N contents
resulting in lower C:N ratios of deciduous leaf litter favor higher C turnover rates, coinciding
with observations from other studies RURGHFNL DQG -DJRG]L VNL . 9HVYV
Nonetheless, 54 % of the variance insc cannot be explained with the here investigated
litterfall and root properties showing that SOM decomposition depends additionally on other
factors (chapter 3). The emerging view is that the SOM formation is largely microbially
regulated by adapted dynamic communities (Cotrufo et al., 2013; Liang et al., 2017; Schimel
and Schaeffer, 2012). This suggests that the factors explaining the remaining variance in SOM
turnover were related to the soil microbiome. Therefore, several soil microbial properties were
investigated to identify tree species effects on the microbial biomass, the microbial community
composition, its molecular structure and its relationship to SOM features.

The MBC and total PLFA contents were significantly higher under all investigated tree species
compared to the parent material (chapters 2 & 4). This demonstrates that the soil microbiome
responds to the input of aboveground and belowground OM by trees following the afforestation,
confirming a report by (Yang et al., 2018). A serious of measurements revealed that the soil
microbiome in the forest floor horizons differed from that in the mineral soil layers irrespective
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of tree species. For example, the total contents of MBC, MBN, MBP, PLFAs as well as
microbial sugars generally decreased with increasing soil depth, which was consistently related
to decreasing C, N, P and S concentrations in the bulk soil (chapters 2). F18is supports
observations from other terrestrial ecosystems (Xu et al., 2013). Moreover, the microbial
community composition followed general depth trends. The relative abundance of fungi in the
forest floor was significantly higher than in the mineral soil layers, but a significantly higher
proportion of bacteria in the mineral soil versus forest floor was reflestéae increased
dominance of Gbacteria over Gbacteria(chapter 4). This agrees with other studies which
demonstrated that the decreasing proportion of fungi and increasing proportidhadtEria

with increasing soil depth were related to the declining availability of organic C s¢biees

et al., 2003; Preusser et al., 2019). Recent plant litter-derived OM, which mainly accumulates
on the forest floor is preferably used by acteria, while Gbacteria are specialized on older,
more processed SOM-derived C in deeper soil layers (Kramer and Gleixner, 2008). The
ESIFT-ICR-MS analysis of the molecular composition of soil extracts assigned to microbial
or SOM origin provided further evidence that the C turnover in the soil profiles under all tree
species is largely microbigl mediated (chapter 5). For instance, van Krevelen diagrams
showed a substantial contribution of microbial-derived compounds to SOM that further
increased with soil depth. This confirms previous findings that the contribution of microbial
biomass and necromass increases when SOM is progressively transformed (Liang et al., 2019;
Ludwig et al., 2015). This is underpinned by the relative increase in the content of hexoses
(microbially derived) over pentoses (plant-derived) with increasing soil dejpépter 5). This

points to an increasing microbial transformation of plant-derived compounds (Gunina and
Kuzyakov, 2015).

Despite the general depth-related characteristics of the soil microbiome, various microbial-
related features were differently pronounced in the forest stands due to the impact of tree
species. Significant differences in MBC and total PLFA contents between tree species indicated
that soil microorganisms were differently adapted to the organic substrates provided by tree
specieqchapters 2, 4 & 5), coinciding with findings from other studies (Chodak et al., 2015b;
Zederer et al.,, 2017). Correspondingly, the PLFA analyses revealed that the microbial
community composition in both the forest floor and mineral soil differed significantly between
conifers and deciduous tree species (chapter 4). In accordance with a recent report in a common
garden experiment (Stefanowicz et al., 2021), both coniferous species, Douglas fir and pine,
were characterized lylower abundance of Gbacteria, higher abundance of Bacteria and
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therefore higher 8G' ratios compared to the deciduous forest stands. This can beydirect
related to the chemical properties of SOM. Higher amounts of aromatic compounds in SOM
under conifers versus deciduous tree species (Quideau et al., 2001) presumably promoted the
abundance of Gbacteria because Fanin et al. (2019) showed that these bacteria were positively
associated with SOM featuring more complex C compounds. This is corroborated by
ESIFT-ICR-MS analyses of soil solutions extracted from the beech, Douglas fir and pine forest
stands: the aromaticity of the extractable SOM compounds increased in the order
beech << pine < Douglas fir (chapter 5). Beside the bacterial community composition, the
relative abundance of fungi varied with tree species. Surprisingly, the F/B ratio decreased in
the order mixed deciduous > oak > beech > pine in all investigated soil (ahaper 4).

A wide range of studies reported that fungi dominate over bacteria in soils with lower fertility,
nitrogen availability and pH-values (Fierer et al., 2009; Hogberg et al., 2007; Leckie, 2005). In
our study, however, lower pH and lower N availability (higher C:N ratio) in forest floor under
pine (chapter 2) were combined with the strongest dominance of bdclexpder 4). There are
notable indications that the tree species-specific relative abundance of fungi, particularly in the
mineral soil, is driven more by the quantity and quality of belowground C inputs than by
aboveground litterfall. This is because significantly higher fine root biomasses were detected
under deciduous tree species (chapter 3), probably reflecting the larger share and impact of
rhizosphere soil, which represents a habitat for EM fungi (Brant et al., 2006). Furthermore, the
roots of the deciduous tree species were characterized by significantly lower N contents and
higher C:N ratios compared to the coniferous tree species (chapter 3); this represents a C source
that is more favored by fungi than by bacteria (Baldrian, 2017b). This new insight can
contribute to a better understanding how roots and their depositions control the soil microbial
community and associated biogeochemical cycles.

Soil microbial communities of differing composition are functionally dissimilar and can explain
differences in the turnover of C (Don et al., 2017; Strickland et al., 2009). Importantly, several
conceptual and methodological challenges disallow directly linking the microbial community
composition determined from PLFASs to microbial processes and ecological functions (Bier et
al., 2015; Frostegard et al., 2011). Nevertheless, insights into the milgrobdulated C
turnover were gained through combined analyses of stable isotépe¥)) and C:N:S:H:0
stoichiometry of the bulk soil and litter inpythapters 2 & 3) as well as by the characterization

of stoichiometric patterns and the molecular composition of extractable SOM- and SMB-
derived compounds (chapter 5). For example, differences in depth gradients of the microbial
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quotient (MBC to SOC ratio) among tree species emphasized differences in the microbial C
turnover (chapter 2). EFIT-ICR-MS analysis demonstrated that the different quality of the
litter substrates provided by the tree species mainly affects the molecular structure of SMB in
terms of the elemental composition (CHONSP), aromaticity (i.e. Al) and the carbon oxidation
state (i.e. NOSC, chapter 5). The derived mean molecular formula of SMB compounds differed
between tree species, with lower total numbers of C, H, O, N and S atoms per formula in the
beech stand compared to the coniferous species. Although differences in the molecular
formulae of extractable SMB compounds between tree species were small, they resulted in
significant differences in the structural indices of the molecular composition, i.e. Al, DBE and
NOSC the microbial compounds extracted from beech soils were less aromatic than from
coniferous tree specigshapter 5). It is well documented that conifer litter is enriched in
aromatic and phenolic C compounds compared to deciduous tre¢Ritiston et al., 2000).
Additionally, higher shares of aromatic compounds in conifer versus deciduous tree SOM
(Quideau et al., 2001) as well as in particulate and dissolved fractions of SOM have been
observed (Don and Kalbitz, 2005; Soucémarianadin et al., 2019; Thieme et al., 2019). Beside
the Al, the CHONS stoichiometry of the SMB-derived compounds determines the NOSC that
can be used to predict the energetic potential of an organic comfahapder 5). The more
reduced the C, the more positive the Gibbs energies for oxidation half reactions (LaRowe and
van Cappellen, 2011). Therefore, the lower NOSC of SMB-derived compounds under beech
compared to the coniferous species indicated that more energy per C atom is stored in the SMB
under beech. This is relevant for recycling and food web processes, e.g. when specific microbial
groups feed on other microorganisms (Mikola and Setald, 1998). Overall, the here-reported
trends in the molecular composition of SMB-derived compounds indicate that the
microorganisms are adapted to the different substrates provided by the different tree species
(chapter 5). Nevertheless, the finding that microbial synthesis of biomolecular groups (lipid-
like, protein-like etc.) was only slightly affected by tree species suggests that anabolic processes
of microorganisms also depend on other factors.

Importantly, it was shown that the microllyamediated C turnover was related to the supply
and availability of energy and nutrients. The negative relationship between the microbial
qguotient and SOM stoichiometry (C:N and C:S ratio) became stronger with increasing soil
depth(chapter 2). This suggested that N and especially S limitation determined the microbial
biomass formation and its efficiency to use the tree species-specific substrates (Khan et al.,
2016; Khan and Joergensen, 2019; Manzoni et al., 2017), particularly in deeper mineral soll
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layers (chapter 2). A strategy by microbes to overcome nutrient and energy deficiency is to
recycle microbial residues (Chen et al., 2019). The sugar analysis of SMB-derived compounds
revealed an increasing contribution of microbial sugar carbon to the MBC with increasing soil
depth (chapter 5). This corroborates findings from other studies, where carbohydrates were
identified to be major source for such recycling strategies of microorganisms (Apostel et al.,
2015; Dippold and Kuzyakov, 2016). Litter quality and the accessibility of C compounds
controls the stabilization and recycling of sugars in the microbial biomass of forest soils (Basler
et al., 2015). Interestingly, the highest contributions of microbial sugar carbon to MBC were
measured in the mineral soil under pine (chapter 5). These layers were characterized by higher
C:N, C:P and C:S ratios compared to corresponding mineral soil layers in particular under beech
and also to a certain extent under Dougla&fiapters 2 & 5). One potential conclusion is that
under nutrient limited conditions (high C:N, C:P and C:S), microbes tend to recycle the sugars
more effectively. Additional recycling mechanisms under pine were derived by combi@ing
and™N with C:N and O:C ratios of the bulk SOM (chapter 3). Typically, the enrichmé?e of
and™™N with increasing soil depth are systematically linked to each other due to maturation and
ongoing turnover of SOM (Nel et al., 2018). Under pine, however, lowest SOM turnover rates
(lowest3C enrichment) and highest rates'®f enrichment were determined (chapter 3). To
overcome the N-limited conditions in the mineral soils under pine, the soil microbial
community were able to adapt their N-utilization strategy to an efficient re-use of organic N
derived from their own bio- and necroe&€ui et al., 2020). The multiple recycling of these

N sources will lead to an ongoing enrichment®dFf without higher rates of decomposition and

could ultimately yield a discrepancy betwe€@ and'>N enrichment.

The four presented studies in this cumulative PhD thesis clearly demonstrated that the formation
of SOM along with its underlying processes cannot be simply generalized to be under the
influence of tree species, for example on the level of tree groups (conifers vs. deciduous tree
species). Trends of mechanisms that govern the formation of SOM and its properties can be
differenly pronounced, interact, counteract or can even be reversed under certain tree specie
(Augusto et al., 2015). The complex interplay between tree species-specific litter inputs and
microbialy mediated C turnover in the soil environment yielded different SOM properties that
depenéd more on the individual tree species and their specific traits. Thus, SOM formation
and its underlying processes should be discussed separately for each of the here investigated

tree species. To this end, the previously presented and in part more general findings were
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integrated into the emerging conceptual frameworks of SOM formation and stabilization
(Cotrufo et al., 2013; Liang et al., 2017). Briefly, it is assumed that SOM is fdognpthnt

litter decomposition along two pathways: (i) a microbial pathway, where mostly non-structural
compounds are incorporated into microbial biomass, which ultimately remains in the soil as
microbial necromass and, (i§ physical pathway, where brittle, lighter plant residues are
transferred into the soil with only minimal microbial processing (Cotrufo et al., 2015). Through
the microbial pathway, OM becomes more stabilized by association with soil minerals as
MOM, whereas via the physical transfer pathway, mainly less persistent POM was formed
(Lavallee et al., 2020). Based on these concepts and our findings, the essential principles of the
tree species effect on SOM formation were unified for the individual tree spedaws

(Fig. 6-1).

The highest total SOC stocks (forest floor + 0-30 cm of mineral soil) were storedmdgas

fir, with the highest C accumulation in the forest floor compared to the other tree species
(chapter 2). The amount of SOC in the mineral soil layers was similar to that of the deciduous
tree species. Because the SOM decomposition rates were low (chapter 3), the assumption is that
the most SOC is stored as POM deriving from plant residues. The lowest microbial quotients
in the mineral soil combined with high C:N and C:S ratios of bulk soil indicated that microbial
turnover is hampered by N and particularly S limitation (chapter 2). Hence, the non-POM
fraction of SOC that is bound to the soil minerals probably mainly derived from DOC that was
leached from the forest floor. Low-quality coniferous needle litter (low N content, high C:N
and C:S ratios; chapter 3) tends to produce more DOC than does deciduous leaf litter (Don and
Kalbitz, 2005). The DOM under Douglas fir was characterized by the highest aromaticity
(chapter 5). Other studies demonstrated that these more refractory aromatic compounds resist
microbial degradation and can be stabilized through sorption at mineral surfaces (Kaiser and
Guggenberger, 2000; Kalbitz et al., 2005). Correspondingly, the relative abundanée of G
bacteria was comparably high in the mineral soils of Douglas fir (chapter 4) because this
bacterial groups better able to use at least parts of these more complex compounds (Fanin et
al., 2019). Apparently, the sorption processes take place largely at juvenile mineral soil surfaces
(Kaiser and Guggenberger, 2003) which, in turn, are expected to occur at the recultivated

Sophienhghe with its very young soil development.
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Fig. 6-1: Synthesis of tree species effects on SOM status eddiltivated Sophienhotgar thickness: differences between the individual peeiess stands.
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Soils undebblack pine were characterized by high SOC stocks in the forest floor, comparable
to Douglas fir, andy intermediate SOC stocks in the mineral soil (chapter 2). The lowest
decomposition rates (chapter 3) indicated that the pathways of SOM formation were similar to
those of Douglas fir. Thus, most SOMNas probably stored as POM and/or from DOC that was
stabilized on mineral surfaces. The soil microbial community, however, seems to be adapted to
the energy- and nutrient-limited conditions in the mineral soil under pine. To cope with energy
limitation, the microbes here tend to recycle carbohydrates more efficiently than in the other
tree species stands (chapter 5). Additionally, the Hiyhenrichment, which was decoupled

from 13C with increasing soil depth (chapter 3), implied that microorganisms created a strategy
to overcome the nutrient limitation by efficigntecycling organic N from their own necromass

(Cui et al., 2020). The recycling of carbohydrates and N-containing materialgdéipher
stabilize SOM (Gleixner et al., 2002).

The lowest total SOC stocks and significantly lowest stocks in the mineral soil were detected
in soils undeiEuropean beech(chapter 2)Nevertheless, the highest turnover rates combined
with comparatively low C:N ratios of bulk SOM indicated that most of the SOC in the mineral
soil was formed via the microbial pathway (chapters 2 & 3). Higher N contents and lower C:N
ratios of the leaf litter inputs promote the microbial C turnover in the soil (chapter 3). Therefore,
most of the SOM is presumably stabilized by associations with soil minerals as MOM. The
molecular composition of the SMB- and SOM-derived compounds emphasized that the
microorganisms are (i) adapted to the OM provided by the host tree, and (ii) create SOM that
is highly similar to their molecular structure. The lowest NOSC of SMB-derived compounds
indicates that the microbes under beech are able to store more energy per C atom in the soil
than the microbes under Douglas fir and pine (chapter 5). Once other organisms become able
to feed on this C sooe they can gain higher energy amounts for maintenance and growth
values that would finally be relevant for soil food web processes (Scheu, 2002).

The total SOC stocks undexd oak were at an intermediate level. The SOC stocks in mineral
soil layers were significantly higher compared to beech (chapter 2). The intermediate turnover
rates (chapter 3) indicate that the SOM in the mineral soil is formed by both the microbial and
the physical pathways. In accordance to other studies, the decomposition rates were slightly
lower than under beech because of lower N contents and higher C:N ratios in the leaf litterfall
(Hobbie et al., 2006; Stanek et al., 2020). Thus, microorganisms use these substrates less
efficienty (Manzoni et al., 2017), and proportionally more POM is stored via the physical
pathway in the mineral soil under oak versus beech.
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Intermediate total SOC stocks characterizedntineed deciduous tree species standHere,

the lowest forest floor SOC stocks as well as the highest mineral SOC stocks were recorded
compared to the other tree species (chapter 2). About 90 % of the total SOC stock was stored
in the first 30 cm of mineral soil; additionally taking deeper subsoil layers into account
increased the proportion of mineral SOC. We interpret this to mean that most of the mineral
SOC is formed via the microbial pathway based on the highest MBC content and microbial
quotient as well as the lowest C:N ratio of bulk SOM (chapter 2). More diverse plant
communities and their litter can lead to more efficient substrate use by microorganisms (Wardle
et al., 2004). This boosts MBC and microbial quotients (Anderson, 2009; Anderson and
Domsch, 2010). Furthermore, Frouz et al. (2009) demonstrated that Titiae qordata)
growing in the mixed deciduous stand, is highly favored by earthworms; this would increase

the supply and accessibility of nutrient substrates for the soil microbial community.
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6.3. Conclusion and outlook

Conclusion £This thesis examined the effect of tree species on the formation of SOM and its
underlying processes. The focus was on potential tree species-specific differences in the
amount, distribution and quality of SOM. The complex interplay and linkage of plant traits and
the microbiome in the soil environment was investigated in monocultural stands of different
coniferous and deciduous tree species that were grown for 35 years under similar boundary
conditions.

Chapter 2 of this thesis demonstrates that the SOM statusterms of SOM stocks,
stoichiometric patterns of C, H, N, O and S, and MBC coniattthe afforested sites differs

in layers from the litter down to the mineral subsoil due to in situ processes under the influence
of tree specie@H1). That impact of treechanges along soil depth gradients dustimcreasing

impact of soil microbial turnover and biomass, which was reflected by the different oxidation
status of SOM and microbial quotients. Relationships between the microbial quotient and SOM
stoichiometry suggest that N and especially S limitation determine the microbial turnover of
SOM in deeper mineral soil layers. Chapter 3 of this thesis provides further evidence for tree
species-specific turnover rates of S@MR) by combining stable isotope analysi&Q, °N)

with SOM stoichiometry ratios (C:N, O:C ratio). The significantly higher OM turnover in soils
under deciduous tree species versus conifers depended only to 46 % on the quality of litterfall
and root tissue inputs (N content, C:N, O:C ratio). Hence, additigprasumably microbially

driven xfactors also determine SOM composition and turnover. The rasutteapter 4
emphasize that the microbial community composition in the forest floor as wethasmineral

soil differed significantly between conifers and deciduous tree species, mainly with respect to
the relative abundance of fungi and Bacteria(H3). The higher abundance of fungi under
deciduous trees was most related to fine root abundance and their depositions than to
aboveground litter inputs. The higher abundance’df&&teria under conifers may reflect their
ability to metabolize more complex C compounds. Correspondingly, the proportion of aromatic
compounds was higher in soil solutions extracted from SOM under conifers. The further results
in chapter 5 demonstrate that the molecular structure of SMB-derived compounds differed
between tree species, with the largest differences between deciduous and coniferous species.
This is because microorganisms are adapted to the supply of tree species-specific substrates. At
the same time, microorganisms contribute substantially to SOM, resulting in strong similarities
in the composition of SOM and SMB. The results demonstrate that the contribution of

microbialy derived compounds to SOM increased with soil depth. Accordingly, a
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complementary analysis of monosaccharides revealed that >99 % of the easily extractable
monosaccharides are of microbial origin. Carbohydrate recycling is therefore an adaptation
strategy of microorganisms in C-limited environments but the recycling efficiency of the
associated microbial community depends on the supply of tree species-specific OM.
Furthermore, the stable isotope approach revealed that microorganisms were also able to
overcome nutrient deficiency by recycling the organic N derived from their own bio- and
necromass.

Overall, this suggests that the (trans-)formation pathways of SOM depend on the microbially
mediated turnover of litter inputs by tree species. The conclusion is that the complex interplay

of tree species-specific litter inputs and the ability, activity and efficiency of the associated soll
fauna and microbial community to metabolize the organic substrates leads to significant
differences in the amount, distribution, quality and, consequently, the stability of SOM. The
highly complex interplay between plant-specific traits and the microbial-mediated C turnover

in the soil varies additionally under varying edaphic conditions. Accordingly, the mechanisms
governing the formation of SOM and its properties can be diffgrgmbnounced, interact,
counteract or can even be reversed under certain tree speciesQTFFhisE NQRZOHGJH LV
LPSRUWDQW VWHS WRZDUG D PRUH WDUJHWHG XVH RI WUH
LQ DIIRUHVWDWLRQ WR RSWLPL]J]H VRLO & VHTXHVWUDWLRQ

Outlook. Further research is needed to exploit the full site-specific potential of soil C
sequestration of different tree species. This effort should encompass boite-$meafic

climatic and edaphic conditions that modulate tree species effects on the formation of SOM and

its characteristics. One approach would be to build a network of common garden experiments

on greater spatial scales. One focus shoul®Rig WKH LQIOXHQFH RI EHORZJURX
VRLO PLFURELDO FRPPXQLW\ DQG LWV PHWDEROLF DFW
URRWIP\FRUUKL]DO DVVRFLDWLRQV DQG WKHLUDE®W WWHLFW
XQGHUVWDQGLQJ DERXW WUHH VSHFLHV HIIHFWV RQ 620 IR
& VWRUDJH DQG LWV G\QDPLFV LQ IRUHVW VRLOV ZRXO(
PHFKDQLVWLF XQGHUVWDQGLQJ DERXW WKH FRQWUROOLQ.
SURFHVVHV 3UHFLVHO\ DVVHVVLQ\GNWKH AR ERESRX\WGR/QW R
U H T XelvdladinG and systematically applying new methods to determine microbial necromass

more accurately than is currently being done.
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Appendix

S-1 Supplementary material— Chapter 2

S-1-1

Study site and sampling design

The study was carried out on the oldest, 35 year-old afforested sitesllocatke western
exposed slopes of the heap with an inclination of 22.2° + 2.2°. The five sites included
monocultural stands of Douglas fPfeudotsuga menzigsipine Pinus nigrg, beech Fagus
sylvaticg and red oakQuercus rubra as well as a mixed deciduous stand site consisting
mainly of hornbeam Qarpinus betulus lime (Tilia cordatg) and common oakQuercus
robur). Each stand is subdivided in six to ten plots with a size of 1780 + 669 skid trails
established in slope line. The various sites investigated in this study lveeeta@ each other
(maximum distance: 1.7 km) and boundary conditions including soil substrate and texture,
climate, exposition,tand age and management were simibail was collected at five plots

per tree species from four layers (forest floeb, €m, 5-10 cm and 10-30 cnHampling points
within one plot were located at least 25 m away from forest raadi® the upper parts of the
middle slopegqyellow circles) To ensure representativeness, samples were taken from four
excavated 58 50 x50 cm pitgbrown rectanglesgt the different depths and were subsequently

pooled. Three pits were located around a central pit withnfieter distance.

5m
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S-1-2
SOC stocks [t h4in total as well as in forest floor and mineral soil layersamspecies levehd group level.
Tree species Total Forest floor 05cm 510 cm 1030 cm
[t ha'] [t ha'] [t ha'] [t ha'] [t ha']
D 35.17 +7.80b 1250+ 4.78b 9.62+346b 434+0.69b 8.70+1.90b
P 26.85+585ab 1053+149b 5.68+2.28ab 253+056ab 8.11+2.63ab
B 18.81 + 2.48a 9.08+0.84b 317+112a 206+0.60a 4.50+0.96a
O 3237+£1484ab 922+273b 1028+7.13b 416+238b 8.70+2.99ab
MD 27.11+877ab 299+123a 10.85+215b 341+1.39%b 9.86%6.75b
pvalues 0.0282 0.0002 0.0005 0.0090 0.0342
Con 31.01+7.84 1152+ 3.49b 7.65+3.46 344112 840219
Dec 26.10 + 10.96 7.10+344a 810541 321175 7.69+4.64
p values 0.1160 0.0047 0.7870 0.4660 0.2810

Values are means * SD. Differences between tree species within a soil depth areomdiieckent letters (Tukey HSD tes
< 0.05).p values refer to onevay ANOVA. Tree spcies level: D = Douglas fir, P = pine, B = beech, O = oak, MD = mixed
deciduous stand; group level: Con = corufes tree species, Dec = decidutreg species.

S-1-3
Linear regression functions for the relationship betweer{#and O:C ratiog= x).

Tree species Linear regression function R? pvalues F values
D y = 2.8764x 0.4316 0.95 <0.0001 306.88
P y =4.3361x 1.2048 0.82 <0.0001 76.66

B y =2.2428x + 0.6641 0.80 <0.0001 67.24

o y =2.8486x + 0.0248 0.89 <0.0001 125.44
MD y = 4.4646x 0.6194 0.92 <0.0001 22057
Con y =3.5437% 0.7444 0.77 <0.0001 124.09
Dec y =2.9901x + 0.2715 0.73 <0.0001 150.06
All y = 3.0801x 0.0341 0.74 <0.0001 263.85

Tree species level: D = Douglas fir, P = pine, B = beech, O = oaks khixed deciduous stand; group level: Con = coaifsr
tree species, Dec = decidudteespecies; and All: the whole data set for the-apacific relationship.

S-1-4

Method to measure amount of litterfall

The total amount of litterfall per year was determined using litter collectors madayilati
mesh (0.5 mm mesh size) that was fixed on a wooden frame (1 x 1 m). 5 collectochfor ea
forest stand (except the mixed deciduous forest stand) were establishedbdventhe soil
surface and located in tpéot near the central soil sampling point. From July 2016 to June 2018
the collectors were emptied monthly and the litterfall material was dried at 4QifComstant
weight. Total dry mass of the samples was determined and summed for each year
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S-2 Supplementary material— Chapter 3

S-2-1

Soil chemical properties of the parent material that was usiae fafforestation at all forest sites.

Parent material

F3C [%d] -29.69 +0.13

SN [%0] -0.89 + 0.09

Clmgdi 20+05

N [mg g'] 03+0.0

O[mgdY 10.940.8

CN 75+£12

o.C 420+1.30
S-2-2

Overview about the number of samples that were taken in thisBuaditterfall samples represent average samples
from 12 samples per plot that were taken monthly@yeriod of one year.

Tree species Horizons PFlots Points Total number of samples
Forest floor 4 3 5 1 pooled sample from 4 points 60
Mineral soil 4 3 5 1 pooled sample from 4 points 60
Roots 4 4 5 5 400
Litterfall 4 - 5 1 20
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S-2-3

Chemical characterization of litterfall and roqiuts of different tree species. Root propertiegiges on horizon level as well as on averageatéiia the forest floor and mineral

VRLO LUUHYV SHFWRo6H géerdl R 9O GCORWNL |RQN PPHDQV * 6

highlighted in bold font style.

' \VISeH BréliQerket\by BV E letier Siynifighkblues (< 0.05) are

Roots in
Litterfall Roots (general) Forest floor 0-5cm 5-10 cm 10-30 cm
C Douglas fir 503.9+6.7b  486.9 £ 28.7b 509.6 + 13.5b 5.44 39.5 476.3+25.0 496.3+ 6.8
[mg g] Pine 497.6+7.2b  461.9 £+ 36.5ab 486.7 + 23.4b 45265 448.1+44.6 459.0 + 44.7
Beech 475.4+ 0.43a 485.3+24.3b 508.7 + 15.8b 4866k  466.9+ 28.1 479.3+ 17.6
Oak 481.1 + 0.44a 460.5 + 26.0a 431.5+31.0a 4619DA 1 465.3+6.8 484.1+7.4
p values <0.0001 0.0042 0.0001 0.2970 0.7046 0.0727
N Douglas fir 10.1+1.8a 13.0+ 4.0b 15.7 £ 5.1ab 12330bc 124+ 4.4c 10.9+2.2b
[mg §] Pine 8.9+ 0.7a 13.5+4.1b 19.0+ 3.4b 13.3+1.4c 520.2bc 11.0+2.7b
Beech 13.7 £ 0.5b 8.1+3.2a 122+ 1.1a 8.4+26ab +8.0ab 5.7+ 1.6a
Oak 13.0+ 2.4b 7.6 £ 3.5a 11.1+4.0a 8.9+ 2.0a XGRS 4.7+ 0.9a
p values 0.0004 <0.0001 0.0154 0.0056 0.0019 0.0001
O Douglas fir 334.1+3.1a 3755+ 24.4ab 388.3 + 15.9b55.9+ 19.0ab 367.4+28.7ab 390.2 + 19.1¢
[mg §] Pine 344.2+5.1b 355.1+24.1a 370.7 £ 11.5ab 3492#ab 343.4+29.3a  357.1+29.3a
Beech 341.2+1.9b  353.4+44.8a 355.1+71.2ab 33300a 348.6+33.6ab 377.8+33.3a
Oak 356.8+2.7c  385.0+38.4b 350.0 £ 50.5a  376.58b24 401.13 + 26.3b 412.1 + 16.4b
p values <0.0001 0.0091 0.0268 0.0486 0.0280 0.0252
C:N ratio Douglas fir 59.55 + 10.01b 48.27 + 16.63a 42.39.34ab 44.42 + 11.12a 50.72 + 22.57a 55.03 + 12.]
Pine 65.60 + 4.40b  42.87 + 10.80a 30.82+6.66a 40PZ5a 50.40+8.05a  50.25 + 9.98a
Beech 40.65 + 1.58a 82.29 + 34.74b 48.66 + 3.36b  753342b 100.23 + 36.77b 104.93 + 29.4
Oak 44.74 + 10.17a 89.53 + 50.61b 52.38 £ 26.72b @MB76b 118.59 + 74.64b 124.67 + 22.4
p values 0.0002 <0.0001 0.0493 0.0100 0.0089 <0.0001
O:C ratio Douglas fir 0.50+0.0la 0.58+0.03a 0.57 B&h0 0.58+0.03ab 0.58+0.04ab  0.59 + 0.02
Pine 0.52+0.0lb  0.58 + 0.02a 0.57+0.02ab  0.58@26.0 0.58 + 0.03ab  0.58 + 0.02
Beech 0.54+0.0lc 0.55+0.07a 0.52 + 0.09a 0.51 10.080.56 + 0.05a 0.59 + 0.07
Oak 0.56 £0.01d 0.63 + 0.04b 0.61 + 0.05b 0.61 + 0.05B8.65 + 0.04b 0.64 + 0.03
p values <0.0001 <0.0001 0.0175 0.0116 0.0174 0.0961
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S-2-4

Chemical Properties of forest floor horizons (OL, OF, OH) andratisal layers (&, 510, 1630 cm) Values are
means = SD. Differencdstween tree species are marked by different letters. Signfivaites (< 0.05) are
highlighted in bold font style.

oL OF OH 0-5cm 5-10cm 10-30cm

3c Douglas fir -27.37+056b  -2821+0.30c -27.93+0.29b -26.91+0.17d -26.GPk 0 -26.19 + 0.20c

[%0] Pine -27.63+0.30b  -28.44+0.26bc -28.56+ 0.44a -27.21+0.10c  -20G8P& -26.80 + 0.20b
Beech -29.05+0.36a  -29.06 £ 0.50ab -29.04+0.39a -27.54+0.13b -26.29ab -26.60+ 0.19bc
Oak -2853+0.56a -29.37+0.30a -2895+0.19a -28.13+0.2la -27.B2at0 -27.39+0.41a
p values 0.0015 0.0002 0.0004 <0.0001 0.0007 <0.0001

/*5N Douglas fir -3.72+0.37b -2.81+0.47b -2.25+0.72b -213+0.34 -0.97 £ 0.86 0.34+£0.7¢

[%o] Pine -6.93+ 0.72a -5.27 + 0.65a -4.04 + 0.87a -2.37+0.72 -1.46 + 0.58 -0.42h 0.¢
Beech -6.48 + 0.69a -5.12 + 0.54a -3.27+0.29ab  -1.63+0.59 -1.15+0.42 0.54+ 0.6
Oak -6.12 £ 0.59a -4.86 + 0.63a -3.70 £ 0.51a -2.85+1.11 -1.75+0.46 -1.36G+ 0.
p values <0.0001 <0.0001 0.0025 0.1150 0.5930 0.0019

C Douglas fir 418.3+53.5a 229.2 + 83,5 102.5 + 69.2 225+8.1b 89+ 1.4b 48+ 1.0b

Img g'1 Pine 500.1 + 24.6b 289.6 £ 73.8 113.6 £ 36.0 11.0+ 4.4ab 51+11a 39+12a
Beech 4452+ 34.1ab 217.2+72.9 57.3+3.0 6.6 +2.3a 42+12a 2.3+ 0.5a
Oak 457.1+30.3ab 166.5+88.4 92.1+453 225+ 15.6b 9.3+5.3b 51+1.8b
p values 0.0232 0.1550 0.2750 0.0280 0.0049 0.0096

N Douglas fir 155+ 1.6b 94+29 48+28 1.0+ 0.3c 0.6+0.1c 0.3+ 0.1ab

Img g’ Pine 138+ 2.2b 10.7+ 3.3 52+17 0.6 £ 0.2ab 0.3+ 0.1ab 0.3+ 0.1at
Beech 15.3+2.5b 9.6+3.0 32+02 04+0.1a 0.3+ 0.1ab 0.2+ 0.0a
Oak 10.1+ 0.5a 6.3+3.7 43+20 1.1+ 0.8bc 0.5+ 0.2bc 04+0.1b
p values 0.0011 0.2000 0.4620 0.0123 0.0094 0.0312

(0] Douglas fir 219.9 + 24.8a 171.5+58.0 86.7 + 59.3 26.7 + 6.4ab 151+ 1.7c 129+1.0

Img g'1 Pine 263.7 + 11.9b 2229+ 51.6 91.6+21.9 189+ 4.2ab 10.3+ 1.9ab 10.3+31
Beech 2483+ 19.6ab 171.7+53.5 56.5+7.4 10.9+2.2a 85+ 27a 9.3+22
Oak 269.0 + 12.5b 132.3+64.7 79.5+32.1 31.6+ 16.7b 13.9+ 4.8bc 105+ 1.7
p values 0.0024 0.1380 0.4420 0.0142 0.0131 0.0886

CN Douglas fir 3142+ 2.21a 2820+ 2.67ab  24.00+ 3.11ab 25.51 + 2.54c 18.75+ 1.61a 1743+ (

ratio Pine 42.99 + 6.12b 32.04 + 2.63b 25.58 + 1.10b 22.26 + 0.35b 18.89 + 1.66a 1685+ 1
Beech 34.82+7.41ab  26.29+ 2.97a 20.73+ 1.07a 19.62 + 0.49a 17.79 + 1.35a 1572+
Oak 52.84 + 4.25¢ 31.49+ 1.63b 25.15 + 1.00b 2411+ 0.75bc 2190+ 1.61b 16.63+ 3
p values <0.0001 0.0357 0.0026 0.0010 0.0047 0.5240

ocC Douglas fir 0.40 + 0.01a 0.57 + 0.05 0.65+0.13 0.92+0.14 1.28 £ 0.13 2.07+0.37

ratio Pine 0.40 + 0.01a 0.58 + 0.03 0.63 + 0.09 1.36+0.24 1.53+0.22 2.07 £ 0.6¢
Beech 0.42 = 0.01b 0.60 £+ 0.07 0.74 £ 0.09 1.33+£0.45 1.55+0.30 3.07 £ 0.5¢
Oak 0.44+ 0.01c 0.61 £+ 0.07 0.69+0.13 159+ 0.29 1.22+0.25 1.60+ 0.2¢
p values <0.0001 0.6130 0.4240 0.5210 0.0861 0.0097
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S-2-5

Results of the linear regression analyses between ¢satapstoichiometric ratios.

Function R? p values
C vs CN Douglas fir y =-4.044x-85.799 0.34 0.0008
Pine y =-6.072x- 141.205 0.23 0.0076
Beech y =-4.434x-101.870 0.46 <0.0001
Oak y =-6.355x%- 151.049 0.19 0.0161
AC vs O/C  Douglas fir y =0.586x + 16.912 0.58 <0.0001
Pine y=0.535x + 19.517 0.53 <0.0001
Beech y=0.715x + 21.324 0.67 <0.0001
Oak y=0.382x + 11.700 0.49 <0.0001
MNvsC/N  Douglas fir y =-3.352x + 17.773 0.79 <0.0001
Pine y =-3.393x + 14.856 0.77 <0.0001
Beech y =-2.557x + 15.208 0.78 <0.0001
Oak y =-5.646x + 9.261 0.72 <0.0001
MNvsO/C  Douglas fir y=0.380x + 1.713 0.84 <0.0001
Pine y=0.242x + 1.920 0.76 <0.0001
Beech y=0.332x +2.231 0.75 <0.0001
Oak y=0.215x + 1.626 0.73 <0.0001
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S-3 Supplementay material — Chapter 4

S-3-1

Phospholipid fatty acids (PLFAs) extracted from the organistfoer and three mineral sail layers5@m, 510 cm, 1680 cm) in five different tree species stands as well as
from the parent material that was used fordhaltivation of the spoil heap. Values are means + SD. Diffesisetween tree species withisal depth se marked by different
letters. Investigated tree specles: Douglas firP = pine,B = beech = oak,MD = mixed deciduous stand.

i15:.0 al5:.0 C150 i16:0 & & W C170 i17:.0 cyl7:.0 & & & & F & &cy19:.0
[mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%]
Forest floor D 14.5+0.9a 4.9+0.4a 2.5+0.1a 10.9+2.0a 0.6+0.2 4.2+0.3 3.5+0.4 0.5+0.1ab 43.8+2.6c 8.1+0.4 5.9+1.6a 0.
P 28.8+1.8c  7.4+0.4b 3.5+0.2b 16.6+1.3b 2.5+3.0 4.6+0.3 3.8+2.9 0.4+0.4ab 13.2+2.9a 9.2+1.3 9.3#1.9ab 0.
B 21.9+2.1bc 12.447.2ab 3.1+0.3ab 13.1+l1.1ab 3.1+2.4 3.94+0.6 6.5+0.3 0.2+0.4a 13.4+2.1a 9.9+0.9 11.7+3.17ab C
0] 21.6£2.7b 6.4+0.7ab  3.0+0.1b 12.5+2.8ab 3.5+3.2 3.94+0.2 6.0+0.9 0.7+0.2ab  20.1+9.0ab 9.5+0.5 12.4+1.06 O
MD 19.5+4.0ab 6.5+0.5ab 3.2+0.4ab 13.5+1.7ab 1.9+2.3 3.9+0.3 5.2+0.6 0.9+0.2b 24.7+3.0b 9.0+£1.3 11.0+1M&b O

P 0.0005 0.0102 0.0014 0.0417 0.3334 0.1020 0.2450  0.0482 0.0001 0.2400 0.0235 0.8670

0-5cm D 23.9+3.3 6.4+1.3ab  3.5x0.6 24.4¢52b 2.2+1.8 3.9+0.4 8.1+0.6b 0.3+0.4 14.1+4.0ab 7.1¢1.1a 5.1+1.8a 1.
P 26.0+2.1 15.9+9.9ab 3.4+0.3 18.1+1.9ab 2.8+2.6 3.5+0.6 6.5+3.9ab  0.5+0.5 9.3+4.2a 6.8+1.2a 6.6+1.7a8 O
B 24.2+0.7 12.4+7.0ab 2.9+0.1 14.6+2.4a 1.9+1.7 3.8+0.2 7.8+1.5ab  0.3x0.2 12.6+1.6ab 8.6+0.8ab 10.0+1.9 1
o 25.8+2.1 8.0+0.3b 3.7+0.6 14.6+4.1a 3.5+1.9 3.9+0.3 6.8+0.8ab  0.3x0.1 15.5+3.6ab 10.2+2.3ab 7.2+0.5aB O
MD 21.2+2.1 6.1+0.2a 3.5+0.5 15.6x2.1a 2.7+2.5 4.2+0.7 5.9+0.1a 0.7+0.2 18.7£3.1b 11.4+1.9b 8.4x1.2b 1.t
P 0.0638 0.0016 0.2800 0.0069 0.7400 0.4330 0.0044 0.2411 0.0262 0.0042 0.0068  0.5550

5-10cm D 24.2+4.9ab 6.9+2.1 3.1+0.3ab  21.6+5.5 2.6x£0.4 4.0+0.7 11.5+2.8 0.2+0.3 11.5+3.6ab 6.7+0.7 6.4+1.4ab 1.
P 23.7+0.8ab 15.5+8.3 3.6£0.7ab  19.9+1.9 3.0£3.0 3.4+0.5 8.0+1.3 0.2+0.5 8.2+1.4a 6.5+1.0 7.1x1.9ab 0.
B 24.1+0.4ab 13.6%8.9 2.840.1a 15.8+1.0 2.9£2.5 4.1+0.2 6.3+4.0 0.0+0.0 12.4+0.8ab 7.2+0.9 10.1+0.9b R
O 26.6x1.6b 8.3x0.8 3.5+0.4ab 13.3+4.8 4.3+1.1 4.0+0.4 7.5£0.4 0.2+0.4 15.4+5.1ab 8.8+1.2 7.4+0.3ab 0.
MD 21.7+0.5a 5.8+1.0 4.1+0.5b 20.0+4.1 2.8+1.9 5.0+1.3 7.6+£1.9 0.6+0.1 18.6+x3.5b 7.1+4.8 4.9+3.4a 1.&
P 0.0021 0.0691 0.0276 0.0600 0.3210 0.1110 0.0622 0.1350 0.0076 0.7000 0.0455 0.2280

10-30 cm D 26.8+5.6 7.6£2.1ab 3.5+0.9 18.4+4.9 2.0£2.3 4.1+0.4 12.5¢3.3b 0.1+0.2 10.1+5.8a 6.7+0.3 7.3x1.4 0.¢
P 23.7+2.0 12.1+3.0b 3.6x0.4 19.0+4.2 2.9+2.6 4.1+0.6 6.5+2.4a 0.2+0.1 12.7+2.2ab 7.1+0.2 7.6+0.7 0.€
B 22.5+1.0 12.9+3.9b 3.3x0.6 16.0+1.5 2.5+2.4 5.1+0.8 8.6+2.4ab  0.0+0.0 13.6x1.1ab 6.6+1.2 9.0+0.7 0.
o 25.4+2.6 8.4+1.0ab 2.8+0.6 12.1+3.8 3.7t1.4 5.5+2.0 6.0+1.9a 0.0+0.0 16.9+6.6ab 9.8+1.2 8.6+1.6 0.¢
MD 21.2+3.1 5.8+1.0a 3.5+£0.4 16.5+1.3 2.6£2.5 5.2+1.7 8.1+1.2ab  0.3+0.2 19.5+2.9b 9.2+2.0 7.0£0.5 1z
P 0.2220 0.0074 0.4520 0.2228 0.9220 0.4191 0.0176 0.1470 0.0481 0.0537 0.1100 0.4490

Parent material 16.6+1.7 6.3+0.4 4.6+1.1 11.0+0.7 6.7+0.2 5.3+0.5 6.9+0.2 0.0+0.0 26.9+1.9 9.8+0.2 5.8+0.4 0.0:
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Appendix

S-3-2

PLFAs extracted from the organic forest floor and threeratiseil layers (& cm, 510 cm, 1630 cm)represented
as overall average valuesDirrespective of tree species stand. PLFAs were grouped itétidnaBrarpositive
bacteriaG"), Gramnegative bacteria® ') and fungiG'/G' represents the ratio of Grapusitive to Grarmegative
bacteria an@/B the ratio of fungi to bacteriBifferences betweesoil depthsnarked by different letters.

Total PLFA Bacteria G G Fungi GG F/B

[nmol g [mol-%] [mol-%] [mol-%] [mol-%]
Forestfloor 4.63+4.95c 67.9+11.4a 47.0+8.8a 13.8+41 32.1+11.4b 3.7+1.1a 0.52+0.30b
05cm 0.71+1.16b 79.0+6.4b 61.0+82b 10.9+3.1 21.0+64a 6.5£3.0b 0.27+0.11a
5-10cm 0.41+0.31a 79.5t53b 60.4+6.8b 11.5+35 20.5+53a 6.7453b 0.26+0.09a
1030cm  0.23+0.17a 77.7+6.0b 58.3#6.8b 11.4+27 223+6.0a 5.6+1.70 0.30+0.10a
P <0.0001 0.0067 <0.0001  0.1020 0.0067 0.0009 0.0002
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S+ Supplementary material— Chapter 5

S-4-1

Information about the sample preparation for the CFE whegttibthe following solid phase extraction (SPE).
Depending on the density of soil samples 3.125 to 25 gvignt) of moist sampling material was fumigated in a
desiccator with chloroform for 24 h followed by repeatedwtam. 100 mL of a 0.01 M CaGdution were used

to extract the organic matter from fumigated andfaomgated control soil samples. The procedure was repeated
multiple times and the extracts were pooled to gain highanes of sail extracts for further analyses. For the ESI
FT-ICR-MS analysis, an aliguot with soil horizon specific voluroéshe fumigated and ndamigated CaGl
extractswere simultaneously desalted and concentrated by SPE (CHROMARQRER, Macherey & Nagel,
Diren, Germany).

Weight of sample material Extracted/olume (SPE)
fumigated nonfumigated fumigated nonfumigated
[¢] [¢] [mL] [mL]
Beech oL 3.125 3.125 250 250
OF 125 125 250 250
OH 125 125 250 250
05cm 25.0 250 500 500
510 cm 25.0 25.0 700 700
1030cm  25.0 25.0 700 700
Douglasfir oL 3.125 3.125 250 250
OF 6.25 6.25 250 250
OH 125 125 250 250
05cm 25.0 250 500 500
5-10cm 25.0 250 700 700
1030cm  25.0 25.0 700 700
Pine oL 6.25 6.25 250 250
OF 6.25 6.25 250 250
OH 125 125 250 250
05cm 25.0 25.0 500 500
5-10cm 25.0 250 700 700
1030cm  25.0 25.0 700 700
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S-4-2

Total number of peaks and their relative shares (asmge assigned to CHO, CHON, CHOP and CHOS compoundsdidtamESH-T-ICR-MS spetra of extracts from
fumigated and nefumigated soil samples taken from the depth grafi@nhorizon to 1680 cm) in beech, Douglas fir and pine stands.

Beech Douglas fir Pine
fumigated nonfumigated fumigated norffumigated fumigated norffumigated
Peaks [%] Peaks [%] Peaks  [%] Peaks  [%] Peaks  [%] Peaks [%]
CHO oL 2653 64.2 3486 61.2 3033 64.0 2740 64.4 2698 67.5 2803 70.8
OF 3416 61.0 3088 63.9 2920 62.0 2949 59.7 2958 67.7 3383 65.1
OH 27% 55.0 3108 62.9 2547 57.3 2770 574 3123 62.4 4235 54.6

05cm 2586 56.7 2957 57.9 3950 57.2 1442 41.9 3192 57.0 2930 60.2
5-10cm 2458 58.5 2919 65.5 3660 55.4 3434 63.1 3015 65.7 1665 76.8
1030cm 2567 63.0 3125 60.6 2808 63.8 2798 61.0 3149 61.2 2810 67.0

CHON OL 755 18.3 1131 19.9 878 18.5 710 16.7 787 19.7 748 18.9
OF 1365 244 871 18.0 1016 21.6 1110 225 957 219 1044 20.1
OH 1104 21.7 931 18.8 1319 29.7 1326 275 1104 221 1699 219

05cm 1243 27.2 1503 294 1541 22.3 1208 351 1342 240 1104 22.7
5-10cm 1292 30.7 1000 224 1590 24.1 1187 218 910 19.8 338 15.6
1030cm 1190 29.2 1333 25.8 1047 23.8 1257 274 1317 25.6 869 20.7

CHOP OL 264 6.4 181 3.2 134 2.8 134 31 203 5.1 166 4.2
OF 142 2.5 168 35 124 2.6 104 2.1 124 2.8 143 2.8
OH 149 29 161 3.3 189 4.3 143 3.0 129 2.6 135 1.7
05cm 164 3.6 120 2.3 123 18 116 34 270 48 118 24
5-10cm 112 2.7 112 2.5 138 21 109 20 162 35 118 54
1030cm 111 2.7 193 3.7 126 29 106 2.3 142 2.8 124 3.0

CHOS OL 462 11.2 898 158 693 14.6 672 158 308 7.7 240 6.1
OF 673 12.0 702 145 650 138 773 15.7 329 7.5 626 12.0
OH 1036 204 740 15.0 388 8.7 585 121 648 12.9 1693 21.8
05cm 570 125 530 104 1296 18.8 673 19.6 798 14.2 716 14.7
5-10cm 340 8.1 427 9.6 1222 185 711 131 504 11.0 46 21
1030cm 204 5.0 508 9.8 420 9.5 429 9.3 539 10.5 390 9.3
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S-4-3

Total intensityof peaks and their relative shares (as percentsgighed to CHO, CHON, CHOP and CHOS compounds obtaamedESIFT-ICR-MS spectra of extracts from
fumigated ad norfumigated soil samples taken from the depth grafi@nhorizon to 1680 cm) in beech, Douglas fir and pine stands.

Beech Douglas fir Pine
fumigated non-fumigated fumigated non-fumigated fumigated non-fumigated
intensity [%] intensity [%] intensity [%] intensity [%0] intensity [%0] intensity [%]
CHO oL 18779242 82.2 16972434 80.6 357915 19.9 23111341 86.1 2484690 86.7 9867999
OF 16279208 79.2 17058811 84.9 290995 27.0 17938971 80.9 11449576 81.7 8382571
OH 12119381 65.9 7973181 80.3 13338981 63.2 18745415 67.0 11327198 80.5 15448313
0-5cm 11295053 74.3 10210357 77.0 27381407 81.7 9645196 68.9 748051 42.0  44605547.2
5-10cm 6675591 68.4 7110633 72.0 21507883 79.1 21780904 81.3 4656430 73.2 95536%.8
10-30 cm 2962759 71.9 6365674 71.9 900342 45.0 11575322 72.3 16156161 724 78839828
CHON oL 2770088 121 2883760 13.7 947970 52.7 2140969 8.0 298699 10.4 1436118
OF 3355101 16.3 2040730 10.2 27623 2.6 2940024 13.3 2285376 16.3 1375430
OH 3777601 20.5 1310204 13.2 7186254 34.0 8128752 29.1 2261755 16.1 2274881
0-5cm 3015984 19.8 2760745 20.8 4236108 12.6 3312078 23.7 470610 26.4 10923293
5-10cm 2778187 285 2423685 245 3964994 14.6 3770333 141 1388325 21.8 266959 2
10-30cm 1048464 254 2147536 24.3 673808 33.7 3840327 24.0 5474603 24.5 22940018
CHOP oL 118529 0.5 93496 04 32697 1.8 189204 0.7 20481 0.7 37748 C
OF 40985 0.2 29898 0.1 34534 3.2 33661 0.2 16479 0.1 26675 0
OH 38087 0.2 49075 0.5 41658 0.2 36642 0.1 20324 0.1 14036 0
0-5cm 49770 0.3 22086 0.2 46777 0.1 43464 0.3 37441 2.1 10805 (
5-10cm 14468 0.1 15966 0.2 57752 0.2 41438 0.2 10803 0.2 3231 (
10-30 cm 8069 0.2 71131 0.8 30331 1.5 26114 0.2 37305 0.2 16355 (
CHOS oL 1181119 5.2 1108906 53 460984 25.6 1389139 5.2 62517 2.2 259289
OF 889011 4.3 973843 4.8 723148 67.2 1270157 5.7 270283 1.9 296187
OH 2449128 13.3 593738 6.0 549505 2.6 1066885 3.8 468640 3.3 1307323
0-5cm 842635 55 267700 20 1851653 55 1000786 7.1 525027 295 255193
5-10cm 291197 3.0 324190 3.3 1667998 6.1 1198555 4.5 305598 4.8 34402
10-30 cm 102086 25 267800 3.0 394138 19.7 571605 3.6 633882 2.8 343637
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S-4-4

Total intensityof peaks and their relative shares (as percertageyereassigned to major groups of biomoleculesdgaing to Sleighter and Hatcher, 200@ained from ESI
FT-ICR-MS spectra of extracts from fumigated and-funigated soil samples taken from the depth gradientizizon to 1680 cm) in beech, Douglas fir and pine stands.
Formulae that were only perd in fumigated extracts were considband identified as microbiderived(SMB), while formulae only in nefumigated were considered as bulk
SOMelated

Biomolecular Easily extractable SOM Soil microbial biomass
groups Beech Douglas fir Pine Beech Douglas fir Pine
Intensity  [%] Intensity [%0] Intensity  [%] Intensity  [%]  Intensity [%] Intensity [%%0]

Lipid-like L 7735 1 15968 1 881 0 22032 3 2644 0 332 1
OF 12746 1 3572 1 4757 1 19661 2 3010 0 489 0
OH 7977 1 5300 1 2076 0 5706 1 7501 1 5876 1
05cm 3417 1 1700 0 8381 1 75895 14 5952 1 1085 0
510cm 5225 1 9824 1 995 4 1500 0 116129 14 1748 0
1030 cm 6357 2 3034 0 127815 26 59075 28 2900 1 1309 0

Proteinlike L 158992 22 109406 7 88581 29 392348 49 283069 39 327 63
OF 145302 16 71514 12 17786 5 217898 21 81249 9 90440 42
OH 181180 30 73920 7 12813 1 149050 35 165999 19 146806 30
05cm 929032 17 64692 2 5226 4 156487 29 132588 16 106387 14
510cm 111504 24 187658 14 3310 13 44698 11 100141 12 108237 17
1030 cm 60200 20 187066 16 49808 10 34653 17 77083 17 79231 21

Aminosugadike L 6208 1 18083 1 6347 2 18285 2 5885 1 867 2
OF 11013 1 8297 1 5051 2 10525 1 16727 2 10321 5
OH 3857 1 23132 2 5696 0 9867 2 16903 2 5329 1
05cm 7% 1 14891 1 6478 5 3451 1 19605 2 6955 1
510cm 8440 2 16841 1 1438 6 9599 2 9042 1 1421 0
1030 cm 6887 2 1352 0 4383 1 2132 1 11329 2 10301 3

to be continued
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Biomolecular Easily extractable SOM Soil microbial biomass
groups Beech Douglas fir Pine Beech Douglas fir Pine
Intensity [%] Intensity [%]  Intensity [%0] Intensity [%]  Intensity [%]  Intensity [%0]
Celluloselike L 22390 3 170668 10 11384 4 39215 5 42664 6 1372 3
OF 36611 4 38994 6 11942 4 37886 4 33851 4 7878 4
OH 122277 20 5347 5 31749 3 25095 6 41404 5 16184 3
05cm 22606 4 66742 2 12145 9 22215 4 98795 12 29177 4
5-10cm 26159 6 74910 5 4729 18 19203 5 44285 5 16166 3
1030 cm 14223 5 28649 2 10503 2 9965 5 23322 5 27881 7
Lignin-like L 499959 70 1311011 78 195934 64 316215 39 378427 52 15572 30
OF 697980 76 459577 75 275025 84 608674 60 742736 83 96396 44
OH 279191 46 845825 81 852573 72 235655 55 602516 70 305783 63
05cm 419754 76 2196196 77 106272 78 275652 51 490950 59 617320 79
5-10cm 294319 64 1033104 75 13833 54 320223 79 534445 63 494950 78
1030 cm 199470 67 933031 80 295164 59 99548 48 331303 71 233367 61
Tanninlike L 5097 1 42154 3 3499 1 5345 1 3833 1 254 0
OF 1848 0 6104 1 4530 1 91902 9 5614 1 6335 3
OH 865 0 15%8 2 216986 18 345 0 7988 1 836 0
05cm 1932 0 16092 1 709 1 911 0 42502 5 4336 1
510 cm 5147 1 15181 1 324 1 1463 0 8267 1 2066 0
1030 cm 1773 1 3194 0 2237 0 444 0 5639 1 8167 2
Condensed L 15504 2 9086 1 1861 1 13980 2 8299 1 861 2
hydrocarbon  oF 9298 1 24653 4 8992 3 32351 3 13973 2 5282 2
like: OH 5527 1 26429 3 65682 6 6003 1 13956 2 3521 1
05cm 4646 1 474834 17 3695 3 3205 1 47921 6 14343 2
510 cm 12422 3 31957 2 1069 4 6398 2 42503 5 6647 1
1030 cm 8124 3 10905 1 8413 2 2437 1 13838 3 21295 6
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S-4-5

Weighted averages of different structural and energdieemfor the molecular composition of SMiid SOM
derived compounds obtained from formulae that were only priesertracts of fumigated (SMB) dmor
fumigated (SOM) soil samples taken fréma depth gradient (OL horizon to-20 cm) in beech, Douglas fir and
pine standsAl = aromaticity index, DBE = doubleond equivalent, DBE/C = douldend equivalents to carbon
ratio, NOSC = nominal oxidatistate of carbonl **cox= Gibbs energy for the oxidative half reaction.

Beech Douglas fir Pine
SMB SOM SMB SOM SMB SOM
Al oL 0.08 0.10 0.15 0.20 0.12 0.16
OF 0.09 0.11 0.22 0.25 0.22 0.25
OH 0.08 0.12 0.23 0.23 0.19 0.27
05cm 0.08 0.09 0.27 0.26 0.22 0.26
5-10cm 0.11 0.11 0.30 0.25 0.14 0.26
1030 cm 0.09 0.11 0.26 0.16 0.23 0.18
DBE/C oL 0.29 0.32 0.34 0.36 0.27 0.34
OF 0.37 0.36 0.36 0.39 0.36 0.39
OH 0.33 0.35 0.37 0.40 0.35 0.48
05cm 0.3 0.36 0.42 0.38 0.37 041
5-10cm 0.34 0.36 0.39 0.38 0.32 0.38
1030 cm 0.33 0.34 0.39 0.34 0.38 0.34
DBE oL 9.64 10.33 1236 1342 9.96 12.62
OF 1120 1246 13.07 14.04 13.00 1417
OH 1027 10.87 1282 1461 1268 1568
05cm 9.53 10.52 1495 14.29 1298 1501
5-10cm 1038  10.77 13.79 13.63 1116  13.03
1030 cm 1004 10.22 13.79 1231 13.02 1223
NOSC oL 0.87 0.79 -0.64 0.62 -0.79 -0.73
OF 0.61 -0.65 -0.56 -0.56 -0.59 -0.53
OH -0.76 0.71 -0.56 0.51 -0.63 0.24
05cm 0.74 -0.66 0.44 0.52 -0.52 -0.50
5-10cm -0.66 -0.62 -0.53 -0.55 -0.75 -0.58
1030 cm 0.73 -0.66 -0.56 -0.65 -0.57 -0.69
Gibbs oL 85.2 82.7 784 78.1 82.8 81.1
energy( *%cox OF 77.6 79.0 76.2 76.1 77.2 75.3
[kJ (mol CYj OH 82.0 80.5 76.2 74.8 78.2 67.3
05cm 81.3 79.2 729 75.2 75.2 74.7
5-10cm 79.2 78.0 754 76.1 81.8 76.7
1030 cm 81.0 79.2 76.2 78.9 76.6 79.9
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S-4-6

Weighted averaes of the molecular formulae of SiM@hd SOMderived compounds obtained from formulae that
were only present in extracts of fumigated (SMB) andfmoigated (SOM) soil samples taken frdme depth

gradient (OL horizon to 380 cm) in beech, Douglas firdpine stands

Beech Douglas fir Pine

SMB OL Caz4H51.1600.28\0. 5046 Cas.5H49.780109N08S0.78 Cas.8d5588011.0N1.05%0.73
OF Ca04H418001038N0. 85037 Caz2H4708011.2dN0.85%0.73 Cas 48492001064\ 1.3050.88
OH Ca1.1dH45360.30N0 5041 CazsdHa6180108dN1.00%0.75 Cas.0H48680107dN 1015076
05cm CogsHa150888N0.4S037 Cas.9H2430100dN1.35%087 Cas3Ha66011.7dN0850.72
510cm  Cpo7Ha228008N0.465054 Cas.oHae50106N1.050.70 Cas.3dH523008dN0.98S0.01
1030cm  CgoztHazof06MN04S046 Cas.4H47.40105N11 003 Cas1Ha6.4010aN1160.02
mean Cao6H443095MNos5620.44 CaseH4680108N10081 CasoH4080107N106%082

SOM OL Ca2.6H48.26005N0 55020 Cas.0dH2960104N1.1:50.7 Cas.6d526000.2d\ 155081
OF Cas1Ha6.80108N055038 Cas.6H47.40105N121084 Cas.odH475011.4NosS076
OH Ca09H435805MN0.445034 Cas.oHa67011.1MN1.1:S083 Caz2dH33.980122dN0.01S0 66
05cm Cos.8dH39.90.40N0.4550.20 Cas.9H29180124NosS0.75 Cas.3H47000107dN 136002
510cm  CpoodH1040100No sS04 Cas.8H48.48011.4N 1065074 Caz.odH46.700:7dN 1265004
1030cm  CogrHa04006dN041S044 Cas.7d-50.66011.2N0.88%0.67 Cas.3H500£0105MN0.8630.77
mean Ca074H 4320906904040 CasoH 4861120105076 Cas2H4700106N116%81
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S-4-7

Total contents dfifferent sugar types the SMBcalculated from the sugar contents of-funigated and fumigated soil samples. Ar = arabinose, Bbsaj Ma+Xy = mannose
+ xylose, Fr = fructose, Fu =fucose, Ga = galactose, GteggluRh = rhamnose, Pen = pentose (calculated as followsAPerRi + (Ma+Xy)/2), Hex = hexose (calculated as
follows: Hex = Fr + Fu + Ga + Gl + Rh + (Ma+Xy)/2), HestP= hexose to pentose ratio. It must be noted, timatosa and xylose eluted together iIrHRAECGPAD analysis.
Additionally, the relative percentage of sugar caftmn microbial biomass carbon (MBC) was calculated.

Total sugars Ar Ri Mat+Xy Fr Fu Ga Gl Rh Pen Hex Hex/Pen rel. sugars of MBC
[ .9 C g'sail [%0]
SMB Beech
oL 449.0 6.3 323 332 101 42 374 3225 31 55.2 393.9 7.1 7.3
OF 1729 60 74 200 33 26 136 1185 1.3 234 1494 6.4 74
OH 73.9 27 17 46 19 15 00 614 02 6.7 672 10.0 9.0
065cm 212 05 03 17 0.4 03 00 181 00 16 19.6 12.2 21.8
510cm 84 02 01 05 0.0 02 00 74 0.0 0.6 79 135 12.9
1030cm 5.8 01 01 00 0.1 01 00 53 0.0 0.2 5.6 30.8 14.3
Douglas fir
oL 167.9 160 352 519 0.0 70 275 79 224 77.1 90.8 12 35
OF 295.0 132 148 29.7 59 6.8 234 1970 43 42.8 252.2 59 5.7
OH 115.6 28 18 55 14 09 00 1023 0.8 74 108.2 14.7 8.8
065cm 358 05 04 08 05 02 00 333 02 13 345 27.0 17.9
510cm 122 01 01 00 0.1 01 00 118 00 0.2 12.0 715 21.6
1030cm 6.0 01 00 00 0.1 01 00 57 0.0 0.1 59 49.5 11.9
Pine

oL 722.6 90 138 36.7 1381 04 542 4660 43 41.2 681.4 16.5 7.1
OF 635.5 224 135 554 197 32 554 4613 45 63.7 5719 9.0 142
OH 169.9 54 18 124 2.6 11 00 1458 038 135 156.5 116 16.5
0b5cm 416 10 04 00 0.0 02 00 398 0.2 14 40.2 29.2 194
510cm 205 01 01 08 18 01 00 175 0.0 0.6 19.9 329 49.1
1030cm 14.6 01 01 12 0.2 01 00 129 0.0 0.8 13.8 175 56.1

to be continued 182
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Total Ri Mat+Xy Fr Fu Ga Gl Rh Pen Hex Hex/Pen rel. sugars of

sugars MBC

[ .9 C g'sail [%0]

nonfumigated Beech
oL 8.0 13 00 13 0.0 15 06 31 0.3 19 6.1 31 -
OF 0.1 00 00 00 0.0 00 00 00 0.0 0.0 0.0 12 -
OH 0.0 00 00 00 0.0 00 00 00 0.0 0.0 0.0 - -
05cm 00 00 00 00 0.0 00 00 00 0.0 0.0 0.0 - -
510cm 1.3 00 00 03 0.8 00 00 01 0.0 0.2 11 6.6 -
1030cm 0.0 00 00 00 0.0 00 00 00 0.0 0.0 0.0 0.9 -
Douglas fir
oL 0.6 00 00 02 0.0 00 00 04 0.0 0.1 0.5 52 -
OF 20 05 00 06 0.0 00 00 09 0.0 0.8 11 14 -
OH 0.3 01 00 01 0.0 00 00 01 0.0 0.1 0.1 11 -
05cm 00 00 00 00 0.0 00 00 00 0.0 0.0 0.0 16 -
510cm 0.2 00 00 00 0.1 00 00 00 0.0 0.0 0.1 6.9 -
1030cm 0.1 00 00 00 0.0 00 00 00 0.0 0.0 0.1 75 -
Pine

oL 16.1 22 07 52 0.6 08 0.7 39 2.0 55 10.6 19 -
OF 15 02 00 09 0.0 00 00 05 0.0 0.6 0.9 14 -
OH 04 01 00 01 0.0 00 00 0.2 0.0 0.2 0.2 14 -
05an 01 00 00 00 0.0 00 00 01 0.0 0.0 0.1 - -
510cm 0.0 00 00 00 0.0 00 00 00 0.0 0.0 0.0 - -
1030cm 0.0 00 00 00 0.0 00 00 00 0.0 0.0 0.0 18 -

to be continued
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Total Ri Mat+Xy Fr Fu Ga Gl Rh Pen Hex Hex/Pen rel. sugars of

sugars MBC

[ .9 C g'sail [%0]

fumigated Beech
oL 457.1 76 323 345 101 56 380 3255 34 57.1 399.9 7.0 -
OF 172.9 60 74 200 3.3 26 136 1186 1.3 235 1495 6.4 -
OH 74.0 27 17 46 1.9 15 00 614 02 6.7 672 10.0 -
065cm 213 05 03 17 04 03 00 182 00 16 19.6 12.2 -
510cm 9.1 02 01 08 0.3 02 00 75 0.0 0.8 84 111 -
1030cm 5.8 01 01 00 0.1 01 00 53 0.0 0.2 5.6 29.0 -
Douglas fir
oL 168.4 160 352 521 0.0 70 275 83 224 77.2 91.3 12 -
OF 297.0 137 148 30.2 59 6.8 234 1978 43 43.6 2534 5.8 -
OH 115.9 29 18 56 14 09 00 1024 0.8 75 1084 145 -
05cm 359 06 04 08 0.5 02 00 333 02 13 34.6 26.6 -
510cm 123 01 01 00 0.2 01 00 118 00 0.2 121 72.3 -
1030cm 6.0 01 00 00 0.1 01 00 57 0.0 0.1 59 50.0 -
Pine

oL 738.7 112 146 419 1387 13 549 4699 6.2 46.7 692.0 14.8 -
OF 637.1 226 135 56.3 197 32 554 4617 45 64.3 572.8 8.9 -
OH 170.3 55 18 126 2.6 1.1 00 1459 08 13.6 156.7 115 -
05cm 417 10 04 00 0.0 02 00 399 0.2 14 40.3 29.3 -
510cm 205 01 01 08 18 01 00 175 00 0.6 19.9 32.9 -
1030cm 14.6 01 01 12 0.2 01 00 129 00 0.8 13.8 17.2 -
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S-4-8

Correlogram, depicting relationships between Stidved(y-axis) and SOMierived (xaxis) parameters. Only
significant relationshipgp( 0.05) based on Spearman'’s rarder correlation are shown.
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