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.  Summary

The three-dimensional (3D) structure of soil plays a fundamental role in the turnover and
storage of soil organic matter (SOM), which is the basis for various ecological soil functions.
Microaggregates, soil aggregates smaller than 250 um, are particularly important in SOM
sequestration as they harbor large amounts of mineral-associated organic matter (MAOM)
with long turnover times. However, our understanding of OM stabilization within the
submicron scale of soil aggregates remains limited due to technological constraints.
Conventional analytical methods typically lack either spatial or mass resolution (e.g., IRMS,

SEM), hindering further exploration in this area.

The main objective of this thesis was to overall understand the organic matter (OM)

sequestration process in soil from bulk to submicron scale.

For agriculture soils, plant litter is the main above-ground OM input with a complex
composition. To study the OM sequestration in the soil microstructure, the study went from
simple compounds, low-molecular-weight organic compounds (LMWOC) amendment, to
complex OM, plant residues, as added OM. The incubation experiments were designed to
investigate rapid and 90-day OM sequestration with microbial activities. Stable isotope
labelling was used as the basic method. Soil respiration with 13C signatures was monitored,
IRMS analysis on soil fractions, 23C compound-specific phospholipid-derived fatty acids (PLFAs),
microbial necromass, and enzyme activities were determined in the bulk soil scale for the
knowledge of OM sequestration in soil fractions and the C dynamic influenced by microbial

activities.

Since larger scale soil functions, for instance, soil fertility and climate change, are controlled

at micron or even smaller scale soil structure, revealing submicron scale OM sequestration



was an important goal. Through the combined use of two innovative techniques: Nanoscale
Secondary lon Mass Spectrometry (NanoSIMS) and Helium-based Microscopy (HIM), along
with computational approaches, the 3D physical and chemical microstructure of soil

aggregates involved in the sequestration of newly added plant-derived OM was elucidated.

The objectives of this thesis were approached through the following projects:

1. Rapid low molecular weight organic compounds (LMWOC) retention in soil MAOM

pool. Study 1

Initial soil organic matter (SOM) content, also known as SOM legacy, reflects agriculture soil
management and can play a role in newly added OM sequestration. Considering the impact
of soil mineralogy and initial SOM content on OM sequestration, two soils with the same
mineralogy with different OM content were employed in the first incubation experiment. Two
isotope labelled LMWOC (*3C labelled D-glucose and *3C and *°N labelled amino acid mixture)
were added to soils for a 24 h incubation. Density fractionation was applied to post-incubated
soil samples to obtain clay and fine silt-sized fraction. Bulk soil IRMS results demonstrated that
smaller size fractions contained a higher amount of added OM, which is due to the larger
specific surface area. Soil initial OM loading, which reflects the soil organic carbon (SOC)
saturation level, had the main influence on OM retention. Soil low in C was more efficient in
retaining added OM than soil with a higher MAOM-C saturation level. The N content of added
OM enhanced C recovery, especially in soil with initial low OM content. This innovative
approach sheds light on the complex interplay between soil properties and OM sequestration,

offering valuable insights for sustainable soil management practices.

2. Cturnover in soils and the influence of microbial activities. Study 2



Based on the findings of Study 1, to further understand the fate of OM with different C/N
ratios influenced by soil inherit OM legacy, an incubation experiment was conducted using *3C
and °N labeled plant litters vary in C/N ratio as OM input and soils with an C gradient. Gas
IRMS was used to measure soil respiration together with isotope information. Although soil
with higher OM content was expected to have a higher cumulative CO;-C respiration, this high
value was found in soil with lower C content after amending plant litter. This indicated a more
vulnerable OM in SOM-depleted soil. The 13C PLFA, enzyme vectors, and microbial necromass
were measured for post-incubated samples. The results demonstrated that with the increase
of SOC content, thus C saturation level, plant litter amendments resulted in a less increase of
fungi-to-bacteria (F/B) ratio and decreased necromass to SOC ratio. Plant litter with higher N
content benefited bacteria over fungi and retained more efficiently in soil. This approach has
unveiled unexpected dynamics in soil carbon cycling, highlighting the intricate relationship

between SOM content, microbial communities, and plant litter decomposition.

3. 4D presentation of soil microaggregate: OM sequestration on the 3D microstructure

of soil aggregates. Study 3

With a better overall understanding of OM sequestration of freshly added simply OM
compounds and more complex plant litters, the study moved forward to elucidate the
submicron scale OM sequestration as it controls the larger scale soil functions. In this study,
soil aggregate fractions were derived from the incubation experiment in Study 2. The dry
sieving method was used to separate soil aggregates into three-size fractions. The
conventional IRMS measurement showed that soil microaggregates (< 53 pm and 53-250 um)
retained a higher amount of plant-derived OM than macroaggregates (> 250 um). Smaller soil
microaggregates (< 53 um) from 6 treatments (3 soils with a OM content gradient x 2 plant

litters with different C/N ratios) were measured by NanoSIMS and HIM. For this, they were



stabilized on the GaAs wafers with a liquid-free sample preparation method, which
maintained the original structure of the microaggregates as much as possible. The relationship
between OM and inorganic elements distribution was analyzed using a NanoSIMS instrument

with Cs* and O source, respectively.

The secondary electron (SE) images obtained by HIM were used to construct a 3D architecture
of soil microaggregates at sub-um resolution and to analyze the incidence angle of the surface.
This process was based on the computational approaches established in the co-authored
study (Study 4). The OM distribution was aligned to the 3D reconstruction, which formed a
4D presentation of a soil microaggregate. The NanoSIMS and HIM results demonstrated that
newly formed OM preferentially sequestered at the surface with an incidence angle of 44.60°
+ 23.25. The 4D imaging approach allowed direct observation of MAOM on soil
microaggregate surfaces at submicron resolution. This study demonstrated that the um scale
architecture of soil microaggregates directly affects the association of OM, and thus

presumably determines the fate of fresh OM together with the persistence of MAOM.

This thesis provided a deeper understanding of OM sequestration and C dynamic in soils,
spanning from bulk soil to submicron-scale level. 4D reconstruction of soil microaggregates
elucidated the OM sequestration on soil microarchitecture and contributed to an insight into

submicron scale MAOM formation.



II.  Zusammenfassung

Die dreidimensionale (3D) Struktur des Bodens spielt eine grundlegende Rolle fiir den Umsatz
und die Speicherung von organischer Bodensubstanz (SOM), welche die Basis fiir verschiedene
okologische Bodenfunktionen bildet. Mikroaggregate, also Bodenaggregate mit einer GroRe
von weniger als 250 um, sind besonders wichtig fiir die Sequestrierung von SOM, da sie grol3e
Mengen an mineralassoziierter organischer Substanz (MAOM) mit langen Umsatzzeiten
enthalten. Unser Verstandnis der Stabilisierung von organischer Substanz im
Submikronbereich von Bodenaggregaten ist jedoch aufgrund technologischer
Beschrankungen weiterhin begrenzt. Herkdmmliche Analysemethoden weisen in der Regel
entweder eine unzureichende rdaumliche oder massenspektrometrische Auflosung auf (z. B.

IRMS, SEM), was die Erforschung dieses Bereichs erschwert.

Ziel dieser Arbeit war es, den Prozess der Sequestrierung von organischer Substanz (OM) im
Boden liber verschiedene Mal3stdbe hinweg zu verstehen, von der Makro- bis zur Submikron-

Skala.

In landwirtschaftlich genutzten Béden ist Pflanzenstreu der wichtigste oberirdische Eintrag
von OM, welcher eine komplexe Zusammensetzung aufweist. Um die Bindung von OM in der
Bodenmikrostruktur zu untersuchen, ging die Studie von einfachen organischen
Komponenten mit niedrigem Molekulargewicht (LMWOC) bis hin zu komplexeren organischen
Substanzen wie Pflanzenresten, die als zugefihrte OM dienten, aus. Die
Inkubationsexperimente zielten darauf ab, sowohl die schnelle als auch die tiber 90 Tage
erfolgende OM-Sequestrierung unter Bericksichtigung mikrobieller Aktivitdten zu
untersuchen. Als grundlegende Methode wurde die Markierung mit stabilen Isotopen
verwendet. Es wurden die Bodenatmung mit 13C-Signaturen gemessen sowie IRMS-Analysen

von Bodenfraktionen, '3C-verbindungsspezifische Phospholipid-Fettsduren  (PLFAs),
Vv



mikrobielle Nekromasse und Enzymaktivitaten in der Bodenmasse durchgefiihrt, um die OM-
Sequestrierung in Bodenfraktionen und die von mikrobiellen Aktivitditen beeinflusste

Kohlenstoffdynamik zu ermitteln.

Da die Bodenfunktionen in gréRerem MaRstab, z. B. Bodenfruchtbarkeit und Klimawandel,
durch die Bodenstruktur im Mikrometer- oder sogar noch kleineren Malistab gesteuert
werden, war es ein wichtiges Ziel, die OM-Sequestrierung im Submikrometerbereich zu
untersuchen. Durch den kombinierten Einsatz von zwei innovativen Techniken — der
nanoskaligen Sekundarionen-Massenspektrometrie (NanoSIMS) und der helium-basierten
Mikroskopie (HIM) — sowie durch rechnerische Ansitze konnte die dreidimensionale
physikalische und chemische Mikrostruktur von Bodenaggregaten, die an der Sequestrierung

von neu zugefiihrtem pflanzlichem OM beteiligt sind, aufgeklart werden.
Die Ziele dieser Arbeit wurden im Rahmen der folgenden Projekte verfolgt:

1. Schnelle Retention von organischen Komponenten mit niedrigem Molekulargewicht

(LMWOC) im MAOM-Pool des Bodens. Studie 1

Der urspringliche Gehalt an organischer Substanz (SOM) im Boden, auch als SOM-
Vermachtnis bekannt, spiegelt die landwirtschaftliche Bodenbewirtschaftung wider und kann
eine Rolle bei der Sequestrierung neu hinzugefligter organischer Substanz (OM) spielen. Um
die Auswirkungen der Bodenmineralogie und des anfanglichen SOM-Gehalts auf die OM-
Sequestrierung zu untersuchen, wurden im ersten Inkubationsversuch zwei Boden mit
identischer Mineralogie, jedoch unterschiedlichem OM-Gehalt verwendet. Zwei
isotopenmarkierte  LMWOC (*3C-markierte D-Glucose und 3C- sowie > N-markierte
Aminosauremischung) wurden den Béden fiir eine 24-stiindige Inkubation zugesetzt. Die nach

der Inkubation entnommenen Bodenproben wurden einer Dichtefraktionierung unterzogen,
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um Ton- und feine Schlufffraktionen zu isolieren. Die Ergebnisse der IRMS-Untersuchung
zeigten, dass kleinere Fraktionen eine grofRere Menge des zugesetzten OM enthielten, was auf
die groRRere spezifische Oberflache zurlickzufiihren ist. Der anfangliche OM-Gehalt des Bodens,
welcher den Sattigungsgrad des organischen Kohlenstoffs (SOC) im Boden widerspiegelt, hatte
den groRten Einfluss auf die OM-Retention. Béden mit niedrigem C-Gehalt waren bei der
Retention des zugesetzten OM effizienter als Boden mit einem hoheren MAOM-C-
Sattigungsgrad. Der N-Gehalt des zugesetzten OM verbesserte die C-Rickgewinnung,
insbesondere in Bdéden mit urspriinglich niedrigem OM-Gehalt. Dieser innovative Ansatz
beleuchtet das komplexe Zusammenspiel zwischen Bodeneigenschaften und OM-Bindung

und bietet wertvolle Erkenntnisse fiir eine nachhaltige Bodenbewirtschaftung.

2. C-Umsatz in Boden und der Einfluss der mikrobiellen Aktivitaten. Studie 2

Aufbauend auf den Ergebnissen der Studie 1 wurde ein Inkubationsexperiment mit *3C- und
N-markiertem Pflanzenstreu mit unterschiedlichen C/N-Verhiltnissen als OM-Eintrag sowie
Boden mit einem C-Gradienten durchgefiihrt, um den Verbleib von OM mit unterschiedlichem
C/N-Verhéltnis unter dem Einfluss der SOM-Vermachtnisse besser zu verstehen. Die
Bodenatmung wurde zusammen mit den Isotopeninformationen mittels Gas-IRMS gemessen.
Obwohl erwartet wurde, dass Boden mit hoherem OM-Gehalt eine hohere kumulative CO2-
C-Atmung aufweisen, wurde dieser hohe Wert in Béden mit niedrigerem C-Gehalt nach der
Beimischung von Pflanzenstreu beobachtet. Dies deutet darauf hin, dass OM in SOM-
verarmten Bdéden anfilliger ist. Die 3C-markierten Phospholipid-Fettsduren (PLFAs),
Enzymaktivitditen und mikrobiellen Nekromassen wurden in den nach der Bebritung
entnommenen Proben gemessen. Die Ergebnisse zeigten, dass mit zunehmendem SOC-Gehalt
und somit einem héheren C-Sattigungsgrad die Zugabe von Pflanzenstreu zu einem geringeren

Anstieg des Verhaltnisses von Pilzen zu Bakterien (F/B) und einem geringeren Verhaltnis von
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Nekromasse zu SOC fihrte. Pflanzenstreu mit hoherem N-Gehalt begiinstigte das Wachstum
von Bakterien gegeniiber Pilzen und wurde effizienter im Boden gehalten. Dieser Ansatz
deckte unerwartete Dynamiken im Kohlenstoffkreislauf des Bodens auf und zeigte die
komplizierte Beziehung zwischen SOM-Gehalt, mikrobiellen Gemeinschaften und der

Zersetzung von Pflanzenstreu.

3. 4D-Darstellung von Bodenmikroaggregaten: OM-Sequestrierung auf der 3D-

Mikrostruktur von Bodenaggregaten. Studie 3

Mit einem besseren Verstandnis der Sequestrierung von frisch hinzugefligten einfachen OM-
Komponenten und komplexeren Pflanzenresten wurde die Studie fortgesetzt, um die OM-
Sequestrierung im Submikronbereich zu erforschen, da diese die Bodenfunktionen in
groRerem MaRstab beeinflusst. In dieser Studie wurden die Bodenaggregatfraktionen aus
dem Inkubationsexperiment in Studie 2 abgeleitet. Die Bodenaggregate wurden mithilfe der
Trockensiebmethode in drei GroBenfraktionen unterteilt. Die konventionelle IRMS-Messung
zeigte, dass Bodenmikroaggregate (< 53 um und 53-250 um) eine hohere Menge an
pflanzlichem OM zuriickhalten als Makroaggregate (> 250 um). Kleinere
Bodenmikroaggregate (< 53 pum) aus 6 Behandlungen (3 Bdéden mit einem OM-
Gehaltsgradienten x 2 Pflanzenstreu mit unterschiedlichen C/N-Verhaltnissen) wurden mittels
NanoSIMS und Helium-lonen-Mikroskopie (HIM) analysiert. Sie wurden auf GaAs-Wafern
stabilisiert, um ihre urspriingliche Struktur moglichst zu erhalten. Die Beziehung zwischen OM
und der Verteilung der anorganischen Elemente wurde mit einem NanoSIMS-Gerat unter

Verwendung einer Cs*- bzw. O-Quelle analysiert.

Die mit HIM gewonnenen Sekundarelektronenbilder (SE) wurden verwendet, um eine 3D-
Architektur von Bodenmikroaggregaten mit einer Auflésung von unter einem Mikrometer zu

rekonstruieren und den Einfallswinkel der Oberflache zu analysieren. Dieser Prozess basierte
VIII



auf den in der gemeinsam verfassten Studie (Studie 4) entwickelten rechnerischen Ansatzen.
Die OM-Verteilung wurde mit der 3D-Rekonstruktion abgeglichen, was eine 4D-Darstellung
eines Bodenmikroaggregats ergab. Die Ergebnisse von NanoSIMS und HIM zeigten, dass sich
OM bevorzugt an der Oberflache mit einem Einfallswinkel von 44,60° + 23,25° ablagert. Der
4D-Bildgebungsansatz ermoglichte die direkte Beobachtung von MAOM auf Oberflachen von
Bodenmikroaggregaten mit submikrometrischer Auflésung. Diese Arbeit zeigte, dass die um-
Skalenarchitektur von Bodenmikroaggregaten die Assoziation von OM direkt beeinflusst und
somit vermutlich das Schicksal von frischer OM zusammen mit der Persistenz von MAOM

bestimmt.

Diese Dissertation liefert ein tieferes Verstandnis der OM-Sequestrierung und der C-Dynamik
in Boden, das vom Makroboden bis zur submikrometrischen Ebene reichte. Die 4D-
Rekonstruktion von Bodenmikroaggregaten klarte die OM-Sequestrierung in der
Bodenmikroarchitektur auf und trug zu einem Einblick in die submikrometrische MAOM-

Bildung bei.
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1. Introduction

1.1. Soil structure, SOC content influence C sequestration
Soils are recognized for being one of the largest C pools on the planet (Schlesinger, 2005;
Scharlemann et al., 2014). Soil organic carbon (SOC) plays an important role in many ecological
functions, especially in soil fertility and the impact of global climate (Post et al., 1982;
Scharlemann et al., 2014; Kopittke et al., 2022). During the last decades, several efforts have
been made to investigate the mechanisms behind soil SOC storage and how to optimize them

in different land uses and soil types.

Based on turnover time, soil OM (SOM) is commonly divided into different physical pools, such
as particulate organic matter (POM) and mineral-associated organic matter (MAOM). The
latter is known to be more persistent, presenting lower turnover rates (Christensen, 1992;
Lutzow et al., 2006; Kogel-Knabner et al., 2008). Persistent forms of SOC have been recognized
to be less bioavailable through adsorption into the surface of minerals or protection against
decomposers in aggregate structures (Torn et al., 1997; Rasmussen et al., 2018) and these
processes are primarily controlled at the micro to nanoscale. Soil aggregates formed by the
interaction of soil mineral particles and OM < 250 um (soil microaggregates) are stable for a
longer timescale and, therefore, are known to be more critical in storing SOC (Angers et al.,

1997; Six et al., 2000; Trivedi et al., 2017).

It has been proposed that soils have an upper limit in which they are physically capable of
storing carbon. Many studies have demonstrated that each soil has an upper limit of storing
C, which mainly refers to MAOM-C storage capacity (Hassink, 1997; Six et al., 2002; Stewart et
al., 2007; Stewart et al., 2008). This SOC storage capacity can be estimated using linear
regressions based on soil properties (Wiesmeier et al., 2019). The maximum amount of carbon

soil can store is influenced by climate, topography, parent material, organisms, and soil
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properties (Feller and Beare, 1997; Six et al., 2002; Liang et al., 2009; Beare et al., 2014;
Wiesmeier et al., 2015). While each soil has a typical carbon storage capacity that remains
relatively constant, the carbon and nitrogen content within the soil is constantly cycling in and
out, maintaining a dynamic equilibrium. This dynamic nature of soil organic matter (SOM)
distinguishes overall SOC storage from SOC retention, as retention is a process that involves
both stabilization and destabilization of carbon. Recent research highlights that adding
nitrogen-rich organic matter to soils unsaturated with organic carbon can enhance carbon
retention (Cdérdova et al., 2018; Wang et al., 2019). However, adding low-molecular-weight
organic carbon can destabilize native SOC, with the amount of carbon loss correlated to the

nitrogen content of the added substrate (Blagodatskaya et al., 2007; Chen et al., 2014).

Soils with higher SOC saturation levels are overall considered less efficient for further storing
C (Castellano et al., 2015; Guillaume et al., 2022). Nonetheless, direct comparisons between
soils with different organic matter loadings in their capacity to store further carbon are rare.
Thus, to study the C sequestration on the newly added OM, the initial SOC saturation level

needs to be taken into consideration.

1.2. Soil C dynamic influenced by living microorganisms
Fungi and bacteria are the main drivers of soil carbon (C) dynamics. Their activities are
influenced by their habitats, particularly the C saturation level (Six et al., 2006; Chenu and
Cosentino, 2011; Schimel and Schaeffer, 2012). This affects their life strategies, determining C
mineralization, ultimately, and soil respiration. When faced with unbalanced nutrient ratios,
these microorganisms adjust their consumption of organic matter sources to meet their
energy and growth needs. Therefore, soil C dynamics is determined not only by the amount
of available C but also by the amount and availability of nitrogen (N). The C/N ratio of plant

litter directly impacts soil C dynamics by influencing the microbial community, with C
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availability mainly limiting bacterial growth and N limitations affecting fungal growth more
strongly (Gentile et al., 2011; Cotrufo et al., 2013; Nguyen et al., 2016). Soils with different C
saturation levels and varying N content in plant litter exhibit significant differences in organic
matter mineralization (Rousk and Baath, 2007; Wang et al.,, 2014). However, the exact
mechanisms by which soil C saturation and N availability in plant litter influence the fate of

soil C remain unclear.

1.3. From bulk analysis to microscale investigation
While the mechanisms of soil carbon storage vary depending on factors like land use and
climate, sorption, and protection within soil aggregates are universally important. To
understand further how different soil components influence C storage, the influence of
microorganisms and other factors on OM persistence has been widely studied in bulk soil and
isolated fractions. Small-size fractions, e.g., clay-sized and fine silt-sized fraction (Christensen,
1992), and microaggregates (Six et al., 2002; Liitzow et al., 2006) are seen as major C reservoirs
in long-term C storage. However, bulk soil analysis is not sensitive to represent microscale
conditions. Traditionally, clay mineral surfaces were considered key, but new microscopy
techniques now allow more accurate measurements at the micro to nanoscale. Soil
microaggregates are a heterogeneous 3D arrangement of minerals and organic components
with different chemical composition (Kégel-Knabner et al., 2008). A better understanding of
soil aggregate architecture at the sub-micrometer scale is lacking mainly due to the limitations
of analytical technologies and computational approaches (Lehmann et al., 2007; Solomon et
al., 2012). Synchrotron radiation-based X-ray techniques such as u-CT were used in soil studies
for soil structure analysis and in-site element composition information (Bucka et al., 2019;
Pohl et al., 2021) at a high resolution down to a submicron scale (Lehmann et al., 2008;

Solomon et al., 2009; Amelung et al., 2024). However, this analytical method is not capable of
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isotope mapping (Lehndorff et al., 2021; Pohl et al., 2021), which limits the possibility of
revealing OM formation by isotope labelling. For acquiring isotope distribution in soils, IRMS
is commonly used analytical method. Although IRMS enable the isotope measurement of
different soil fractions, this method is based on bulk sample analysis and therefore, is not
capable for a specific soil particle or a region. Thus, to investigate the form and reform of

MAOM at a selected area, NanoSIMS measurement was introduced in soil science.

1.3.1. NanoSIMS: 2D element distribution in sub-um scale
Secondary lon Mass Spectrometer (SIMS) system is a surface analysis technique for solid
samples. The NanoSIMS 50/50 L (Cameca, France) was designed and manufactured in 1990s
(Hillion, 1993) for biological and medical research field. The instrument is equipped with an
ion beam with the energy ranging from hundreds of eV to tenth of keV. Under 108-101° Torr
vacuum conditions, the ion beam is accelerated on the sample surface and induces secondary
species ejection. According to the different mass-to-charge (m/z) ratio, the secondary ions
ejected from the surface are differentiated in a mass analyzer, which can detect 7 masses
simultaneously. With the high sensitivity in the ppm range, SIMS system enables precise
isotope ratio measurements. NanoSIMS has been applied to study cosmochemistry, geology,
mineralogy, material science, and biology (Hoppe et al., 2004; Labotka et al., 2004; Stern et
al., 2005; Hoppe, 2006; Lechene et al., 2006) but the application of NanoSIMS in soil science
measuring 13C and °N labelled samples only started in early 2000 (Cliff et al., 2002; Herrmann

et al., 2007a; Herrmann et al., 2007b).

The NanoSIMS 50L instrument used in this thesis is equipped with two exchangeable sources,
cesium (Cs*) and oxygen (O7). The Cs* source is used for measuring negatively charged
secondary ions, e.g. 12C, 13C, 1N, and *°N, and therefore enables the visualization of isotope

and element distribution of OM. The inorganic element distribution maps, e.g. 2Na, 2*Mg, ?’Al,
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285j, 39K, 40Ca, and °®Fe, are generated using O source. With high mass resolution and down to
50 nm lateral resolution, NanoSIMS became a powerful tool for studying biogeochemical
processes in soil science, for instance, OM incorporation and distribution in soils, microbial
transformation of OM, interaction of inorganic element and OM, and specific minerals
contributed to OM sequestration (Remusat et al., 2012; Vogel et al., 2014; Mueller et al., 2017

Mueller et al., 2023; Amelung et al., 2024).

NanoSIMS measurement is commonly combined with other microscopic technics to obtain
further structure and topography information. Scanning electron microscope (SEM) with
resolution down to 1 nm was commonly combined with NanoSIMS measurement to obtain
high resolution images (e.g. Mueller et al. (2012), Vogel et al. (2014)) and transmission
electron microscopy (TEM) with a resolution of 0.5 nm was combined with NanoSIMS for
complementary images (Vidal et al., 2016). Micro-scale 3D structure can be analyzed by
atomic force microscopy (AFM) (Fleming et al., 2011; Wirtz et al., 2012; Fleming and Wirtz,
2015). However, AFM is not capable measuring topography of soil microaggregates. For the
sample with high aspect ratio, as soil microaggregates, the AFM measuring tip will collide with
the sample due to the fast scanning speed (Akhtar et al., 2019). Consider the high spatial
resolution, Helium lon Microscopy (HIM) can overcome topography limitations and combined
with NanoSIMS for investigating the topography effect of soil microaggregates on OM

sequestration.

1.3.2. Helium lon Microscopy: sub-nm resolution SE images for 3D reconstruction
With a high spatial resolution down to sub-nanometer scale, Helium lon Microscopy (HIM) is
an ideal technique for surface reconstruction (Hlawacek et al., 2014; Wirtz et al., 2015). By
applying the photogrammetry method, the 3D surface of the sample can be reconstructed

using SE images from different angles (Eulitz and Reiss, 2015; Vollnhals and Wirtz, 2018).
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1.3.3. Need for new computational approaches for 4D presentation
Element distribution on the particle surface can be obtained in a 2D image by overlapping
images obtained from different techniques. 3D reconstruction of biological samples and
inorganic particles has been developed (Vollnhals and Wirtz, 2018). To further elucidate SOM
sequestration on the microaggregate surface, we need a 4D presentation of soil aggregate in
the submicron scale combining 3D architecture (reconstructed by HIM SE images) and surface

element distribution (obtained by NanoSIMS measurement).

1.4. Objectives and approaches
The main goal of this thesis was to deeper understand the overall OM sequestration of freshly
added OM in soils differing in SOM legacy, followed by elucidating the submicron scale OM
sequestration on the 3D architecture of soil microaggregates. The impact of soil C content,
freshly added OM N content, and the microbial activities on C sequestration and C dynamic
was investigated. For topography analysis, a rapid sample preparation method that preserves

the sample topography was applied.

To address the primary goal, the objectives were as follows:

A. Investigate the rapid newly added OM retention in soil MAOM fractions influenced by
particle size, SOC content, and OM N content (Study 1)
An incubation experiment for 24 h was conducted for rapid retention of newly added
OM study. Soils from the same long-term research field but differing in C content were
employed to investigate the influence of SOC content on OM retention. How OM N
content influences its retention was explored by using two low-molecular-weight
organic compounds (LMWOC) highly enriched in 3C and/or °N. Clay and fine silt-size
fractions were analyzed using IRMS to study the freshly added C retention in fine-sized

fractions.



B.

Investigate the C dynamic in soil influenced by SOC content, plant residue N content,
and microorganisms (Study 2)

Soils with a C gradient and *3C and N labeled plant residues that differ in N content
were used for a 90-day incubation study. The total C budget was measured to study
plant-derived C retention influenced by SOC and plant N content. The C dynamic
influenced by microorganisms was investigated by measuring soil respiration with 13C
signatures, 3C compound-specific PLFAs, microbial necromass, and enzyme activities.
Investigate the OM sequestration influenced by surface chemical composition of soil
microaggregates (Study 3)

Soil aggregates were measured with NanoSIMS using both cesium and oxygen source
for studying the correlation of OM and inorganic element distribution.

Elucidating how microtopography of soil aggregates fosters OM sequestration (Study
3)

The microtopography fostered OM sequestration was elucidated by element

distribution from NanoSIMS analysis and surface information from 3D reconstruction.



2. Methodology

2.1. Study sites and soil sampling

& GeoBasis-DE/BKG

Figure 1 Location of soil sampling sites (1-3) in Puch Germany.

Soils of all studies were sampled from long-term field experimental sites in Puch, Germany
(48°11'37.0”N, 11°12'57.4"E). The soils were Luvisols derived from loess deposits (IUSS
Working Group WRB, 2015). Site 1, 2, and 3 as marked in Figure 1 were under soil management
practices bare fallow, three crop rotation, and direct seeding, respectively. We collected the
soils from the upper 10 cm at random spots of each sampling site and mixed them thoroughly
to form a composite sample. The fresh soil was air-dried at room temperature and
subsequently sieved through a 2 mm mesh sieve. After picking out all visible plant residues by

hand, the soil was prepared for further experiments and analyses.

2.2. Basic soil properties determination

Basic soil properties and the determination methods were listed in Table 1 and Table 2,
respectively.



Table 1 Basic soil properties of soils employed in the studies.

Study Soil Soil Total C Total N C/N pH EC

management content content

(mgg?) (mgg?)

Study1l, Low-C Bare fallow 6.1+0.0 0.7+0.0 8700 6.4 54.2
Study 4 soil
Study 1, High-C Direct seed- 17.4+0.3 18+0.0 9900 7.6 67.2
Study 4 soil ing
Study 2, Low-C Bare fallow 6.4+0.1 0.8+00 84+0.1 64 54.2
Study 3 soil
Study 2, Medium-C  Threecrop 12.5+0.0 1.4+0.0 9.0+0.2 6.9 6038
Study 3 soil rotation
Study 2, High-C Direct seed- 20.7+0.0 21+00 99+02 76 67.2
Study 3 soil ing




Table 2 Overview of soil property determination methods for Study 1-4.

Soil properties Methods Study

Soil mineralogy XRD (Philips PW 1820 diffractometer, Co Ka radiation A = 1
1.7902 A, 26 rang 2° to 26° in step of 0.02°, counting time 5 s

for each step)

pH and EC Soil:deionised water ratio of 1:5 (w/v) water suspension 1

Fe content ICP-OES (Vista Pro CCD Simultaneous, Varian, Darmstadt, 1
Germany)

Texture H202 oxidation to remove OC. 1

Wet sieving followed by X-ray sedimentation measurement
(Sedigraph Plus, Micromeritics, Aachen, Germany)

SSA N2-BET (AUTORSORP-1, Quantachrome, Odelzhausen, 1
Germany)

C and N content Dry combustion (Elemental Analyzer, EuroEA, HekaTech, 1

Wegberg, Germany)

2.3. Isotope labeling experiments and microcosm designs (Study 1-4)
2.3.1. Soils incubated with low-molecular-weight organic compound (Study 1, Study
4)
To study the fast retention of freshly added substrates in MAOM, a 24-hour incubation was
conducted using two soils and two low-molecular-weight (LMW) substrates. To achieve our
research goals 1) how soil C loading influences C retention as MAOM, we used soils from bare
fallow (sampling site 1 in Figure 1) and direct seeding management (sampling site 3 in Figure

1) due to the larger difference in their SOC content, and 2) how the N availability of the
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amendments influence C retention as MAOM glucose (D-Glucose-13Cg, Sigma-Aldrich, > 99
atom% 3C) and amino acid (algal amino acid mixture, Sigma-Aldrich, > 98 atom-% 3C and >

98 atom-% '°N) as amendments for their different N content.

Two soils and 3 amendments (glucose, amino acid, and control), with 3 replicates each,
totalized 18 microcosms. Five grams (dry weight) of sieved fresh soil was weighed in a 100 mL
centrifuge tube (Ultra-Hight Performance, VWR). The LMW amendment was added as a
solution to soils at a C input rate of 0.82 mg g* soil, which was based on the 3.2 t ha* yr! mean
Cinput at experimental site Puch. Glucose and amino acid powder were weighed into beakers
and subsequently dissolved with 25 mL of deionized water. The solutions were prepared at
the concentration of 2.183 mg glucose mL* and 2.169 mg amino acid mL™. Each microcosm
of LMWOM treatment received 25.2 ul solution, thus 0.273 mg *3C, for each gram of soil. For
amino acid treatment, each microcosm also contained 0.18 mg *°N g soil. All microcosms,
including controls, were adjusted the moisture to 50% water holding capacity with deionized
water. To homogenize the soil with a solution in each microcosm, a glass rod was used to stir
the sample. Each microcosm was sealed with a lid and left to rest at 20°C in a dark room for
24h. All microcosms were frozen with liquid nitrogen after 24 hours to stop all biological

activities. The frozen samples were subsequently freeze-dried.

2.3.2. Soils incubated with plant litters (Study 2, Study 3)
To better understand the C retention of the amendment in soils, we moved further from
LMWOM to plant litter as OC input. In this incubation experiment, we used three soils from
bare fallow (sampling site 1), three crop rotations (sampling site 2), and direct seeding
(sampling site 3) management. These three soils have a carbon gradient from 6.4 to 20.7 mg

g soil for studying how soils with different C loading, thus different SOC saturation level retain
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freshly added OM. 13C and *°N labeled pea and oat plant litter (details in Table 3) were used

as an amendment to investigate the influence of N content of added OM on C retention.

Plant powder C content 3Catom% N content N atom% C/N
(mgg™) (mgg™)
Oat 440 2.18 15.9 4.0 27.8

(Avena sativa L.)
Pea 432 1.69 40.2 2.0 10.7

(Pisum sativum L.)

Table 3 Plant residue information, including C, 13C, N, 2°N content, and C/N ratio of oat and

pea.

We used a gas-tight Mason Glass jar (473 ml, KoRo) as a microcosm (Figure 2). On the lid of
each jar, we installed one stainless steel tube (Swagelok) with a septum (Standard Septa,
Wagner& munz) for gas sampling during the incubation. The sample was placed in a polyvinyl
chloride (PVC) cylinder (50 mm in height, 45.2 mm inner diameter) with a mono-layer
polyester mesh (mesh size 55 um) fixed at the bottom with an O-ring (nitrile rubber). The

cylinder was placed on the metal grid in the glass jar for better gas circulation at the bottom.
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Gas sampling

|

septum

Soil substrate + litter s -_
Grid -

Figure 2 Microcosm design. Figure from Study 2.

We performed a 3 x 3 design, 3 soils and 3 amendments (control, oat, and pea) with 5
replicates for each treatment. The amendment was mixed with 50 g (dry weight) of soil at the
rate of 0 mg g (control) and 10 mg g (equivalent to 13 Mg ha) in the cylinder. The starting
point of the experiment was considered once the fine droplet of water was added into the
cylinder and adjusted to 50% water holding capacity. The start time interval for each sample

was set at 1 min, considering the gas sampling during the incubation.

The incubation was conducted in a dark thermostatic room of 22°C. The glass jars were partly
opened during the 90 days of incubation to avoid an anaerobic environment. The moisture
was controlled every 48 hours. After 90 days, each sample in the cylinder was mixed
thoroughly to obtain a homogeneous sample. Approximately 15 grams of each sample was
sampled and stored at 4 °C for enzyme and PLFA analyses. The rest of the sample was frozen
using liquid nitrogen to stop all microbial activities and freeze-dried to obtain dry material for

further analyses.
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2.4. Crespiration with 3CO; signatures (Study 2)
Soil respiration in the incubation experiment with plant litter addition was monitored together
with 13C signatures. The gas was sampled at 24 h, 72 h, 7 days, 14 days, 30 days, 60 days, and
90 days of incubation. A 25 ml gas-tight syringe (Model 1025 TLL, Hamilton) and 12 ml
evacuated vials (Exetainer 12 ml, flat bottom, Labco, UK) were used for gas sampling. Each
sampling collected 12.5 ml gas from the headspace of the microcosm and injected it into the
vial. The syringe was rinsed 3 times using Ar between each gas sampling to avoid

contamination.

The microcosms were sealed to start sampling, followed by injecting inert gas (Ar) to avoid
negative pressure due to the sampling. The first gas sampling took place directly after injecting
the Ar, and the time was noted as to. The next 3 sampling points of each microcosm were
performed at time to + t, to + 2 t, and to + 3 t, totaling 4 sampling points per microcosm.
Between the sampling points, the jar was sealed for a certain time, t, which ranged between

40 and 180 min, depending on the incubation day and the treatment.

The CO; concentration and *3C abundance of each sample were determined using GC-IRMS
(Delta plus, Thermo Fisher, Dreieich, Germany). The 3C enrichment of the samples was given
in atom-%. The respired CO; of each microcosm was calculated using a linear regression model

based on the CO; concentration difference between the 4 sampling points (Equation 1).

CO,(ppm) =k (i):g) * t(min) + A(ppm)

Equation 1

The slope k represents the soil respiration rate. A stands for the calculated environmental CO;

concentration from the liner regression.
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With the known cylinder size, the available volume (VHeadspace) can be calculated.

Therefore, the respiration rate of CO2 for each microcosm was calculated using Equation 2.

m
Respiration CO,(mg *min™) = k (%) * VHeadspace(mlL) *

Mco, (%) . (10_6>
My (er) PP

Equation 2

The Mo, and My stand for the molar weight of CO2 and the gas molar volume at 22°C,

respectively.

The CO»-C respiration rate (Respiration C0O,-C) and the CO»-C respiration rate per gram of

soil (R¢p,-¢) were calculated using Equation 3 and Equation 4, respectively.

M ( mg )
. 1N . " ¢ \mmol
Respiration CO,-C (mg *min~"' ) = Respiration CO, (mg *min™") x — mg N\

02 (mmol)
Equation 3

where M represents the molar weight of C.

Respiration CO,-C (mg * min™1)

R - =1 -1 1 =
cop-c (Mg *min™" x g~ Soil) soil mass (g)

Equation 4
Soil mass is the soil dry weight per microcosm.

The CO,-C respiration rate was further normalized to each gram of SOC per gram of soil

(Equation 5).
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Normalized R¢p,.c (mg *min™"' + g7'S0C)

Respiration CO,-C (mg *min~! * g71Soil) (103mg
= *
S0C(mg * g~tSoil) g

Equation 5

The cumulative CO;-C respiration during 90 days of incubation was calculated using

integration (OriginPro 2021).

2.5. Fractionation
2.5.1. Density fractionation (Study 1)
To separate MAOM and POM, density fractionation was used in Study 1. Soil sample in Study

3 was also prepared using this method:

a. Weigh approximately 3 g of freeze-dried soil sample;

b. Submerge soil sample in 50 mL NaPWO, with a density of 1.8 g cm™;

c. Disperse sample using ultrasonic with an energy input of 480 J mL%;

d. Centrifuge the sample at 3500 rpm for 30 min at 20 °C;

e. Separate the floating fraction (POM) from heavy fraction (MAOM);

f. Wash POM and MAOM fractions with deionized water using pressure filtration

system (filter pore size 0.45 um) until the EC below 50 puS cm™;

g. Separate MAOM fraction by sedimentation in deionized water;

h. Freeze-dry all fractions.

2.5.2. Dry aggregate fractionation (Study 3, Study 4)
Dry aggregate fractionation is a time-efficient way of separating aggregates of different sizes.
This method is performed by mechanical force and, therefore, keeps the sample undisturbed
by liquid. A modified Casagrande device (Mennerich Geotechnik, Hannover, Germany)

equipped with a stack of sieves (53 um and 250 um) was employed in this method:
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a. Weigh 10 g of freeze-dried soil;
b. Transfer the sample to the top sieve of the sieve stack;

c. Settap frequency of 2 Hz for 1000 cycle

Figure 3 Modified Casagrande device.

2.6. Microbiological analyses (Study 2)
2.6.1. PLFA analysis
The microbial community composition was calculated by measuring PLFA, using the method
adapted from Frostegard et al. (1991). We introduced an internal standard (19:0 phospholipid)
to each sample followed by adding a mixture of chloroform, methanol, and citric buffer (0.15
M, pH 4.0) (1:2:0.8 v/v/v) to extract the lipids. In sequence, the solution was subsequently
transferred to a silica column to remove the neutral-, glycol-, and phospholipids with
chloroform, acetone, and methanol. The lipids were then hydrolyzed, methylated, and finally
extracted with hexane. The samples were dried under N2 steam and then re-dissolved in
toluene with 13:0 fatty acid methyl ester (1 pg pl?) as the second internal standard. The

samples were measured using GC-FID. Based on the external calibration curve, followed by
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internal standard corrections (Gunina et al., 2014), we calculated the quantity of each PLFA.
The 3C/*2C of PLFAs was determined using GC-IRMS, then corrected according to Glaser and

Amelung (2002). Thus, we calculated plant litter C-incorporation in PLFAs using Equation 6.

13¢ abundance in PLFAs
13¢C input in the soil

plant litter — C incorporation(%) =

Equation 6

We assigned PLFA markers to different groups of microorganisms (see Table 4) according to

Sommer et al. (2017) and Lewandowski et al. (2015).

Table 4 PLFA markers and assigned groups.

Microbial group PLFA markers

Gram-negative (G-) bacteria 16:1w7c, cy17:0, 18:1w7c, cy19:0

Gram-positive (G+) bacteria i15:0, al15:0, i16:0, i17:0

Actinobacteria (Ac) 10Mel16:0, 10Mel17:0, 10Me18:0
Fungi 18:2w6,9
Non-specified al4:0, 14:1w>5c, 14:0, 15:0, 16:0, 17:0, 18:3w3,6,9, 18:0, 20:0

2.6.2. Enzymes activities
We analyzed 6 enzyme activities: B-glucosidase (BG), B-xylosidase (BX), B-cellobiohydrolase
(BC), chitinase, leucine-aminopeptidase, and acid phosphatase, based on fluorimetric
microplate assays (Marx et al., 2001; Marx et al., 2005). The activity of BG, BX, BC, chitinase,
leucine-aminopeptidase, and acid phosphatase was measured using 4-methylumbelliferone-
b-D-glucoside, 4-methylumbelliferone-7-b-D-xyloside, 4-methylumbelliferone-b-D-

cellobioside, AMC-T and AMC-L, and MUF-P, respectively.
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Approximately 1 g of soil (dry weight) were suspended in 50 ml of sterile water and dispersed
with an ultrasonic disaggregator for 2 min using low-energy sonication (50 J s). Aliquots of
50 ul suspension and 50 ul buffer were pipetted to 96-well microplates (black pure Grade®
microplates, Brand GmbH, Wertheim, Germany). Afterward, 100 uL of the corresponding
substrates at concentrations of 20, 40, 60, 80, 100, 200, and 400 mmol substrate g™* soil were
added to the microplates. Subsequently, the fluorescence of the microplates was measured
at 0-, 60-, and 120-min with an automated fluorometric plate-reader (excitation wavelength
355 nm, emission 450 nm, Victor3 1420 050 Multi-label Counter; PerkinElmer, Waltham, MA,
USA). We used the standard curve to calculate the enzyme activities (German et al., 2011),
and used the Michaelis-Menten kinetic equation (Equation 7) to estimate the maximum
enzyme activity (Vmax), parameter Km, and substrate concentration (S) at Vmax/2 reaction rate

(Marx et al., 2001).

V = (Vnax *S)/ (K +5)

Equation 7

2.6.3. Microbial necromass
The fungal and bacterial necromass were estimated by measuring 4 soil amino sugars:
glucosamine (GlcN), mannosamine, galactosamine, and muramic acid (MurA). We adapted the

extraction procedure as described by Liang et al. (2012).

We hydrolyzed 400 mg of the post-incubated sample with 10 ml of 6 M HCl at 105 °C for 8 h.
Internal standard was added to the hydrolysate after cooling down the room temperature.
Subsequently, the solution was filtered and dried using a rotary evaporator (Heidolph) at 40 °C.
The sample was re-suspended with deionized water, followed by adjusting pH to 6.6-6.8 using

1 M KOH to precipitate salt. Each sample was derived using 32 mg ml? hydroxylamine
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hydrochloride and 40 mg ml* 4-dimethylamino-pyridine in pyridine-methanol (4:1 v/v). The
DCM and HCL were used to wash the samples and the upper phase was discarded. The samples
were washed with H20 and then dried under an N; stream. Prior to the GC-FID measurement,
dried extracts were dissolved in 300 pul ethyl acetate/n-hexane (1:1 v/v). The quantity of amino
sugars was estimated using calibration curves based on different concentrations of external
standards. According to Appuhn and Joergensen (2006), we calculated bacterial and fungal

necromass C based on muramic acid and glucosamine content (Equation 8 and Equation 9).
Bacterial necromass C (mg g~* soil) = MurA (mg g~! soil) = 45
Equation 8

Fungal necromass C (mg g~? soil)

= (mol GlcN — 2 * mol MuraA) * molar weight GIcN * 9
Equation 9

2.7.13C and N incorporation (Study 1, Study 2, Study 3)
Stable isotope enrichment of samples was measured using an IRMS. The enrichment of 13C
and >N were given in at%. The fraction amendment-derived isotope (f,) was calculated using

the enrichment of the sample (Atsqmpie), the control (Atconirer), and the amendment

(Atamendament):

fo = Atsample(at%) — Atcontror(at%)
* Atgmenament (at%) — Atcontror(at%)

Equation 10
where x stands for the isotope *3C or 1°N.

The content of amendment-derived C (C mendmentderived) @aNd N (Ngmendmentderivea) in €ach

fraction was calculated using Equation 11 and Equation 12.
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Camenamentderivea(Mmg * 1) = fc x C(mg * g™*)
Equation 11

Namendmentderivea(mg * g~1) = fy * N(mg = g™1)
Equation 12

The incorporation (Incorporation) of amendment C and N in each fraction were calculated

from amendment derived C and N, and the amount of input Cand N (C V Niypye):

Cv Namendmentderived (mg * g_l)
cv Ninput(mg *g~1)

Incorporation(%) =

The proportion of amendment-derived C or N (f%) in each fraction was calculated as follow:

% * Incorporation

f% = 100
Y. Incorporation

For C incorporation in each PLFA, we used Equation 10, and Equation 13.

fc * C% € PLFA x PLFAcontent(mg * g™?1)
Cinput(mg * g_l)

Incorporationp,p,(%) =

Equation 13

The proportion of C in each PLFA (C% € PLFA) is based on the chemical formula of each

compound.

2.8. Sample preparation for submicron scale analysis (Study 3, 4)
We prepared soil microaggregates in a liquid-free method for NanoSIMS and HIM (-SIMS)
analysis. A square-shaped wafer with the size of 7 * 7 mm was used for each sample. Si wafer
was used in Study 4, while in Study 3, we used GaAs wafer. We placed a few pug of soil fraction

in the middle of the wafer, stabilized it by storing it at -18°C for 20 min, and then moved it to
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room temperature. The loose particles were blown away with a compressed air gun. A gold
coating of approximately 15 nm was applied to samples before each measurement.
2.9. NanoSIMS (Study 3, Study 4)

We used nanoscale secondary ion mass spectrometry (NanoSIMS) (NanoSIMS 50L, Cameca,
France) to acquire the element distribution at submicron scale of soil microaggregates. The
Cesium source (Cs+) (16 keV, 2 pA) was used to detect the secondary ion distribution of mass
16 (1%0), 24 (12C*2C), 25 (*2€13C), 26 (*2CU4N), 27(*2CI5N), 43 (2’Al*®0) and 72 (*°Fel®0) at 256 x
256 pixels, 1 ms/pixel, 40-60 planes and a raster size of 20-25 pm. When the 12C*3C/*2C*2C or
12CI5N/12CYN ratio of measured spot larger than 0.05, it is considered C enriched or N enriched
spot, respectively. And therefore, this spot is a newly formed OM spot. The RF plasma oxygen
source (O°) was used to measure the distribution of 23 (Na), 24 (Mg), 27 (Al), 28 (Si), 39 (K), 40

(Ca), and 56 (Fe) at 256 x 256 pixels, 1 ms/pixel, 30-90 planes and a raster size of 10-30 um.

We applied electron multiplier dead-time correction using OpenMIMS plugin in Imagel
(Gormanns et al.,, 2012). The sum of images was based on auto-alignment of over 60
measurement planes. The images of each measurement were combined into a tiff file and the
RGB image using the distribution of 10 in red, 3C*2C/*2C'2C in green, and ®N*2C/**N*?Cin blue,
with the threshold at 0.05 of the ratio. We carried out machine-learning algorithm
segmentation to all RGB images in llastik 1.3.3 according to Sommer et al. (2011). The OM-
enriched hot spots and the enrichment of each patch were analyzed based on the

segmentation masks created with the software llastik.

2.10. HIM (-SIMS) and topography analysis (Study 3, Study 4)
In Study 3, Helium lon Microscopy (HIM) was used to acquire the secondary electron (SE)
images of the microaggregates with a spatial resolution of down to 0.5 nm. For 2D analysis,

one image per sample was taken at the sample stage perpendicular to the primary beam. At
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a stage tilt of 45°, 24 SE images were acquired with a stage rotation step of 15°. Another 15

pictures were taken at a stage tilt of 54°.

In Study 4, HIM with Secondary lon Mass Spectrometry (SIMS) system was used to acquire SE

images and in-situ chemical imaging of 23Na, 2*Mg, and 3°K on the microaggregates surface.

2.11. Correlate microscopy analysis of soil microaggregates
2.11.1.2D image correlation
For 2D image correlation, 1 SE image of each microaggregate was required. We performed
Laplace fusion in Imagel, adapted from Vollnhals et al. (2017), to correlate NanoSIMS
measurements with HIM images. In brief, we first used the RGB image from the NanoSIMS
measurement to correct the SE image using non-linear transformations. A Gaussian blur filter
was applied to the corrected SE image of 2048 x 2048 pixels. Next, the image was downscaled
t0 1024 x 1024 pixels (Image 2), then 512 x 512 pixels (Image 3). At 512 x 512 pixels’ resolution,
the SIMS image with OM enrichment distribution was added to Image 3. This image was then
upscaled to 1024 x 1024 pixels followed by adding Image 2. We followed the same procedure

and obtained the image in 2048 x 2048 pixels as the final image.

2.11.2.3D architecture reconstruction and curvature analysis
3D architecture reconstruction of the soil microaggregates was carried out using Autodesk
ReCap Photo. The curvature of microaggregates’ surface was determined using MATLAB.
Detailed calculation was described by Ost et al. (2021). For each 3D date point k, the curvature

(0% ) was calculated based on its 230 neighbor points using (Wilke, 2002):

1 N
O = NZ Ok,i
i=
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Where 6, ; stands for the angle between the normal vector of point k and the neighbor. N

represents the total amount of neighbor points.

2.11.3.4D surface analysis
To demonstrate 4D surface information of microaggregates, MeshLab was used to overlay
SIMS images on the 3D architecture. We obtained the topography information of enriched

OM hot spots and thus, the 3D distribution of OM on the microaggregates.

2.12. Statistical analysis (Study 1, Study 2, Study 3)
All statistical analyses were performed in OriginLab (Origin 2019, Origin 2020 and Origin 2021).
The normally test was first carried out on the measured data using Shapiro-Wilk test. The data
with normal distribution was tested by ANOVA with Tukey’s HSD test as the post hoc test. For
the non-normal distributed data, transformations were applied to the raw data followed by
the normality test. When the transformed data failed normality test, the Kruskal-Wallis

ANOVA was applied to the raw data with Dunn’s test as the post hoc test.
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3. Results and discussion

3.1. Rapid OM retention influenced by soil fraction size, soil C content, and the N content

of added OM (Study 1)

After incubating two OM amendments with different N contents (glucose and amino sugar
mixture) and two soils differed in C content (0.6% vs 1.7%), the OM retention on clay- and
fine-silt-sized fractions was determined. The IRMS results demonstrated that the recovered
OM on clay-sized fractions was 5-10-fold higher than on fine silt-sized fractions in all
treatments. Our founding emphasized the importance of fine mineral fractions, especially
clay-sized fractions in sequestering OM input in soils (Christensen and Sgrensen, 1985; Kaiser
and Zech, 2000). By measuring the specific surface area (SSA), we demonstrated that the
amount of associated OM on each fraction is positively related to its SSA, which supported the
previous findings (Mayer, 1994; Saggar et al., 1996; Sarkar et al., 2018). Clay-sized fractions

with greater SSA enabled a larger amount of OM to be retained than fine silt-sized fractions.

As soils are suggested to have a SOC storage limit (Hassink, 1997; Six et al., 2002), we
estimated the two soils' saturation level based on their texture according to Feng et al. (2013).
Compared to the average C saturation level of Bavarian cropland soils of 50% (Wiesmeier et
al., 2019), one soil was depleted in SOC with 33% SOC saturation level, whereas another one
had a 75% SOC saturation level. We demonstrated that SOC-depleted soil had greater
efficiency retaining added OM compared to high SOC saturation level soil, which is supported
by Stewart et al. (2007), who pointed out that soil further than its SOC storage capacity is more

efficient in sequestering new OC.

By adding OM with and without N content, we demonstrated that the N content of added OM
clearly enhanced the freshly added OM retention in the C-depleted soil but was not obvious

in soil with high C content. Double amount of amino acid-derived C than glucose-derived C
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was retained in the soil low in C. However, in the high C content soil, only 2% more of amino
acid-derived C than glucose-derived C was recovered in fine fractions. The higher N content
enhanced SOC content is in agreement with other studies, for instance, Lu et al. (2011) showed
in a meta-analysis that N fertilization increased SOC pool at 3.5% for agricultural soils. A
positive relationship between the N content of added OM and SOC accumulation was
observed in both simple amendments, e.g., glucose with or without N addition (Wang et al.,
2019), and more complex OM amendment, e.g., plant litter N content (Cérdova et al., 2018).
However, higher N content did not increase the added OM retention in the soil MOAM pool.
This indicated that further SOC sequestration is controlled by SOC saturation level over N
content, which is supported by a model study on agricultural and forest soils (Castellano et al.,

2015).

3.2. Soil C dynamic influenced by microbial activities (Study 2)

Soil C loading C saturation level
Low-C soil Medium-C soil High-C soil
Sail ——
+ + + + + + +
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Figure 4 Graphical view of Study 2
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Two 3Cand N enriched plant litters were used as more complex OM amendments for further
investigating the C dynamic in soils influenced by microorganisms. Pea and oat litters were
chosen due to their different N content (pea > oat). We used 3 agricultural soils that differed
in SOC content (ranging from 6.4 - 20.7 mg g!) due to soil management effects (details are
listed in Table 1). All studied soils showed a gain in their C stock in response to plant litter
addition. Concerning native SOC content, soil with lower C loading gained a higher proportion
of C. Therefore, the relative C sequestration potential was demonstrated to be greater in soils

with lower C saturation levels (Stewart et al. (2007), Study 1).

We demonstrated that both plant litter amendments in all three soils induced a positive CO;
release. This is in line with other studies that demonstrated increasing OM input resulted in
higher cumulative CO; respiration (Don et al., 2013; Rui et al., 2016; Mendoza et al., 2022).
We highlighted our result that with OM amendment, soil with lower C content mineralized a
higher proportion of plant litter-derived C and native OM-derived C. The negative correlation
between soil C content and cumulative soil respiration indicates a more vulnerable SOM in
soil depleted in C. Increase in the proportion of added C to native SOC led to a lower C
retention efficiency, which was demonstrated in our study by lower C content soil respired
higher amount of CO,. Nevertheless, plant litter addition led to a positive feedback of soil C
content in all soils. Thus, continuous C addition can increase SOC storage, which further
enhances the efficiency of freshly added C retention (Stewart et al., 2008; Mendoza et al.,

2022; Wu et al., 2022).

Soil respiration is linked with the activities of microorganisms. The increase of respired CO;
can be attributed to the response of microbial activity to added OM. We demonstrated an
increase in the fungi-to-bacteria (F/B) ratio with OM addition by measuring PLFAs. The F/B

ratio was negatively related to plant litter N and SOM N content, indicating N benefited
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bacterial over fungal growth. With a 13C tracer, we found a larger amount of pea-derived C
than oat-derived C recovered in bacteria biomarkers. With the evidence from enzyme analysis
that showed C limitation in higher C-content soil and nutrient (N and P) limitation in lower
OM-content soil, we can conclude that nutrient availability limits fungal growth and C limits

bacterial growth, in line with other studies (Rousk and Baath, 2007; Wang et al., 2014).

3.3. Microstructure of soil particle controlling OM retention (Study 3, Study 4)
3.3.1. OM distribution in aggregate sizes
With a dry aggregate fractionation method modified from Felde et al. (2021), we fractionated
post-incubation bulk soils derived from Study 2 into three sizes: macroaggregates (> 250 um),
larger microaggregates (53-250 um), and smaller microaggregates (< 53 um). Microaggregates
were more critical than macroaggregates in OM storage as more than 70% of plant litter-

derived C was found in the microaggregates, which accounted for 39%-49% of soil dry weight.

3.3.2. OM hot spot and its relation with inorganic elements
By 2D elements mapping using NanoSIMS, we obtained the newly added OM hot spot and Na,
Mg, Al, Si, K, Ca, and Fe distribution. For each studied soil microaggregate in Study 3, the Cs*
source for OM distribution and O source for inorganic element distribution were applied on
the same spot. Previous studies using NanoSIMS pointed out the Fe, Al, Ca, or Mn distribution
was correlated to OM storage (Rennert et al., 2014; Rowley et al., 2018; Pohl et al., 2021;
Rowley et al., 2023) and the newly formed OM is closely related to Fe, Al, and Ca (Keiluweit et
al., 2012; Inagaki et al., 2020; Shabtai et al., 2023). We could not demonstrate any inorganic
element directly dominates the sequestration of newly added OM (element mapping is shown
in Figure 5). This could probably because our measurement demonstrated element

distribution of undisturbed sample surface, whereas the other studies showed the
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measurements on samples either prepared using liquid or embedded in resin then cut and

polished.

3.3.3. Bulk analysis vs surface analysis
The 3C and >N enrichment of bulk analysis on microaggregates < 53 pm demonstrated
significant differences between soils. However, the differences between these enrichments in
microscale analysis cannot be found. This points to the fact that bulk and surface OM
sequestration are disconnected. To elucidate how topography influences OM sequestration,

we should apply the techniques directly given the in-site information.

3.3.4. Incidence angle 44.60°: preferential OM retention hot spot
The 3D architecture of soil particles was reconstructed using their HIM SE images, as described
in Study 4. We introduced the incidence angle to describe the soil sample surface for analyzing
the effect of topography in concrete numbers. We correlate OM distribution of soil
microaggregates surface with their 3D architecture (Figure 6). The curvature of enriched spots
among all microaggregates did not show a significant difference between all three studied
soils or with oat or pea litter amendments. We highlighted that the newly added OM is
preferentially retained on the soil surface with an incidence angle of around 44.60°, regardless

of SOC legacy and OM N content.

Vogel et al. (2014) showed previously that rough surfaces in organo-mineral clusters provide
essential reactive interfaces for OM sequestration. Here, we are able to reconstruct the OM
distribution on the surface of primary particles and further expressed the surface roughness
using incidence angle with concrete numbers. The 3D architecture + surface analysis
overcome the limitation of 2D measurement, which precluded precise evaluations of soil
microtopography. This advanced the understanding and added more concrete knowledge of

OM sequestration in submicron scale.
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4. Conclusions and outlook

This thesis focused on the general understanding of the fate of OM, especially on the MAOM
formation driven by the 3D architecture of soil particles at the submicron scale. With bulk
analysis, the influence of initial SOC content, OM C/N ratio, microorganisms, and soil particle
size was studied. Microscale element distribution and topography's effect on OM
sequestration were investigated at a resolution down to sub-um.

In rapid OM retention and a 3-month plant litter retention experiment, we both demonstrated
that smaller particle sizes retained a higher amount of added OM. For the MAOM pool of
different sizes, clay-sized fractions recovered 5-10 fold freshly added OM compared to fine
silt-sized fractions due to the higher SSA in smaller-sized fractions. In aggregates of different
sizes, microaggregates demonstrated to be a more critical OM pool than macroaggregates by
harboring over 70% of added OM but with less than half of the soil dry weight.

The initial SOC content reflects the soil C saturation level in our studies. Soil with lower C
content demonstrated higher C sequestration potential in relation to the initial C loading when
adding fresh OM. The OM amendment with higher N content enhanced C retention, especially
in C-depleted soil.

The bulk analysis showed the C sequestration potential and C dynamic influenced by microbial
activities. Microbial community composition was shifted towards higher F/B ratios with plant
litter addition. This shift was more pronounced in soils with lower OM content and plant litter
with a higher C/N ratio, indicating that higher C availability benefits fungi over bacteria growth.
Moreover, OM amendments accelerated the C mineralization for both native SOM and added
OM. The higher N-content plant litter induced less C mineralization, therefore with more
material retained in soils. We highlighted that soils with higher OM loading retained a higher

amount of freshly added OM, regardless of its already higher SOC saturation level and higher
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SOC priming. This indicated that the retained OM addition in SOC depends on the current SOC
stock. To obtain a better ‘return on investment’ of OM in soils, soil management should
consider maintaining SOC storage by balancing the fresh C input with the initial SOC stock.

We elucidated how the topography of soil microaggregates influence OM sequestration by
reconstructed 4D presentation of soil particles, combining the 3D architecture with surface
element distribution. The curvature is introduced to describe the surface with concreate
numbers. The surface with an incidence angle around 44.60° was demonstrated to be the
preferential site to sequester freshly added OM. This advanced our understanding of MAOM
formation on the surface of soil particles, and added specific knowledge of OM sequestration

at the submicron scale.
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5. Appendix
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Figure 5 HIM images and NanoSIMS results of 6 soil particles. The HIM image, O, C, N, Na, Mg,

Al, Si, K, Ca, Fe distribution, and RGB image were shown from left to right. In RGB images, red,

green, and blue represent O, C, and N, respectively.
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Figure 6 4D presentation of soil microaggregates (Study 3).
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ARTICLE INFO ABSTRACT

Handling Editor: Daniel Said-Pullicino Although the association of minerals and organic matter (OM) in soil plays an important role in the sequestration
of C, the factors driving the initial formation of mineral-associated OM (MAOM), and thus the retention of new C
input in soils are not yet fully understood. In this study, we investigated how the soil C loading and the dif-
ferences in the N content of low-molecular-weight organic compound (LMWOC) input foster the rapid C
retention in the soil’s fine mineral fractions (clay and fine silt-sized fraction). Two topsoils (0-10 cm) with
different C loading due to different long-term management (direct seeding vs. bare fallow) derived from an
agricultural research trial were used for the short-term incubation experiment. In a 24-hour incubation experi-
ment, we used two labeled substrates (without N, glucose, > 99% 13C and with N, amino acid mixture, > 98%
13¢, > 98% '°N) to investigate how the different N content delivered by the LMWOC input determine the fate of
newly formed OM in the MAOM pool. Our results show that the soil with low C loading and thus a low C
saturation level retained more freshly added LMWOC in the fine MAOM pool compared to the high C-loading
soil, demonstrating that the soil C loading is a major factor controlling the retention of freshly added OM at the
early stage of MAOM formation. The LMW OM containing N significantly enhanced the recovery of freshly added
LMWOC in the low C-loading soil but not in the high C-loading soil. This points to the great importance of the N
availability for the retention of freshly added OM in soils. Our study showed that the level of the native OM
content affects the fast retention of freshly added OM in the clay-sized fraction to a greater extent than the N
availability of the OM substrate.

Keywords:

Carbon saturation

Soil C loading

N content

Stable isotope tracing

C retention

Low-molecular-weight organic compounds

1. Introduction with mineral surfaces and the reduced bioaccessibility within soil ag-

gregates, namely as mineral-associated organic matter (MAOM) and as

Soils store large amounts of organic matter (OM) and represent the
largest terrestrial carbon (C) pool (Scharlemann et al., 2014; Schle-
singer, 2005). Considerable work has been done to understand soil
organic carbon (SOC) stabilization mechanisms (Basile-Doelsch et al.,
2020), as the persistence of C in soils is of great significance concerning
global climate change and agricultural services (Lal, 2004). The amount
of more persistent soil C is mainly regulated by the interaction of OM

* Corresponding author.

OM occluded within soil aggregates (Christensen, 1992; JASTROW,
1996; von Liitzow et al., 2007). The MAOM was demonstrated to have
rather longer turnover times and thus sustain the persistence of C in soils
(von Liitzow et al., 2007). Therefore, the interaction of OM and mineral
surfaces (organo-mineral interaction) is considered as one of the main
factors that control soil C storage. Accordingly, a major focus was put on
the study of the cycling and fate of MAOM in recent years (Kleber et al.,
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Table 1

Basic soil characteristics of low-C and high-C soil before incubation, including C
and N contents, C to N ratio, pH-values and electrical conductivity (EC)
measured in H,O.

Soil Total C Total N C/N pH EC Fe content
content (mg content (mg (mgg™h
g g h
Low- 6.1 +0.0 0.7 £ 0.0 8.7 + 6.4 542 9.8+0.2
C 0.0
High- 17.4 £ 0.3 1.8+ 0.0 9.9 + 76 672 142+0.2
C 0.0

2015; Lehmann and Kleber, 2015).

To better understand the fate and the properties of MAOM, physical
fractionation using density and particle size is commonly applied to
differentiate between different SOM fractions (Kogel-Knabner et al.,
2008; Poeplau et al., 2018). It was shown that the amount of persistent
SOM correlates with the amount of fine mineral particles (<20 pm)
(Feller and Beare, 1997) and the type of clay minerals (Denef et al.,
2004), for instance, 2:1 layer silicate sequestrated a higher amount of
organic compounds than 1:1 layer silicate (Saidy et al., 2013; Wang and
Xing, 2005). As more than half of the total OM in temperate arable soils
is concentrated in the clay-sized fraction (<2 um) (Christensen, 2001), it
is crucial to better understand the OM cycling in the fine mineral frac-
tions. In many soils, the fine-sized mineral fraction contributes consid-
erably more to SOM preservation compared to particulate OM (Kleber
et al., 2015; Leifeld et al., 2009; Torn et al., 2013). Partly this is due to
the high specific surface area (SSA) of the fine-sized mineral fraction
that was demonstrated to positively correlate with the amount of stored
SOC (Hassink, 1997; Six et al., 2002).

Although the SSA plays an important role in SOM storage via organo-
mineral associations, the OM input determines the accumulation of SOM
in general (Kaiser and Guggenberger, 2003). Soil OM content and its
composition is mainly driven by the quantity and also N content of the
plant-derived OM input (Dungait et al., 2012; Grandy and Neff, 2008).
The mass ratio of C to N of most plant litter is above 20 (Paul, 2016;
Zhang et al., 2019), while that of MAOM is between 8 and 13 (Hassink
et al., 1993; von Liitzow et al., 2007), which resembles the C/N ratio of
microorganisms of around 8 and thus the increased amount of microbial
transformed OM, including microbial biomass and necromass (microbial
residues) (Buckeridge et al., 2020; Liang et al., 2019; Miltner et al.,
2012). Experiments studying short-term effects of OM substrate often
focus more on the low-molecular-weight organic compounds (LMWOC)
absorbed within the soils and the direct microbial uptake and mineral-
ization (Creamer et al., 2014; Fischer et al., 2010). The rapid microbial
transformation of plant-derived OM and its fate as MAOM in fine-sized
soil mineral fractions is less understood.

The soil OC content was suggested to be directly linked to the N
content of the OM input material (Jilling et al., 2020; Kleber et al., 2007;
Kopittke et al., 2020). Studies on the relation of N addition and alter-
ations of SOC stocks demonstrated that in both short-term incubation
and long-term field experiments SOC stocks increased when additional
N was applied (Cotrufo et al., 2013; Kirchmann et al., 2004; Wang et al.,
2019). In contrast, other studies showed that the SOC content is not
always significantly related to N addition (Brown et al., 2014; Campbell
et al.,, 1991; Reicosky et al., 2002). Other authors also pointed out that
although the N content of OM input is an important factor, the overall
accumulation of SOC seems to be more controlled by the quantity of the
OM input (Gentile et al., 2011; Lu et al., 2011).

A concept of soil C saturation was proposed, which suggested that an
upper limit of C content exists for the soil C pool and this capacity limits
the further increase of more persistent SOC with OM input (Six et al.,
2002). The research of C saturation effects on agricultural soils indicated
that the C input by aboveground crop residues (e.g. litter, straw) roots
and rhizodeposition is usually too low to show a considerable saturation
effect, although it was demonstrated that the total SOC pool has an
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upper limit (Stewart et al., 2007; Stewart et al., 2008). Soil OC in agri-
cultural soils is mainly stored in mineral fractions < 20 ym and thus the
capacity to store OC is mainly determined by the soil texture (Hassink,
1997). According to the author, the maximal soil C storage is dependent
on climate, topography, parent material, organisms and soil properties,
which can be expressed in various linear regressions of the maximum
SOC content (Wiesmeier et al., 2019). Thus, for a specific soil texture the
SOC storage can be estimated using the appropriate equation according
to the climate, land use and clay type (Eq. (5) in this case). Each soil has
a typical OC storage capacity, the amount of which generally remains
static. However, the soil C and N contents are constantly circulating out
into the environment, to be replaced by new C and N. In this way, they
maintain a dynamic equilibrium (Six et al., 2004). This idea of the dy-
namic behavior of SOM addresses the point that the overall SOC storage
is different from SOC retention (Chenu et al., 2018) since C retention is a
process (Lal et al., 2015). Soil C retention depends on both C stabiliza-
tion and destabilization. Recent studies on SOC retention focusing on
MAOM demonstrated a more efficient C retention with the input of
higher N availability compared to low N available OM (Cotrufo et al.,
2013). However, this occurs only when the soil is unsaturated with OC in
the MAOM fraction (Castellano et al., 2015; Lavallee et al., 2020).
Studies on the destabilization of native SOC due to the addition of
LMWOC demonstrated that the amount of soil C lost correlated with the
N content of the added LMWOC substrate (Blagodatskaya et al., 2007;
Keiluweit et al., 2015).

Yet, it is not well understood how the N content of OM input controls
the rates of the rapid C retention in the MAOM pool, and how the SOC
loading affects the short-term retention of freshly added C. Many studies
focused on long-term experimental field trials but only a few pieces of
information exist about the SOC stock on a very short timescale. Short-
term incubation studies have been primarily concerned with microbial
activities involving the LMWOC, and consequently missed the rapid
LMWOC retention as MAOM on soil fine fractions.

Here, we performed a short-term experiment applying two LMWOC
substrates on agricultural soils with different SOC saturation levels as a
result of different long-term management. The objectives were to
investigate how soil C loading and the N availability of the LMWOC
impact the initial retention of C in the MAOM pool. We hypothesized
that (1) the soil carbon saturation level influences the short-term
retention of LMWOG s, and (2) the soil C loading and the N content of
the substrate control the recovery of newly added OM in MAOM.

2. Materials and methods
2.1. Soil samples

To compare soils with different degrees of C loading, we sampled
agricultural soils from long-term field experiments maintained by the
Bavarian State Research Center for Agriculture (LfL). The experimental
sites are located in Puch (southern Germany, 48°11'37.0"N,
11°12/57.4"E) at an elevation of 550 m a.s.l. with a mean annual tem-
perature of 8.8 °C and mean annual precipitation of 872 mm. The ex-
periments comprised sites under different crop rotations and tillage
systems with a wide SOC gradient as a result of different C inputs over
several decades. For this study we selected a site (10 x 15 m) with a
typical rotation including winter wheat (Triticum aestivum), grain
maize (Zea mays), winter rapeseed (Brassica napus) and spring barley
(Hordeum vulgare) under direct seeding started in 1992 and a bare
fallow (5 x 50 m) experiment started in 1953, where no crops were
cultivated and potential C input by germinating plants was prevented by
monthly plowing. The two experimental sites are in close vicinity and
comparable in terms of soil mineralogy (see Fig. A.1 in appendices).
Soils were characterized as Luvisols derived from Loess deposits (IUSS
Working Group WRB, 2015). Soil samples were taken from the upper 10
cm of the Ap horizon from 20 random locations of each plot and thor-
oughly mixed to form composite samples. The fresh soil material was
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Table 2
Soil texture of low-C and high-C soil before incubation, demonstrating as distribution of clay, silt and sand.

Fractions Clay (%) Fine silt (%) Medium silt (%) Coarse silt (%) Fine sand (%) Medium sand (%) Coarse sand (%)
Particle size (um) <2 2-6.3 6.3-20 20-63 63-200 200-630 630-2000
Low-C soil 28.6 11.1 22.8 25.4 7.0 3.8 1.3

High-C soil 38.8 10.1 18.5 17.4 8.1 5.3 1.8

air-dried at room temperature and subsequently sieved to 2 mm and
macroscopic plant residues were picked out by hand. Basic soil char-
acteristics and texture of the two soils are given in Table 1 and Table 2.

Soil pH and electrical conductivity were measured in the soil sus-
pension (soil to water ratio of 1:5 (w/v)) after shaking for 1 h and sitting
for 1 h. The Fe was extracted by citrate bicarbonate dithionite procedure
according to Holmgren (1967), and measured by using inductively
coupled plasma optical emission spectrometry (ICP-OES, Vista Pro CCD
Simultaneous, Varian, Darmstadt, Germany).

For soil texture analyses, all soils were treated with 30%-H302 to
remove OC, and subsequently with 0.0025 M sodium pyrophosphate
(Na4P207) to ensure dispersion of primary particles. Subsequently, ul-
trasonic dispersion was performed in 0.0025 M Na4P50; suspension at
450 J ml~!. Wet sieving was used to separate the particle size classes
630-2000 pm, 200 — 630 pym, 63 — 200 pm and < 63 pm. The suspen-
sions < 63 pm were freeze-dried and an aliquot was analyzed after
resuspending in 0.0025 M Na4P,07 using x-ray absorption (Sedigraph IIT
Plus (Micromeritics, Aachen, Germany).

Carbon and nitrogen contents of both bulk soil materials were
determined before the experiment in duplicate by dry combustion using
a CN elemental analyzer (HEKAtech, Wegberg, Germany). The soil
under bare fallow revealed C and N contents of 6.4 mg g~ ! and 0.8 mg
g~ !, respectively, and the soil managed by direct seeding revealed C and
N contents of 17.9 mg g~ ' and 1.9 mg g}, respectively. In the following
we refer to bare fallow as low-carbon (low-C) and to direct seeding as
high-carbon (high-C) soil. As the studied soils show no differences in
clay mineralogy (Fig. A1, in appendix), it can be assumed that the for-
mation processes of mineral-associated OM are comparable between the
soils.

2.2. Low-molecular-weight organic substrate experiment

To elucidate the direct incorporation of freshly added substrates with
differing C/N ratios we used two low-molecular-weight (LMW) sub-
strates, both enriched in '3C and one enriched in '°N (D-Glucose-13C6,
Sigma-Aldrich, > 99 atom% *3C and algal amino acid mixture, Sigma-
Aldrich, > 98 atom-% '3C and > 98 atom-% '°N). This approach
allowed us to trace the fate of C and N into soil microstructures of the
two soil materials with different C loading. The glucose was chosen as an
extreme substrate that contained no N. The amino acid mixture was
chosen due to its N being delivered together with C, whilst the mixture of
16 amino acids weakened the impact of a certain group of amino acids.

The amount of C input with these substrates was based off of the
mean C input (3.2 t ha™! yr_l) at the research site Puch (Wiesmeier
et al., 2014a). This was done under the assumption that the majority of
the C input localizes in the top 10 cm of the soil with a bulk density of
1.3 g cm 3, thus accordingly the calculated C input is 0.82 mg g~ soil.
In brief, five grams (dry weight) of sieved fresh soil were filled into a
100 mL centrifuge tube (Ultra-High Performance, VWR). Each treatment
including the control was set up with 3 replicates. To allow homoge-
neous mixing of the glucose and amino acid with the soils, the LMW
substrates were added as solutions. The LMW substrates were weighed
into beakers and dissolved into 25 mL deionized water to obtain the
solution of 2.183 mg glucose mL~! and 2.169 mg amino acid mL?,
respectively. For the treatment setup, 25.2 L solution, containing 0.273
mg 13C, was added into the tube for each gram of soil. Furthermore, the
amino acid treated soil obtained 0.18 mg *°N g~ soil via the substrate
addition. All substrate-amended soil samples were brought to the

moisture level of 50% field capacity. The same volume of deionized
water was added to the control group to adjust the moisture to the same
level as the LMWOC amended soils. In each setup, a glass rod was used to
stir and homogenize the mixture. The tubes were sealed subsequently
with lids and were kept in dark at 20 °C for 24 h. After 24 h all samples
were freeze-dried to directly disrupt any biological activity and yield dry
soil material.

2.3. Density fractionation

To obtain the clay-sized mineral-associated OM fraction, a density
fractionation procedure adapted from Golchin et al. (1994) was used.
The procedure ensured a good separation of particulate organic matter
(POM) and mineral-associated organic matter (MAOM), to avoid any
bias from translocated POM in the later-to-be analyzed microaggregate
MAOM samples.

In brief, approximately three grams of freeze-dried soil sample were
used for the soil fractionation. The soil samples were submerged in 50
mL sodium polytungstate (NaPWO4) with a density of 1.8 g em > and
dispersed using an ultrasonicator with an energy input of 480 J mL ",
After centrifugation (3500 rpm, 30 min, 20 °C), the floating light par-
ticulate OM (POM) fraction was collected via a vacuum system. Both
light fraction and heavy fraction (MAOM) were washed with deionized
water using a pressure filtration (0.45 pm filter pore size) to remove
excess salt until the electric conductivity dropped below 50 uS cm ™!, The
heavy fraction was separated into three size fractions - clay (<2 pym), fine
silt (2-6.3 pm) and silt and sand (>6.3 um) - by sedimentation and
subsequently freeze-dried.

2.4. Chemical and mineralogical analysis

The '3C and '°N enrichment, as well as the total carbon (C) and ni-
trogen (N) concentrations of bulk soils and soil fractions after the
adsorption experiment, were measured by an Isotope ratio mass spec-
trometer (IRMS, Delta V Advantage, Thermo Fisher, Dreieich, Ger-
many), coupled to an elemental analyzer (EuroEA, Eurovector, Pavia,
Italy). The enrichment is given in atom-% (at%).

The multi-point BET method (Chiou et al., 1993; Heister, 2014) was
used to determine the specific surface area (SSA) of clay and fine silt-
sized MAOM fractions. Nitrogen was employed as an adsorbate. The
samples were outgassed at 40 °C for 23 h and then measured at 77 K.

X-ray powder diffraction (XRD) was carried out on a Philips PW 1820
diffractometer, using Co Ka radiation (A = 1.7902 10\) for all clay and fine
silt-sized mineral fractions. The freeze-dried powder samples (random
powder preparation) were measured from 2° to 26° 26 in steps of 0.02°
20 with a counting time of 5 s for each step. The mineralogy was
assigned according to Moore and Reynolds Jr (1989). Each mineral
phase was determined by semiquantitative evaluation in accordance
with Niederbudde (1973) and Stanjek and Hausler (2000).

2.5. Calculations and statistical analysis

In the clay and fine silt-sized fractions, the '3C excess and '°N excess
were calculated using Eq. (1):
Excess,(at%) = Atpaciion(at%) — At conrol(at%) ™

The x stands for the isotopes 13C or !°N. The Excess, represents the
13¢ excess or 1°N excess. Atgracion and Ateoneo TEpresent the 13¢ at% or 1°N
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Table 3
Total C and N contents and C to N ratios of bulk soil, clay and fine silt-sized fractions of low-C soil and high-C soil after 24 h of incubation.
Total C content (mg *g~ 1) Total N content (mg *g 1) C to N ratio
Soil Control Glucose Amino acid Control Glucose Amino acid Control Glucose Amino acid
Low-C Bulk soil 6.1 + 0.0 6.6 + 0.1 6.7 £ 0.1 0.7 + 0.0 0.7 + 0.0 0.8+ 0.0 8.7 £ 0.0 8.9+ 0.1 8.1 + 0.0
Clay 23.8 £ 0.6 23.6 £ 0.3 23.1+0.1 3.4+0.1 3.3+0.0 3.4+0.1 7.0 +0.1 7.1 +0.1 6.8 + 0.1
Fine silt 7.2+1.2 8.4+ 0.7 9.2+ 0.9 0.9 +0.2 1.0 £0.1 1.1+0.2 84+0.5 8.2+0.3 8.3+04
High-C Bulk soil 17.4 £ 0.3 18.7 £ 0.5 19.0 +£ 0.1 1.8 £ 0.0 1.9 £ 0.0 2.0+ 0.0 9.9+ 0.0 10.0 £ 0.2 9.7 £ 0.1
Clay 39.8 + 4.6 38.7 £1.7 39.3 £ 0.4 49 + 0.4 4.8 +0.1 4.7 £ 0.1 8.0+ 0.4 8.3+0.1 8.3+ 0.2
Fine silt 24.4 +£ 0.6 27.3+14 30.0 £0.2 21+0.1 23+0.1 2.6 £0.2 11.6 £ 0.4 11.3+ 0.4 11.6 +£ 0.2
bl out using Origin 2020 (OriginLab) for statistical analysis of the IRMS
Table 4

The SOC saturation level of the low-C and high-C soil used for the incubation
experiment. The calculation of the SOC saturation level was adapted from
Wiesmeier et al. (2019).

Fraction < SOC capacity SOC content of SOC
6.3 um (%) (mg *g™) fraction < 6.3 pm saturation
(mg *g~ 1) level
Low-C 40 14 4.8 33%
soil
High-C 49 17 12.9 75%
soil

at% values of the size fraction and control, respectively.
The substrate-derived isotope in each fraction was calculated using
Eq. (2):

fx = Excess,(at%) /At 2

substrate (at%) - Atcomrol (at%)

The fx represents the proportion 3C or >N derived from the sub-
strate. Atgpsiae and Ateonro represent the 13C at% or '°N at% values of the
substrate and control, respectively.

The amount of substrate derived 1°C (Substrate,) in each fraction was
calculated using Eq. (3):

Substrate,(mg*g™") = f *c (mg*g™") @

where the ¢ is the C content of the fraction, using mg *g ™! as the unit.
The recovery of 13¢ (Ry) of the bulk soil in each fraction was calcu-
lated using Eq. (4):

R,(%) = Substrate, (mg * g")*f(%)/c_ ( ()]
input

mgxg ')
where the f is the content of the size fraction and Cipy is the C input of
the bulk soil, expressed in mg *g L.

The recovery of '°N is calculated with the same principle.

The estimation of the SOC storage capacity was adapted from Feng
et al. (2014) and Wiesmeier et al. (2019) using Eq. (5):

Capacitygoe = 1.68+0.32%ff < 6.3um 5)

The ff < 6.3um represents the content of the mineral fractions
smaller than 6.3 um, determined by soil texture analysis.

The C content in the fraction smaller than 6.3 pm in the soil samples
was calculated according to Eq. (6):

C%<63um(Mg*g™") = C%ciay(mg*g ") *friay% + CPrinesite (MG*™" ) *Frinesite %o
(6)

Where C%cy,y and C%pineic stand for the C content of clay and fine
silt-sized fractions, using mg ""g’1 as the unit. The fc,y% and fri,ei %
represent the clay and fine silt-sized fraction content of the soil.

The SOC saturation level (Lgaturation) Of the soils was calculated using
Eq. (7):

LSmumIion (%) = C%<6,3um (ng‘gi]) J‘IOO(%) (7)

/Cupacitysgc (mg*g’l)

A one-way analysis of variance (ANOVA) with Tukey test was carried

and BET datasets. Tow treatments in two soils were treated as 4 samples
in the statistical analysis. Differences between subsamples within each
fraction were tested separately. The differences were considered sig-
nificant when p < 0.05. Other data, except the soil texture, are presented
as mean values of the three replicates with standard deviation. The soil
texture was measured using a larger quantity of the homogenized bulk
soil that was used for the incubation experiments without replicates and
thus no standard deviation is given.

3. Results
3.1. Total carbon and nitrogen content

After 24 h of incubation, total C and N contents were measured for
the recovered fine mineral fractions. Since the amount of the LMW
substrates (0.27 mg C *g~! dry soil) was low compared to the native
SOM, all incubated soils showed no change in their total C and N content
(Table 3), due to the OM addition. The C-to-N ratio of the incubated soils
was 8.7 (low-C soil) and 9.9 (high-C soil). In both soils, the clay fractions
showed higher C contents than the fine silt fractions. The clay fractions
(n = 3) of the low-C soil contained 23.5 + 0.5 mg *g”*C and 3.4 + 0.1 mg
*g'lN (Table 3) after the 24 h incubation. The C and N contents of the
fine silt-sized fraction of the low-C soil were 8.3 + 1.24 mg *g~! and 1.0
+ 0.2 mg *g ™1, respectively. The high-C soil contained 39.2 + 2.3 mg *g’
1c and 4.8 + 0.3 mg *g!N in the clay-sized fraction while it contained
27.2+ 2.8 mg *g’'Cand 2.4 + 0.3 mg *g"'N in the fine silt-sized fraction.

3.2. SOC saturation level

The bulk soil capacity to store SOC was estimated according to Feng
et al. (2014) using Eq. (5). The calculated capacity for low-C soil and
high-C soils is 14 mg C and 17 mg C of each gram of soil (Table 4),
respectively. The SOC content in the fine mineral fraction (<6.3 um) of
the low-C soil was 4.8 mg *g !, while the high-C soil contained 12.9 mg
*g’1 SOC. The calculation of the SOC saturation level (Egs. (6) and (7))
demonstrates that the low-C soil has a low saturation of 33%, while the
SOC saturation of the high-C soil reaches 75% of the calculated potential
SOC storage capacity.

3.3. Recovery of substrate-derived 1>C and 1°N in MAOM fractions

The 13C excess and '°N excess were calculated based on the *C and
15N contents in the clay and fine silt-sized OM fractions according to Eq.
(1) (Fig. 1, A, B). For both clay and fine silt-sized MAOM of low-C soil
and high-C soil, it could be demonstrated that the glucose and amino
acid addition lead to a significant enrichment in '3C (Fig. 1, A). For the
13¢C excess of fine silt-sized MAOM of the low-C soil, no significant dif-
ferences were detectable both for glucose and the amino acid treatment,
with a 13C excess of around 0.7%. For the high-C soil a lower '3C excess
compared to the low-C soil was demonstrated for all MAOM fractions
(Fig. 1, A). Except for the glucose treatment of the low-C soil, the clay-
sized fraction showed a greater 13¢ excess and '°N excess (Fi g.1,B) than
the fine silt-sized fraction. For the low-C soil MAOM fractions, the clay-
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Fig. 1. 13¢ excess A), 15N excess (B), substrate-derived 3¢ (C) and '°N (D) of clay and fine silt-sized MAOM of low-C and high-C soils after 24 h incubation with
glucose or amino acid addition. The recovery of C (E) and '°N (F) of clay and fine silt-sized fractions of low-C and high-C soils after 24 h incubation with glucose or
amino acid addition. Lowercase letters, capital letters and asterisks (*) represent significant differences (P < 0.05) between clay-sized MAOM fractions, fine silt sized
MAOM and clay plus fine silt-sized MAOM, respectively.



T. Wu et al.

S °

245 o

fg [ )

S 40 3
(4]

Q

(&)

g€ 35

%

2 10

G—

.G .

Q [ |
& 5 N "

Low-C soil

Geoderma 409 (2022) 115657

[ )
Control
Glucose
> Amino acid
Clay-sized fraction
m  Fine silt-sized fraction
- ]
High-C soil

Fig. 2. BET analysis on clay and fine silt-sized fractions of each treatment.

sized fraction amended with amino acids showed a '3C excess of 1.4%,
which was twice the glucose-amended soil fractions (0.7%). For both
soils, a two-times higher '°N excess was demonstrated for the clay-sized
MAOM fractions (3.1% for low-C soil, 1.1% for high-C soil) compared to
the fine silt-sized MAOM fractions (1.5% for low-C soil, 0.4% for high-C
soil).

The substrate-derived 1*C and °N demonstrated a higher amount for
the clay-sized MAOM than the fine silt-sized MAOM (Fig. 1, C, D). In
both low-C and high-C soils amended with glucose and amino acid, the
substrate-derived '3C ranged between 1.7 and 3.3 mg *g ™! on clay-sized
MAOM fractions but that of fine silt MAOM fractions were below 1 mg
*g~1 (Fig. 1, C). In the amino acid amended soils, 1.0 mg *g~! (low-C
soil) and 0.5 mg *g’1 (high-C soil) of the substrate-derived 15N retained
on the clay-sized MAOM, 5 times higher than the fine-silt MAOM (0.2
mg *g~ ! for low-C soil, 0.1 mg *g~* for high-C soil).

After 24 h of incubation, the total recovery of the substrate-derived
13C in the bulk soils of all treatments ranged between 45% — 53%
(data not shown). The MAOM of the clay-sized fraction retained a larger
amount of substrate-derived C and N than the fine silt fraction. In the
low-C soil, 11% of the glucose-derived C was retained in the clay-sized
fraction, while 20% glucose-derived C was retained in the clay-sized
fraction of the high-C soil. The recovery of fresh amino acid derived
13C in the clay fraction of both soils was 23%. However, only 2-3% of
substrate-derived C was recovered in the fine silt-sized fractions (2-6.3
um) for both glucose and amino acid substrates.

3.4. The specific surface area of fine-sized mineral fractions

The specific surface area (SSA) of clay and fine silt-sized fractions of
each treatment (Fig. 2) were determined by BET analyses (Mayer,
1994b). For the clay-sized fractions of the control treatments, the SSA of
the low-C soil (46.4 m? *g!) was 6.4 m? *g™! larger than the SSA of the
high-C soil. However, the SSA of the fine silt-sized fractions of the low-C
soil was 1 m> *g’1 lower than that of the high-C soil (6.6 m? *g'l). The
SSA of the clay-sized fractions ranged between 35 and 47 m? *g’!, and
the SSA of fine silt-sized fractions are considerably lower, ranging be-
tween 5 and 10 m? *g’l. The SSA for both clay and fine silt-sized frac-
tions of both treatments of the low-C soil are significantly different (P <
0.05). For the high-C soil, significant differences (P < 0.01) in the SSA
were found for the clay-sized fractions between both treatments,
whereas no significant differences were found for the fine silt-sized
fractions between treatments. The addition of glucose led to a
decrease of the SSA compared to the control in the clay and fine silt-sized
fractions of both soils. For the clay-sized fractions of the low-C soil, the
SSA follows the order, SSAcontrol > SSAGlucose™> SSAa.a. However, the
amino acid substrate resulted in an increased SSA of the fine silt-sized

fraction of the low-C soil and the clay-sized fraction of the high-C soil.
4. Discussion
4.1. Rapid MAOM formation after addition of low molecular weight OC

The freshly added LMWOC was recovered in both analyzed MAOM
fractions, associated with fine silt and clay-sized minerals. Due to the
very short timescale of the experiment, we assumed that the OM
recovered as new MAOM-associated C was mainly due to the direct as-
sociation of the added LMWOC with the mineral surfaces and to a lower
extent by microbially transformed OM. If this assumption holds true, the
amino acid derived OM '3C/!°N ratios post-incubation would be close to
the original amino acid 13¢/15N value (2.91). We assumed clay minerals
as the main mineral factor that determines MAOM formation due to the
rather low contents of dithionite extractable Fe in the soils (9.8 mg*g ™!
for low-C soil and 14.2 mg*g ™! for high-C soil, respectively, Table 1)
(McKeague and Day, 1966).

However, we demonstrated that the substrate-derived 3C/!°N ratio
(between 3.28 and 6.29) (Table A2, in appendices) of the MAOM was
higher than the 13¢ /15N ratio of the substrate itself (2.91), thus clearly
pointing to the fact that after 24 h of substrate addition, part of the new
MAOM is already microbially transformed. This assumption is supported
by the results of a short-term glucose substrate experiment by Geyer
et al. (2020), who found 30% of amended C was recovered as microbial
residues in bulk soils after only six hours. Moreover, this assumed rapid
microbial transformation is more pronounced in the soil with a high C
loading. This is shown by 13C/!°N ratios of the amino acid derived OM in
the low-C soil (3.28) being lower (closer to the original amino acid
B3¢ /15N value) than its counterpart in the high-C soil (4.16). Our finding
is in accordance with other studies, that demonstrated such rapid mi-
crobial transformation. For instance, in an incubation experiment
amending *C glucose and °N-NHj to a Vertisol and Alfisol Ladd et al.
(1996) demonstrated that after three days of incubation the organic
14C/15N ratio was higher in the soil that contained more C. Poirier et al.
(2013) also reported similar results for a 51-day incubation experiment
by studying the effects of maize residue on the fate of the fresh OM in
soils with differences in stored C (topsoil vs. subsoil). The authors
demonstrated that the residue-derived C/N ratios were closer to the
original residue’s C/N ratio in the soil with lower C content compared to
the soil with higher C content.

This supports our assumption that the retention of fresh OM as
MAOM in the fine-sized fractions of soils with different C loadings is
driven by different pathways, which can be due to the microbial activity.
In addition, differences in the microbial community structure between
the two soils might have fostered the reported differences in the fate of
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the freshly added OM. The C-rich soils sustain a higher microbial ac-
tivity, which also may lead to higher amounts of microbial-derived
MAOM. This is in accordance with studies that used glucose addition
to study the correlations between glucose-derived C and microbial
biomass. For instance, Van Veen et al. (1985) found that native biomass
C was highly correlated with glucose-derived biomass C after 44 and 66
weeks of glucose addition. In a four-week incubation experiment by
Creamer et al. (2016), the authors demonstrated that the initial amount
of soil microbial biomass was one of the main drivers for the formation
of new SOC.

As the low-C soil and high-C soil have differences in their pH (6.4 and
7.6, respectively), we have to consider the potential role of soil pH on
the retention of the amino acid derived OM. Decreasing soil pH pro-
motes the adsorption of basic amino acids over acidic and neutral ones in
the soil (Gao et al., 2018; Henrichs and Sugai, 1993; Vinolas et al.,
2001), as negatively charged mineral surfaces enhance the sorption of
positively charged molecules. However, we demonstrated that the
amino acid derived OM was more efficiently retained in clay-sized
fractions of the soil with lower pH than the soil with higher pH,
whereas the amount of the amino acid derived OM retained on the fine
silt-sized fraction of two soils did not show a significant difference. It can
be assumed that soil pH is highly unlikely a dominant controlling factor
for the retention of the added amino acids. Otherwise, the reduced
amount of retained amino acid derived OM should have been demon-
strated in both fine-sized fractions between the two soils. As stated
above, we also assume that the added amino acid has been rapidly
transformed by microorganisms and thus the retention of microbial-
derived OM might be less affected by differences in soil pH. We thus
demonstrate that even on very short timescales, the contribution of
microbial transformed OM to the formation of MAOM should not be
overlooked.

4.2. C loading impacts short-term fresh organic matter retention in fine-
sized fractions

Our results indicated that the fine-sized mineral fractions (<6.3 pm)
of the low-C soil are clearly depleted in SOC (Table 4, with a much lower
C loading of 33% compared to the mean saturation level of Bavarian
cropland soils of 50% (Wiesmeier et al., 2014b). In contrast to the low-C
soil, the saturation level of the high-C soil of 75% is well above this
average SOC saturation level reported by Wiesmeier et al. (2014b). This
demonstrates the significant differences in cropland SOC storage
dominated by MAOM, as regulated by long-term differences in C input.
Based on the two soils in our study, it was shown that soils deficient in
SOC are more efficient in retaining fresh OM compared to already well-
saturated soils. This was indicated by the higher isotopic enrichment of
the OM in the fine mineral fractions of the low-C soil, compared to those
of the high-C soil (Fig. 2, A, B). Our findings on SOC saturation level and
fresh OM retention potential are in agreement with Stewart et al. (2007),
who showed that soils far below their specific SOC storage capacity
show a greater efficiency in sequestering new C. The difference in the
SOC loading of the low-C and high-C soil resulted in clear differences in
the retention of freshly added OM, thus the initial soil C loading is
decisive for the retention of newly added OM also in the short-term.
Thus, as pointed out in the long-term perspective (Chenu et al., 2018;
Lavallee et al., 2020), we can now demonstrate that the OC saturation
level of the MAOM is also important for the overall SOC sequestration
rate at an early stage.

We recovered around 50% of fresh OM in the bulk soil for all sam-
ples. These amounts of recovered freshly added OM are in the range of
values (~60% for glucose and ~80% for amino acid in bulk soil) re-
ported for other short-term experiments (24 h), in which glucose was
amended to temperate forest soils (Typic Dystrudepts of the Gloucester
series) (Geyer et al., 2020) and amino acids were added to forest soils
(Jones and Kielland, 2002). The newly added OM that retained in the
bulk soil but was not recovered as MAOM in the analyzed fine-sized
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mineral fractions were probably retained as MAOM in the fraction >
6.3 um. Besides that, a considerable amount might also be still in the
dissolved OM phase or be associated with particulate OM. The retention
of fresh OM occurred primarily in the clay-sized fraction (up to 23% of
the added OM) (Fig. 1, E, F), which illustrates the high importance of the
fine mineral fractions (clay-sized minerals) for the sequestration of
rather labile OM inputs in soils (Christensen and Sgrensen, 1985; Kaiser
and Zech, 2000). The retention of substrate-derived OM in the clay-sized
fraction was substantially above the level recovered in the fine silt-sized
fraction. This distinct difference can be suggested to be due to the dif-
ferences in the specific surface area (SSA) of both fractions. The mineral
surface area was previously shown to closely correlate with the amount
of associated OM (Mayer, 1994a; Saggar et al., 1996; Sarkar et al., 2018)
and the SSA decreases with the increasing particle size (Keil et al., 1994).
The clay-sized fractions with greater SSA provide a larger number of
reactive sites available for the sorption of OM, and therefore, retained
more fresh OM than the fine silt-sized fractions. We assume that the
freshly added LMWOC in the low-C soil is likely to bind with free min-
eral surfaces via organo-mineral interactions rather than with existing
MAOM via organo-organo interactions (Possinger et al., 2020). This is
supported by Gao et al. (2018), who demonstrated that minerals with
dissolved organic matter coating suppressed the further adsorption of
acidic amino acid. The higher C content of the MAOM can thus be the
reason for the high-C soil being less efficient in retaining amino acid
than the low-C soil. A higher soil C loading results in fewer possible
interactions of free mineral surfaces with OM, with this type of inter-
action being considered as the main factor in the persistence of SOM
(Liitzow et al., 2006; Sollins et al., 1996).

4.3. Does N content of substrate determine short-term fresh OM retention
in clay fractions?

In the low-C soil, the N-rich substrate led to twice as much retained
freshly added LMWOM as the substrate without N, thereby indicating
the importance of N content of freshly added OM for soil C sequestra-
tion. With the addition of glucose (N-free substrate), the high-C soil,
which also contained more N, retained more substrate-derived OM than
the low-C soil (Fig. 1, C, E). This suggests the initial soil N content might
be a limiting factor in the sequestration of fresh OM inputs in the MAOM
pool. The fact that a high N content enhanced fresh OM sequestration is
in accordance with studies that tested the effects of the addition of N on
the SOC stock. In a glucose tracing study with and without N addition
using soils from a temperate forest, Wang et al. (2019) demonstrated a
higher increase of SOC when glucose was added together with N. The
positive effect of higher N availability on SOM formation was not only
demonstrated using LMWOM but also with more complex natural plant
litter. A positive relation was observed between the N content of added
plant litter and C accumulation in the soil MAOM pool (Cérdova et al.,
2018). This is nicely corroborated by a meta-analysis spanning over 257
soils under various land uses, in which Lu et al. (2011) showed a sig-
nificant increase of the soil C pool (3.5% for agricultural soils) due to N
fertilization.

Depending on the soil C loading, the recovery of fresh OM differed
considerably between the two LMW substrates (Fig. 1, C to F). We show
that the N content of the substrate determines the retention of fresh OM
in the low-C soil (Fig. 2, C), which leads to the assumption that, for
degraded soils with low C saturation, the addition of OM with higher N
contents supports the build-up of mineral-associated OM. However, the
substrate with high N content (amino acids) did not enhance the re-
covery of fresh OM in the clay-sized MAOM fraction (Fig. 1, E). Although
the high-C soil contains more clay-sized minerals, which was previously
shown to be positively related to the retention of OM (Guillaume et al.,
2022; Hassink, 1997), in the present study this did not lead to a higher
retention of fresh LMWOC, which demonstrates a decoupling of the
retention of fresh LMWOC in the form of MAOM in C saturated soils. In
accordance with our results, Creamer et al. (2014) observed no



T. Wu et al.

enhancement in glucose-derived SOC with N addition. The authors used
an agricultural soil with very low clay content (1.7%) and thus a higher
saturation level of OC in the MAOM pool. Based on our findings for the
retention of fresh OM in a highly saturated soil, we assume that as soon
as soils reach a C storage level that is close to the saturation level
(Stewart et al., 2007), the N content of the input is no longer decisive for
the build-up of new MAOM. Although studies reported the addition of N
increased the C stock in the MAOM pool (Diekow et al., 2005), in soil
microaggregates (Kirkby et al., 2014) and at the bulk soil scale
(Hyvonen et al., 2008), we question this relationship between the sub-
strate N content and the amount of stored freshly added OM at the scale
of functional SOM pools. The importance of the N content of the organic
substrate for the sequestration of freshly added OM can be assumed to be
lower at higher N availability in native MAOM. Mineral-associated OM
as an important microbial N source is also suggested by Guillaume et al.
(2022). The authors demonstrated that cropland soils with lower MAOM
C saturation level showed a stronger N depletion in their particulate OM
than grassland soils. In our study, the N-rich substrate did not signifi-
cantly impact the storage of fresh OM in the high-C soil, indicating the
soil C loading; and thus the soil C saturation level, as an important
regulator in retaining freshly added OM. We suggest that C retention in
the MAOM pool of soils with high C contents is primarily controlled by
the soil C saturation level rather than by the N content of the OM input.
This is supported by a model study on agricultural and forest soil
(Castellano et al., 2015), demonstrating that the N availability of litter
input affected SOC storage based on the SOC saturation level.

On the other hand, the chemical structure of the added LMWOC can
be assumed to foster the different retention of the added OM in the soil,
as the functional groups of OM influence their adsorption (Henrichs and
Sugai, 1993). Glucose adsorbs to soil minerals through the hydroxyl (R-
OH) groups and the sorption of amino acid occurs mainly by amino (R-
NHjy) or carboxyl (R-COOH) groups (Johnston and Tombacz, 2002;
Thompson and Goyne, 2012) and thus, the sorption of amino acid de-
pends on the soil pH. The negative charge of clay minerals does not
change with pH. The lower pH indicates a possible higher positive
charge on mineral surfaces, which would not benefit the cation ab-
sorption. A larger amount of basic amino acid absorbed in soil compared
to neutral and acidic ones, which was reported at the soil pH at 6.9
(Jones and Hodge, 1999). This indicates that acidic amino acids would
be stronger sorbed in the studied low-C soil. As acidic amino acid makes
up 50% of the used amino acid mixture, this might have led to the lower
amount of amino acid retained in the soil with higher pH. Beyond the
properties of the fine-sized soil minerals, the composition of the MAOM
might also directly affect the sorption of the amino acid (Gao et al.,
2018). The authors demonstrated that the amount of absorbed amino
acids varied on the mineral surface coated with O horizon-derived dis-
solved OM and leaf litter-derived dissolved OM. As due to the different
management the studied fine-sized mineral fractions showed different
C/N ratios, one can assume that this is also a driver for the demonstrated
differences in the retention of fresh OM.

As the specific surface area of the mineral fractions is negatively
related to the sorption of OM (Kaiser and Guggenberger, 2000), we
expected a decrease in SSA with adding fresh LMWOC. We also expected
the high-C soil to present a lower SSA than the low-C soil due to a higher
surface coverage with SOM. Although the amino acid substrate was
highly retained in the clay-sized fraction of the high-C soil, demon-
strated by the isotopic enrichment of the OM (Fig. 2, A), we observed an
increase of the clay SSA due to the LMWOC addition. This could
potentially indicate a loss of native MAOC that could be accelerated due
to increased N availability due to the addition of amino acids. This
assumption is supported by Blagodatskaya et al. (2007), who found a
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higher native C lost under C-limiting conditions but not under N-limiting
conditions. This points to a possible increased microbial consumption of
native C fostered by the low C/N input material.

5. Conclusions

Our short-term incubation experiment indicated that the short-term
recovery of freshly added low-molecular-weight organic compounds
(LMWOC) in the MAOM pool is controlled by the soil C saturation level
and the N content of the added substrate. The freshly added OM retained
preferentially in the smaller MAOM fractions, especially in the clay-
sized fractions, pointing to the importance of the specific mineral sur-
face area for C sequestration. We demonstrate that N-rich substrate only
has a positive effect on the retention of fresh OM as MAOM in soils with
low C saturation level. Therefore, we state that the initial soil organic
matter content (especially N content) affects the sequestration of fresh
OM to a greater extent than the N content of the OM substrate.
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Appendices

Mass distribution

Table Al
Mass distribution of particulate organic matter (POM) and each mineral fraction
using density fractionation (density of 1.8 g/cm?).

POM (mg *g'l) Mineral fraction (mg *g'l)
< 2pm 2-6.3 pm > 6.3 pm
Low-C soil 2+15 184 +5.3 69 + 3.7 745 £ 9.3
High-C soil 14+9.1 281 +9.1 73+ 2.6 632 + 14.8
Mineralogy

Using X-ray diffraction (XRD) analysis, it was possible to demon-
strate similar mineralogy of the clay and fine silt fractions for both soils
(Fig. A1); thus showing a high level of comparability between the fine-
sized mineral fractions. The XRD spectra of all clay and fine silt fractions
show major peaks that indicate four minerals: illite, chlorite, kaolinite
and quartz. The overlapped peak of kaolinite and chlorite is located
between 14° to 15° 20 and a mixed layer of clay minerals is found be-
tween 7° to 10° 26. The content of main clay mineral phases in both soils
follows the order: illite > chlorite > kaolinite. For each size fraction the
proportion of every mineral phase is similar in the two soils, whereas the
proportion of mineral phases between silt and clay is slightly different.
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Fig. A1. XRD results of clay and fine silt-sized fractions of bare fellow (low-C)
and direct seeding (high-C) soil.

Amino acid derived 3C/™°N ratio

Table A2
The amino acid 13C/*°N ratio and the amino acid derived **C/**N ratio of clay-
sized MAOM fractions of low-C and high-C soil after 24 hours incubation.

Clay-sized fraction Fine silt-sized fraction Amino
Low-C High-C Low-C High-C Acid
Soil Soil Soil Soil
13¢/1N 3.28 + 416 + 4.08 + 6.29 £ 2.91
ratio 0.01 0.09 0.21 0.17

Amino acid mixture

Table A3
Relative composition of algal amino acid mixture.

Amino acid Relative composition % Amino acid Relative composition %
ASP 40.6 MET 0.6

THR 3.9 ILE 1.3

SER 5.1 LEU 3.8

GLU 9.2 TYR 1.2

PRO 2.6 PHE 0.8

GLY 12.1 HIS 0

ALA 13 LYS 2.1

VAL 2.3 TRP 0
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ARTICLE INFO ABSTRACT

Handling Editor: C. Rumpel It is crucial to promote soil carbon sequestration while reducing CO; emissions to mitigate climate change.
However, the extent of increasing actual soil carbon storage depends on the amount and composition of organic

Keywords: matter input, including its fate during decomposition and soil organic matter (SOM) formation via microbial

Soil respiration transformation. With respect to the need to increase carbon sequestration in soil and sustain soil fertility, it is of

Stéble Isotope tracing great interest to better understand how soils with different organic matter content react to amendment with fresh
Soil microorganisms

. . organic matter. Here, we incubated three agricultural soils representing a gradient in C content, adding two
Plant litter nitrogen content ) 13 A O ) A K oo ¢
Priming effect, PLFA different "°C labeled plant residues varying in carbon-to-nitrogen ratio. Carbon mineralization was monitored
together with the analysis of the '3CO, signatures. After the incubation, *C compound-specific PLFAs, microbial
necromass, and enzyme activities were analyzed. This study demonstrates that the carbon return on investment,
thus the amount of retained fresh carbon in relation to the amount of added organic matter, clearly depends on
the amount of native soil carbon. Notably, the addition of fresh organic matter to carbon-deficient soils leads to a
higher specific CO; release compared to soils with high carbon loading, which can be attributed to the differences
in the soil microorganisms’ response. The CO; release of the soil with the lowest C-content was 2.1 and 2.0 mg
g~ ! soil for treatment with oat and pea litter addition, respectively, whereas for the soil with the highest C-
content, CO, release was 1.7 mg g~ soil for oat treatment and 1.6 mg g~" soil for pea treatment. Thus, higher
SOC contents sustain a higher ‘return on investment’ for the fresh carbon that is amended to soils. With plant
litter amendments the microbial community shifted towards a higher fungi-to-bacteria ratio (F/B). This shift in
the microbial community was more pronounced (F/B ranging from 0.04 to 0.11) with the addition of oat litter
(low quality) compared to pea litter (high quality). Hence, it is important to consider the fate of organic
amendments with different N availability when aiming to rebuild soil carbon stocks in degraded soils. Soil
management should focus on sustaining soil carbon in balance with current carbon stocks to avoid the vicious
circle of soils losing carbon in conjunction with increased greenhouse gas release.

1. Introduction sequestration in soils is an essential tool to store atmospheric carbon

dioxide (CO5), maintain soil multi-functionalities such as in food and

Soils are vital as the largest terrestrial carbon (C) pool in global C- fiber production or biodiversity conservation, and adapt to climate
cycling and storage (Post et al., 1982; Scharlemann et al., 2014). change (Kopittke et al., 2022).

Moreover, with accelerating climate change, promoting sustainable C Agricultural land use has drastically reduced soil C stocks over
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millennia (Sanderman et al., 2017). Thus, agricultural soils are depleted
in soil organic matter (SOM), particularly in areas with a long history of
intensive cultivation (Don et al., 2011; Stewart et al., 2008). Further-
more, studies have shown that a soil organic C (SOC) content of 2 % is
the critical minimum threshold for soil productivity (Stockmann et al.,
2015; Zvomuya et al., 2008). It is assumed that soils have a specific
capacity to store a certain amount of C, which has been suggested to be
defined by the amount of fine-sized soil minerals (Hassink, 1997). Based
on the concept of a distinct storage capacity of soil C, soils reach C
saturation with increasing amounts of stored C (Hassink, 1997; Stewart
et al., 2007), with limits defined by the amount of fine-sized minerals.
Thus, soils maintaining low-C saturation levels, which we also refer to as
soil C loading here, exhibit a greater potential to sequester additional
amounts of C. Soil management has thus to focus on either increasing
soils” SOC stock, if depleted, or maintaining SOC stocks in cases of soils
at high-C saturation level. As plant residues represent the main C input
to soils, the key to managing soil C stocks is to know how soils with
different organic matter (OM) content and thus C saturation levels react
to plant litter input. And it is crucial to better understand how soils tend
to convert fresh plant-derived C into more persistent SOC forms based on
their C loading, and thus contribute to long-lasting soil C storage.

The amount of SOC, which is stored either as particulate OM (POM)
or as mineral-associated OM (MAOM), is the result of the decomposition
of plant-derived OM, mainly fresh rather easily bioavailable POM, and
the parallel formation of more persistent SOM forms (Angst et al., 2023).
The activity and distribution of soil microorganisms control the fate of
fresh OM and, consequently, the overall soil C flow, which regulates the
ratio between C mineralization (soil respiration) and persistent SOM
formation. This process is achieved by building up microbial biomass,
and its subsequent entombing as microbial necromass C (Liang et al.,
2017; Schimel and Schaeffer, 2012). Due to its pronounced association
with MAOM, necromass C is one of the main components of rather
persistent SOC (Angst et al., 2021; Hall et al., 2020). Although factors
such as the quantity of plant litter input and its nitrogen (N) content
have been studied extensively in their effect on C mineralization (Brown
et al., 2014; Dungait et al., 2012; Mendoza et al., 2022; Nguyen et al.,
2016), knowledge on how the C saturation of soil affects the fate of
freshly added C remains scarce.

Fungi and bacteria, the major groups of soil microbiota, are the main
drivers of soil C dynamics (Six et al., 2006). Microbial habitats, which
vary in C saturation level, influence the soil microorganisms’ life stra-
tegies by fostering certain densities of microorganisms that a specific soil
environment can support (- vs. K-strategy) (Andrews and Harris, 1986).
Thus, the life strategy of microorganisms determines C mineralization,
which is reflected in soil respiration. At stoichiometric imbalanced
conditions, fungi and bacteria adjust the consumption of OM sources in
relation to their demand for C and nutrients to meet their needs for
energy and growth. Therefore, in addition to the amount of available soil
C as an energy source, the amount of N and its availability determines
soil C dynamics. The carbon-to-nitrogen ratio (C/N) of plant litter input
thus directly affects soil C dynamic through its impact on the microbial
community (Cotrufo et al., 2013; Gentile et al., 2011; Nguyen et al.,
2016). It was shown that C availability limits especially bacterial
growth, whereas N limitations stronger affect fungal growth (Rousk and
Baath, 2007; Wang et al., 2014). Consequently, soils comprising
different C saturation levels and the addition of plant litter with varying
N content lead to significant differences in the mineralization of organic
matter (Parkin et al., 1997; Wang et al., 2013). However, the mechanism
by which soil C saturation and the N availability of the plant litter input
influence the fate of soil C is not well elucidated.

To address the mentioned research gaps, we incubated three agri-
cultural soils with clearly differing C saturation levels together with
plant residues, either with narrow or wide C to N ratio and thus a
different N availability. The work is based on the following hypotheses:
1) although gains in C storage is highest in soils with low C stocks, C
return on investment is higher in soils with higher C saturation level and,
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thus, soils with higher C loading; and 2) plant litter rich in N promotes C
retention in soils. The study’s findings provide potential strategies to
steer the use of plant OM amendments to keep or even increase soil C
storage and thus sustain soil multi-functionality, including climate
change mitigation. Furthermore, it is one important key to supporting
future management strategies for sustaining or increasing SOM loading,
especially in view of the recovery of C-depleted soils in agroecosystems.

2. Material and methods
2.1. Soil samples

To compare soil with different OM loadings, three agricultural soils,
including bare fallow, three-field crop rotation, and direct seeding, were
used in this study. These three soils with a SOC gradient were collected
from a long-term field experiment in Puch (southern Germany,
48°11'37.0"N, 11°12'57.4"E), which is maintained by the Bavarian State
Research Center for Agriculture (LfL). All experimental sites are located
at an elevation of 550 m a.s.l. with a mean annual temperature of 8.8 °C
and a mean annual precipitation of 872 mm. All three soils are char-
acterized as Luvisols derived from loess deposits (IUSS Working Group
WRB, 2015) and share the same soil mineralogy due to the same parent
material and the close vicinity of the plots. There were no carbonates
detectable in the soils from the same experimental plots as demonstrated
in a the previous study (Wu et al., 2022).

Soil material used for the incubation experiment was sampled from
the upper 10 cm of the Ap horizon at random locations within each plot
(five spots per plot) and mixed thoroughly to form a composite sample.
As the focus was on the mechanistic understanding of the actual fate of
added plant OM on soil material differing in C loading, the composite
samples represent the specific management plot. The fresh soil samples
were air-dried at room temperature and sieved with a 2 mm mesh size.
All visible plant residues were picked out by hand. Sub-samples were
taken from each soil to determine basic soil properties (Table 1). Based
on the SOC contents, we referred to the soil of bare fallow as low-C soil,
three-field crop rotation as medium-C soil, and soil of the direct seeding
fields as high-C soil in the following study. The initial SOC level of each
soil is referred to as C loading.

The total C and N contents of bulk soils pre- and post-incubation
combined with '3C enrichment were measured using an isotope ratio
mass spectrometer (IRMS, Delta V Advantage, Thermo Fisher, Dreieich,
Germany) that was coupled to an elemental analyzer (EuroEA, Euro-
vector, Pavia, Italy). The enrichment value is given in atom-% (at%).

2.2. Plant residues used as organic input

Since C and N are intricately linked in the fate and turnover of SOM,
we used two '3C-labeled plant residues differing in C/N ratio (Table 2) to
study the dynamic of OM. Oat and pea plants were chosen due to their
difference in C/N ratio. Plants were grown in an arable soil in the
greenhouse at Rhine-Waal University and '3C-leaf labeled with multiple
pulses over ten days using **C-glucose solution (2 % w/v) starting four
weeks after planting. This labelling approach has been shown to effi-
ciently label plants with 5y (Kanders et al., 2017) with values being in
the range of other approaches albeit like all labelling approaches having
some shortcomings, which have been discussed elsewhere (e.g. Hupe
et al. (2016), Wichern et al. (2008), Wichern et al. (2011), and Kanders
etal. (2017)). To this end, one leaf was forced into a 2 ml vial containing
the sterile solution. Upon complete uptake, an additional 13C—glucose
solution was added to the vial. After another two weeks, the labeled leaf
was removed (not further considered in this experiment), and plant
stems and leaves were harvested, air-dried, and finely ground to be used
in this study. We ground and homogenized the plant material prior to
the experiment so that similar material was applied to all soils in each
treatment. Although the plants were not homogenously labelled, it likely
not strongly affected the outcome of our experiment.
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Table 1
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Soil characteristics of bare fallow (low-C soil), three crop rotation (medium-C soil), and direct seeding (high-C soil). The particle size distribution was determined by
texture analysis, as given by Wu et al. (2022). EC stands for electrical conductivity. The SOC storage capacity for those three soil was calculated according to Feng et al.

(2013) and Wiesmeier et al. (2019).

Soil Total C Total N C/N pH EC Clay and fine silt POM POM  SOC storage SOC saturation
content content content (mg g~ 1) (mg g™ C/N  capacity (mg g™} level (%)
(mgg ™ (mg g ")
Bare fallow 6.4+ 0.1 0.8 +£0.0 8.4 + 6.39 54.2 368 1.8 22.4 13.5 36.8
(low-C soil) 0.1
Three crop 12.5 £ 0.0 1.4+ 0.0 9.0 + 6.86 60.8 450 4.7 14.9 16.1 59.6
rotation 0.2
(medium-C
soil)
Direct seeding 20.7 £ 0.0 2.1+£0.0 9.9 + 7.63 67.2 501 8.9 16.4 17.7 92
(high-C soil) 0.2

2.3. Organic matter addition and incubation experiment

The amount of added plant residue was based on common manage-
ment practice and thus based on the added OC to soils via the regular
amounts of plant residue input (Wiesmeier et al., 2014a). The ground
plant residues (oat and pea litter) were added once at the start of the
incubation, and thoroughly mixed with 50 g of the respective soils. The
added OM accounted for amounts of 0 mg g~ * (control) and 10 mg g~}
(equivalent to 0 and 13 Mg OC ha ') based on amounts of normally
added OC via harvest residues in the area. The experiment was con-
ducted in a 3 x 3 full factorial design with three plant residues (control,
oats, and peas) and three soils (low, medium, and high-C) with five
replicates, totaling 45 samples.

Each sample was incubated in polyvinyl chloride (PVC) cylinder of
50 mm in height with a 45.2 mm inner diameter (Fig. A1). Furthermore,
a mono-layer mesh (100 % polyester, mesh size 55 um) was fixed at the
bottom of the cylinder with a ring (O-ring, nitrile rubber) to allow
ventilation and prevent stagnating water. The cylinder was placed in a
473 ml glass jar (gas-tight, Mason Glass, KoRo) with a lid on a small
metal grid to allow better gas exchange at the bottom. One tube fitting
(stainless steel, Swagelok) with a septum (Standard Septa, Wag-
ner&munz) was installed on the lid for gas sampling.

Adding water to the dry soils was considered the starting time point
of the incubation. Prior to our incubation, we tested soils at water
holding capacities (WHC) between 40 % and 70 % with an increment of
10 % to investigate the optimal WHC, which ensure that the soil should
not be dry on the surface after 48 h of incubation. The moisture content
of each sample was controlled every 2 days, and if needed, water was
added to sustain constant water availability. The test yielded a moisture
content of 50 % WHC as optimal water availability to sustain microbial
activity in all studied soils. Thus, water was added as a fine droplet to
adjust the soil moisture to 50 % of the maximal water-holding capacity.
Furthermore, the incubation was carried out for 90 days in a dark
thermostatic room of 22 °C with the jars partly opened to avoid anaer-
obic conditions.

After 90 days, the incubation experiment was stopped and sampled.
Each soil sample was well mixed in the cylinder to ensure a homoge-
neous soil sample for all further analysis. An aliquot of each sample was
stored at 4 °C for PLFA and enzyme analysis (fresh samples). Approxi-
mately 1 and 10 g of fresh soil sub-samples were obtained from each
setup for PLFA and enzyme analysis, respectively. The remaining soil
material of each sample was immediately frozen using liquid nitrogen to
stop any biological activity and subsequently freeze-dried to yield dry
soil material.

2.4. Soil respiration measurements

Table 2
13C enrichment, C and N content, and the C/N ratio of oat and pea powders.
Plant powder C content (mg 13Catom N content (mg C/N
g % )
Oat 440 2.18 15.9 27.8
(Avena sativa L.)
Pea 432 1.69 40.2 10.7
(Pisum sativum
L)

We measured soil CO production and 13CO, signatures at seven time
points during the 90 days of incubation. Gas sampling was conducted
after 24 h, 72 h, 7 days, 14 days, 30 days, 60 days, and 90 days of in-
cubation. Therefore, gas samples were taken from the headspace in each
jar using a 25 ml gas-tight syringe (Model 1025 TLL, Hamilton) and
injected into an evacuated vial through a septum (Exetainer 12 ml, flat
bottom, Labco, UK). Prior to each gas sampling, the syringe was rinsed 3
times with argon (Ar) to remove any contamination.

At the sampling time, the jars were sealed, and 70 ml Ar was injected
to avoid negative pressure in the jars due to the gas sampling. The inert
gas ensured that the composition of the air in the jar remained constant.
We created a higher pressure inside the vial than the air pressure by
injecting a 12.5 ml gas sample into the evacuated vial to exclude the
environmental gas interference in the sample.

At each gas sampling occasion, each setup’s first gas sample (ty) was
taken immediately after injecting the Ar. Then, after the jars were sealed
for a certain time (t;), the second (tg + t7), third (tg + 2 t;), and fourth
(to + 3 t1) gas samples of each jar were taken. The sealing time t; ranged
between 40 min and 180 min, depending on the sampling day and the
treatments.

The gas samples’ 13COZ abundance and CO; concentration were
measured using a gas chromatography (GC)-IRMS system (Delta plus,
Thermo Fisher, Dreieich, Germany). The system enables injecting up to
400 pl of sample gas by trapping CO2 with liquid nitrogen from repeated
injections. The 13C enrichment of the gas samples is given in atom-% '3C
(at%).

Using a linear regression model (Eq. (1)) of the CO5 concentration
according to the CO5 concentration difference from the time of the four
sampling points, we calculated the respired CO2. The outliers (if any)
were removed. All trend lines had R? > 0.98.

CO,(ppm) = k(’%) x t(min) + A(ppm) )
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The slope k = Ag?Z, i.e., the rate with which CO; concentration change
represents the respiration rate. The variable ¢ is the time since the jar
was sealed. A stands for the environmental CO, concentration calculated
from the linear regression.

The respiration rate of CO; in the jar was calculated as follows (Eq.

(2)):

ppm Mco, (rgl)
Respiration CO,(mg min™") = k(—) x VHeadspace(mL) x ————> X
My (;:»;Lol)

min

VHeadspace is the available volume of the jar. M¢o, is the molar weight
of CO,, and My is the gas molar volume at 22 °C
The CO»-C respiration rate was calculated using Eq. (3):

Respiration COZ-C(mg min’]) = Respiration CO, (mg min’l)

Me ()
X ——— 3
Mco, (ﬁ)
Mc is the molecular weight of C.
We calculated the CO,-C respiration rate per gram of soil:
Respiration CO,-C in~!
Reosc (mg min-! g’]Soil) _ Respiration b (mg min ) @

soil mass(g)

where the soil mass is the dry weight of the soil sample per microcosm.
The CO,-C respiration rate was normalized to each gram of SOC per
gram of soil:

Respiration CO,-C(mg min~' g~ Soil)
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using the same soils from the same research site (Wu et al., 2022), no
carbonate-derived CO5-C emission had to be taken into consideration.

2.5. Compound-specific phospholipid fatty acid analysis and enzyme
assays

—6
10 ) 2
ppm

2.5.1. Phospholipid fatty acid analysis

Soil material from the incubated samples was analyzed for their
PLFAs. PLFA extraction was adapted from Frostegard et al. (1991). Ac-
cording to the presence of PLFAs in different groups of microorganisms,
we classified the Gram-negative (G—) bacteria (16:1w7c, cyl7:0,
18:1w7c, cy19:0 PLFAs), Gram-positive (G+) bacteria (i15:0, al5:0,
i16:0, i17:0 PLFAs), actinobacteria (Ac) (10Mel6:0, 10Mel7:0 and
10Mel8:0 PLFAs), and fungi (18:2w6,9 PLFAs) (Lewandowski et al.,
2015; Sommer et al., 2017). The markers al4:0, 14:1w5c, 14:0, 15:0,
16:0, 17:0, 18:3w3,6,9, 18:0, and 20:0 were classified as non-specified
PLFAs.

Briefly, 6 g of incubated fresh soil sample was placed in a 50 ml
centrifuge tube. The internal standard 1 (25 pl, 1 pg pl™%, 19:0 phos-
pholipid) was added. A single-phase mixture of chloroform, methanol,
and citric buffer (0.15 M, pH 4.0) (1:2:0.8 v/v/v) was used to extract the
lipids. The solution was transferred to a silica column, to which we
added chloroform, acetone, and methanol in sequence to elute the
neutral-, glycol-, and phospholipids, respectively. The phospholipids
were hydrolyzed by 1 M sodium hydroxide solution in methanol, fol-

N lized Rco,. in~' g7'SOC) =
ormalized Rco,.c(mg min™" g ) SOC(mg g~'Soil)

The share of plant litter-derived C (fpian:) in CO2 was calculated as
follows:

13 13
Csamplr - Cso[l

_—_ 6)
BChtant — P Cyoit

ﬁ;lant =

where 13csamp1e, B3¢0, and 13Cplant represent the content of 13C in at%
in the gas sample, soil, and plant litter, respectively.
The native SOM-derived CO»-C is calculated using Eq. (7):

Native SOM — derived CO,-C(mg g "s0il) = (1 = fotan) X Reo,—c @

The priming is calculated as follows:

Priming(%) — Respiration CO,-C(treatment) — Respiration CO,-C(control)

Respiration CO,-C(control)

As no carbonates were detected as demonstrated in a previous study

3
o <10 mg) )
8

lowed by methylation with 0.3 M BF3 solution in methanol. The final
products were extracted in hexane and dried using an Ny stream. This
sample was re-dissolved in toluene with 15 pl of 13:0 fatty acid methyl
ester (1 pg ul™1). The specific compound PLFAs were measured using gas
chromatography-mass spectrometry (GC-MS), equipped with 15-m HP-
1 methylpolysiloxane coupled with a 30-m HP-5 (5 % phenyl)-
methylpolysiloxane column. Both columns have an internal diameter
of 0.25 mm and a film thickness of 0.25 um. The He flow was 2 ml min >,
and the injection volume was 1 pl. Measurement temperatures were set
at 80 °C, increased to 164 °C at 10 °C min?, followed by an increasing
rate of 0.7 °C min ! to 230 °C until it reached 300 °C at 10 °C min~'. The
quantity of PLFA was calculated based on a calibration curve of external
standards, followed by correcting internal standards (Gunina et al.,

x 100% (€)]

2014).
The '3C/12C ratios of the PLFAs were determined using an IRMS
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(Delta Plus TM, Thermo Finnigan, Germany) coupled with a GC (Trace
GC 2000, Thermo Finnigan, Germany). The 13C enrichment was cor-
rected for the effect of the derivative C based on Glaser and Amelung
(2002). Additionally, the share of plant-derived '3C in the PLFA in
analogy to gas samples was calculated using Eq. (6). The plant litter-C
incorporation was calculated using Eq. (9):

13C abundance in PLFAs

100% 9
BCinput in the soil % ’ ©

plantlitter — C incorporation(%) =

A PLFA-based F/B ratio was calculated using the abundance of total
fungal PLFAs and bacterial PLFAs.

2.5.2. Enzyme assays

Enzyme activities involved in C, N, and P cycles were measured
based on fluorimetric microplate assays (Marx et al., 2005; Marx et al.,
2001). Based on the fluorogenic substrates, including 4-methylumbelli-
ferone (MUF) and 7-amino-4-methyl coumarin (AMC) (Sigma-Aldrich),
we analyzed the activities of six enzymes: p-glucosidase (BG), p-xylosi-
dase (BX), B-cellobiohydrolase (BC), chitinase, leucine-aminopeptidase,
and acid phosphatase. The activities of C-cycling enzymes BG, BX, and
BC were detected using 4-methylumbelliferone-b-D-glucoside, 4-meth-
ylumbelliferone-7-b-D-xyloside, and -methylumbelliferone-b-D-cello-
bioside, respectively. The N-cycle-related enzymes chitinase and
leucine-aminopeptidase were determined using L-tyrosine-7-amido-4-
methyl-coumarin (AMC-T) and L-leucine-7-amino-4-methyl coumarin
(AMC-L). 4-Methylumbelliferyl-phosphate (MUF-P) was used to deter-
mine the P cycle’s acid phosphatase activity.

Briefly, around 1 g of soil (equivalent dry weight) was dispersed in
50 ml of deionized water using low-energy ultrasonication (50 J s™7,
120 s) to create a suspension. Aliquots of 50 pl suspension and 50 ul
buffer (MES (pH:6.8) buffer for MUF substrate and TRIZMA (pH:7.2)
buffer for AMC substrate) were assigned to 96-well microplates (black
pure Grade® microplates, Brand GmbH, Wertheim, Germany). Subse-
quently, 100 pl of fluorogenic substrate solution was added at concen-
trations of 20, 40, 60, 80, 100, 200, and 400 mmol substrate g_1 soil. The
fluorescence was measured after 0-, 60-, and 120-min assay incubation
with a Victor 3 1420-050 Multi-Label Counter (Perkin Elmer, USA) at an
excitation of 355 nm and an emission of 460 nm. The fluorescence was
converted to the amount of MUF or AMC based on the standard solu-
tions. The enzyme activities were reported as MUF or AMC release in
nmol/h g~! dry soil and calculated using the standard curve (German
et al., 2011). The kinetic parameters Vyax, maximum enzyme activity,
and K, substrate concentration (S) at which the reaction rate equals
Vmax/2, were estimated using the non-linear regression model
(Michaelis-Menten kinetics) (Marx et al., 2001):
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2.6. Microbial necromass

To assess the amount of microbial necromass we analyzed the con-
tent of four amino sugars, namely, glucosamine (GlcN), mannosamine,
galactosamine, and muramic acid (MurA). The extraction procedure was
adapted from Liang et al. (2012).

Briefly, around 400 mg of incubated freeze-dried soil sample was
weighed into a hydrolysis glass (Duran, Schott) and mixed with 10 ml of
6 M hydrochloric acid (HCI). Samples were hydrolyzed at 105 °C for 8 h
and then cooled to room temperature. Subsequently, 50 pl of 0.5 mg
ml! Myo-inositol (Sigma-Aldrich) was added to each flask as an in-
ternal standard. The solution was filtered and collected in a pointed
flask. A rotary evaporator (Heidolph) was used to reduce the liquid
volume. The dried residue was suspended with 3 ml of deionized water.

Additionally, the pH value was adjusted to 6.6-6.8 using 1 M po-
tassium hydroxide (KOH) solution for ion precipitation. The precipitates
were separated by centrifugation at 3500 rpm for 20 min at 7 °C. Then,
the supernatant was transferred to a glass tube and dried under a ni-
trogen stream. Each sample received 300 pl derivation reagent con-
taining 32 mg ml~! hydroxylamine hydrochloride and 40 mg ml™! 4-
dimethylamino-pyridine in pyridine-methanol (4:1 v/v). The samples
were vortexed thoroughly and heated at 78 °C for 35 min in a water
bath. Overall, 1 ml acetic anhydride was given to each reaction vial after
cooling to room temperature. The samples were re-vortexed thoroughly
and heated at 78 °C in the water bath for 25 min. When the samples
cooled to room temperature, 2 ml dichloromethane (DCM) was added to
each sample. Overall, 1 ml of 1 M HCI was added to each sample and
vortexed thoroughly to wash the samples. The samples were left to sit
undisturbed to separate the two phrases. Then, the upper phase was
discarded. Furthermore, the samples were washed three times with H,O
and dried under a gentle nitrogen stream. For the measurement, the
residue was dissolved in 300 pl ethyl acetate/n-hexane (1:1 v/v) and
transferred to GC vials with a small insert.

The measurement was carried out on a TRACE 1310 Gas Chro-
matograph (Thermo Scientific™), equipped with a fused silica column
(ZB-5HT Inferno, L. 60 m, ID 0.25 mm, FT 0.25 pym, Phenomenex Inc,
USA). Helium was the carrier gas with a constant flow of 1 ml min~ L.
The injection volume was 1 pl. First, the temperature was set at 120 °C,
held for 4 min, then ramped to 250 °C at 30 °C min~! for 10 min, and
finally to 280 °C at 5 °C min~! for 10 min.

The microbial necromass C content was estimated based on the
biomarker muramic acid and glucosamine, representing the maximum C
content in the microbial necromass pool. The bacterial and fungal nec-
romass C was calculated using Eq. (10) and Eq. (11), respectively, ac-
cording to Appuhn and Joergensen (2006).

V=V XS)/(Kn +S) Bacterial necromass C(mg g’lsoil) = MurA(mg g 'soil) x 45 (10)
The enzyme activity ratios can be used to examine the relative allocation
to energy versus nutrient acquisition (Stone et al., 2014). Total activities
Fungal necromass C(mg g’lsoil) = (mol GIcN — 2 x mol MurA) x molar weight GIcN x 9 a1

of C-cycling enzymes (TAC), N-cycling enzymes (TAN), and P-cycling
enzymes (TAP) were used to calculate the relative C- vs. P-acquiring
enzyme activities (TAC/(TAC + TAP)) and the relative C- vs. N-
acquiring enzyme activities (TAC/(TAC + TAN)) (Sinsabaugh et al.,
2008).

The contribution of fungal or bacterial necromass C to SOC was calcu-
lated using the following:

Microbial necromass C
Total SOC

Microbial necromass C contribution(%) = x 100%



T. Wu et al.

a
Low-C soil Medium-C soil High-C soil
0,25—% = Control
[} = Oat
© l = Pea
c ~ o0204Y
s 8
53
gj"’ 015—; *
o £
S5 oty
O g 4 i
s 1 A
S 0.05
4 " 4
v i 4
000 lmer 3§ F e § oy Mhg 4 4
0 30 60 9 0 30 60 9 0 30 60 90
Sampling Day
Low-C soil Medium-C soil High-C soil
2 0.08 4 = Control
< .
= = Qat
o = Pea
g5
3 0.06 |
g 3
(@) ‘Tca
o ;
£ 004
(S 3
3o ;
> E Y n
£ £ N
3 0024 ¥ .
= . A
3 v . .
Y. " Ly
v
000l ¥ ¥ g .1"!'. Aty 44
0 30 60 9 0 30 60 9 0 30 60 90
Sampling Day
C
[ |Control
[ ]Oat
[ |Pea
%/} SOM-derived CO,-C
2 -

-
T

Cumulative CO,-C respiration
(mg g™ soil)

Low-C soil Medium-C soil

Fig. 1. a) Total CO,-C respiration rate of low-, medium-, and high-C soil of oat
and pea treatments. b) Total CO,-C respiration rate of low-, medium-, and high-
C soil of the control. ¢) Cumulative CO5-C respiration of low-, medium-, and
high-C soil. The numbers above the shade bars represent the priming effect. The
gray, red, and blue dots and bars represent control, oat, and pea treatment,
respectively. The shade bars stand for the native SOM-derived CO»-C. Standard
deviations are displayed with error bars.

2.7. Statistical analysis

Statistical analysis was carried out in Origin 2019 (OriginLab) for the
datasets. First, the normality of the variance of the parameters was
tested for normality using the Shapiro — Wilk test. Then, the data that
passed the parametrical test were analyzed using a one-way analysis of
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variance (ANOVA) with Tukey’s honestly significant difference test as
the post hoc test. When the normality test failed, a log transformation
was applied to the raw data, and the normality was tested again. Finally,
for the non-normally distributed data, Kruskal — Wallis ANOVA was
applied with Dunn’s test as the post hoc test.

3. Results
3.1. Soil respiration

Soil CO,-C respiration rates (Fig. 1) followed the OM loading (high-C
soil > medium-C soil > low-C soil) in the control samples (without plant
litter addition). However, this pattern was reversed due to the addition
of plant litter. Adding pea litter led to higher soil respiration rates at the
beginning of the incubation compared to adding oat litter. The total
respired CO»-C for the control samples was 0.09 + 0.03, 0.21 + 0.01,
and 0.31 + 0.01 mg g ! for the low-, medium- and high-C soils,
respectively. However, after plant litter addition, these values were 2.12
+0.10, 2.03 £+ 0.07, and 1.69 + 0.04 mg g_1 soil for oat litter addition,
and 2.03 £ 0.05, 1.76 + 0.03, and 1.60 + 0.10 mg g~ * soil for soils with
pea litter.

The litter addition stimulated mineralization (priming) of native
SOM-derived C in all three soils, with the magnitude of soil priming
varying according to the initial soil C loading. Oat litter addition in the
low-C soil increased native SOM mineralization by 3.6-fold compared to
control soils, whereas pea litter addition increased it by 5.7-fold. Soil
priming was relatively lower in the medium-C soil, where increases were
2.3- and 2.2-fold, and in the high-C soil, with 2.4- and 2.3-fold increases,
for oat and pea litter addition, respectively. The proportion of CO,-C
respiration derived from native SOM was 1 %-9 % higher in the pea
litter treatment than in the oat litter treatment.

Considering respired to added plant-derived C, a higher proportion
of added plant litter was mineralized in soils with lower C loading. For
oat litter, 38 %, 32 %, and 20 % was respired in low-C, medium-C, and
high-C soil, respectively. These numbers were 33 %, 28 %, and 19 % for
pea litter. The total C recovery of added C over all samples was 101 + 3
%.

3.2. Total organic carbon budget

Plant litter addition led to an increased SOC content after 90 days of
incubation in all three soils (Fig. 2), which was relatively similar among
all soils. However, compared to the present native SOC, the relative
increase in SOC was negatively related. Thus, the low-, medium-, and
high-C soil showed an increase in SOC content of 33 %, 15 %, and 9 %
after 90 days of incubation with oat litter addition and 33 %, 14 %, and
8 % with pea litter addition, respectively.

3.3. Phospholipid fatty acids (PLFAs)

Compared to the control soils, plant litter addition resulted in a
higher fungi-to-bacteria (F/B) ratio in all three soils. However, the shift
of the F/B ratio (Fig. 3) was negatively related to the initial soil C
loading. The change in the F/B ratio compared to the controls followed
the order low-C soil > medium-C soil > high-C soil. Furthermore, oat
litter addition significantly increased the F/B ratio (0.04-0.11)
compared with pea litter addition, where the F/B ratio increased to 0.12
for the low-C soil, 0.11 for the medium-C soil, and 0.04 for the high-C
soil.

The incorporation of oat and pea plant litter-C into different micro-
bial groups associated with the three soils revealed different microbial
consumption patterns (Fig. 4). The pea litter amendment led to higher
total incorporation in microbial PLFAs than oat litter in all three soils.
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This trend was more pronounced in the low- (1.2 %) and medium-C soils
(1.4 %) than in the high-C soil (0.8 %). Overall, total oat-derived C
incorporation in PLFAs was significantly higher (p < 0.05) in the high-
and medium-C soils than in the low-C soil, with the high-C soil further
higher than the medium-C soil. For incorporation of pea-derived C into
microbial biomass, no significant differences were detected between the
three soils; however, slightly lower incorporation of pea-derived C into
PLFAs was shown in low-C soils. Most plant litter-C was incorporated
into bacteria (actinobacteria, and G+ and G— biomarkers), varying from
51 % to 66 % of incorporated litter-C, which demonstrated that bacteria
are the dominant microbial group incorporating fresh plant-derived C.
This incorporation of plant C into bacterial PLFA was more pronounced
with pea addition compared to oat addition.

In contrast, oat litter addition resulted in higher plant litter-C
incorporation in saprotrophic fungi than in soils with pea amendment.
Saprotrophic fungi contributed less than 22 % of the plant-C incorpo-
ration in PLFAs. The plant litter-C incorporated in the other PLFAs was

between 18 % and 29 %.

3.4. Microbial necromass

Fig. 5a presents the microbial necromass calculated based on the
amino sugar content. The microbial residue C in control soils signifi-
cantly differed among the low-, medium-, and high-C soils, with 5.33 +
2.47, 8.98 + 2.57, and 10.54 + 3.61 mg g ! soil, respectively, thus
following the soil C loading. The addition of oat litter increased the
microbial residue C content by 2.77 + 0.32, 1.43 + 2.64, and 4.95 +
3.94 mg g~ for the low-, medium-, and high-C soils, respectively. Pea
amendment slightly increased microbial residue C content in the low-
(1.87 + 0.19 mg g~ ! soil) and medium-C soils (+0.77 + 0.17 mg g~ !
soil) but reduced microbial residue C content in the high-C soil (1.02 +
1.31 mg g ! soil). The content of bacterial necromass C showed signif-
icant differences between oat and pea treatments for all three soils.
However, the fungal necromass C content significantly differed between
oat and pea treatments in the low- and high-C soils but not in the
medium-C soil. Microbial necromass C contributed more than 80 % of
the SOC in the low-C soil, a lower value of about 70 % in the medium-C
soil, and approximately 50 % in the high-C soil (Fig. 5b). Fungal C
residues were more dominant than bacterial ones. Therefore, fungal
residues contributed substantially more to the overall SOC pool. The
fungal C residues also contributed more than 60 % to SOC in all soils,
particularly in soils with oat litter addition, whereas bacterial residues
contributed less than 8 %. Conversely, pea addition increased the
contribution of bacterial residue C to SOC compared with the un-
amended control soils, which ranged from 10 % to 15 %; however, the
contribution was still on a lower level than that of fungal residue C.

3.5. Enzyme vectors

Fig. 6 shows the enzyme activities translated into vectors for soils
under either C or nutrient limitations (here N and P). The distance be-
tween the data points and the coordinate origin shows the strength of
the relative C limitation. Interestingly the high-C soil presented a higher
relative C limitation than the medium-C and low-C soils. The data points
in the left upper area of the diagonal line show the P > N limitation,
whereas those in the right lower part are under the N > P limitation. The
control samples demonstrated that the low-C soil is more N and P-
limited than the other two soils. Additionally, plant litter addition
shifted the enzyme vectors toward the diagonal line and/or the
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coordinate origin, indicating the alleviation of the C and/or N and P
limitation in all soils. The pea treatment alleviated relative limitations
more than the oat treatment.

4. Discussion
4.1. C saturation level determines OC dynamic

Besides soil properties, including mineralogy and texture, soil man-
agement, and thus organic matter input, are the main determinants of
the total amount of OC sequestered in agricultural soils. For soils with
comparable texture, the soil C loading, which results from the soil
“management legacy”, is shown to be the primary regulator of the
sequestration of plant litter. In the present study, the overall C storage
capacity of the three soils is comparable (Table 1), and thus, manage-
ment with different OC inputs determines soil C storage and retention.
At the average C saturation level of around 50 % in arable soils of South
East Germany (Wiesmeier et al., 2014b), the three soils studied here
nicely represent the low-, medium-, and high-C saturation level. In the
absence of inputs of fresh plant-derived OM (the control soils), the
magnitude of soil respiration directly mirrors the soil C content (as
shown in Fig. 1b); the higher the SOC content, the higher the released
CO, from heterotrophic respiration. Generally, increasing fresh OM
input results in a corresponding increase in CO2 release (Don et al.,
2013; Mendoza et al., 2022; Rui et al., 2016; Wang et al., 2013). In this
90 days incubation study, we are able to demonstrate that soil C loading,
which reflects the management legacy, directly affects this relationship
(Fig. 1). Soils with very low-C loading show a higher CO, release after
adding plant litter than well-managed OC-rich soils.

By studying soils varying in their C loading due to specific long-term
soil management practices, we also demonstrated that the intricate
connection of the fate of added fresh plant litter and native OM is closely
related to the specific soil C loading. It was expected that the soil with
the lowest C loading and therefore, the assumed greatest C retention
potential (Stewart et al., 2007) would accommodate the highest C
retention from plant litter. However, although low-C soils can gain
considerable C, we demonstrated that a higher proportion of the plant
litter was mineralized in the soil with the lowest initial C loading after
90 days of incubation. The highest total CO; release (Fig. 1) pointed to a

rather vulnerable native SOM in the C-depleted soil, with a 3.6- and 5.7-
fold increase in CO; release from native SOC. This increased release of
native OC was due to enhanced microbial priming from the freshly
added oat and pea litter. This points to the fact that besides the amount
of freshly added C, the actual soil C storage and its legacy determine the
C sequestration potential of a soil. Increasing the C input to soils with
low-C loading may initially lead to less efficient C retention. However,
increasing C storage over time by continuous C addition increases the
efficiency of the retention of added C (Fig. 2). In general a positive
feedback of C retention was demonstrated as a result of litter OM
addition on the overall C storage.

Irrespective of the initial C loading and C mineralization, all studied
soils retained C in response to the addition of easily bioavailable plant-
derived OM (Fig. 2). Due to the lower natural C content the overall gain
in added C in soils with lower C loading was high. Nonetheless, the
mineralization rates of freshly added C in soils with low C stocks was
also high (Fig. 1). The relative C sequestration potential, which implies
the gain of added C to native C, remains greater in soils with lower C
saturation levels (Fig. 2) (Mendoza et al., 2022; Stewart et al., 2008; Wu
et al., 2022).

4.2. Microbial activities determine the OC dynamic

Soil C loading can influence the microbial growth strategy with mi-
croorganisms of either fast or slow growth rate (Chen et al., 2014;
Fontaine et al., 2004). We assume that it is more likely that microor-
ganisms with a fast growth rate (r-strategists) are fostered in soils with
low-C availability. However, in soils with higher C saturation levels,
microorganisms with slow growth rates (k-strategists) may thrive since
higher amounts of SOC foster stronger niche separation (Fig. 4). The
assumed link of higher C mineralization rates to higher growth rates is
also supported by previous studies (Buckeridge et al., 2020b; Zheng
et al., 2019). Moreover, the different nutrient availability of oat vs. pea
litter regulated the microbial activity and thus, the overall consumption
of added plant litter. The relative C limitation of the microbial activity
was more marked in soils with higher C loading, whereas the relative
nutrient limitation was more obvious in soils depleted in C (Fig. 6). Low-
C loading drives microorganisms to mine higher amounts of plant litter
for nutrients (Fontaine et al., 2004) to meet their stoichiometric
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Fig. 5. a) Microbial residue c content in low-, medium-, and high-c soils of control, oat, and pea treatments as calculated from the amino sugar content (eq. (10) and
Eq. (11)). b) Contribution of fungal C and bacterial C to SOC in control, oat, and pea treatments of low-, medium-, and high-C soils. The capital letters above the bars
indicate significant differences in total necromass C of each soil. Standard deviations are displayed with error bars. For a given soil, the capital and lowercase letters
represent significant differences between fungal and bacterial Cs of the treatments in each soil, respectively.
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demand. As shown by the enzyme activity (Fig. 6), N and P are major
constraints to microorganisms in soils with lower C loading, and the
availability of C majorly constrains microorganisms in soils with high C
loading. Plant litter addition accelerates fungal growth in C-deficient
soils, whereas bacterial growth is fostered in soils with sufficiently high
C loading. This result agrees with previous findings, which show that
nutrient availability limits fungal and C limits bacterial growth (Rousk
and Baath, 2007; Wang et al., 2014). Plant litter amendment with higher
N content (here, pea litter) created more balanced conditions with
weaker stoichiometry constraints, thus reducing the need for microor-
ganisms to mine for nutrients. This trend resulted in lower consumption
of plant litter-derived OM, which contributes more to C retention after
90 days. However, considering the C availability from both native and
freshly added OM, the bioavailability of OM for microorganisms using
either one of the two pools also depends strongly on the spatial OM
distribution (Kravchenko et al., 2019; Lehmann et al., 2020; Steffens
et al., 2017). In soils with low C loading, more microorganisms and
available native soil C might be spatially disconnected; however, prox-
imity to available native soil C may foster priming in the high-C soil
(Fig. 1). This result shows that a prerequisite of priming might be the
spatial accessibility of the native OM, which is higher in the higher C-
content soils.

4.3. Necromass in OC dynamic

In this study, the contribution of microbial necromass C to SOC
decreased with the increasing C saturation level of the studied soils
(Fig. 5). This indicated a higher retention of unprocessed freshly added
plant litter, probably as POM, in soils with higher C loading. It was
previously demonstrated that higher soil C saturation levels go along
with increasing amounts of POM in the soil (Cotrufo et al., 2019), and
presumably lower contribution of microbial necromass and MAOM.

Microbial consumption of plant-derived OM and the buildup of

10

microbial biomass, and ultimately microbial necromass, lead to distinct
ratios between microbial residues and plant-derived OM between the
soils. Thus, differences in the amount of OM input and microbial
decomposition are marked in the ratio between POM and microbial
necromass. In this study, organic matter-depleted soils (low-C soil) with
longer management of very low to neglectable OM inputs showed a very
high contribution of microbial necromass to the overall soil C storage
(Fig. 5b) (Liang et al., 2019; Wang et al., 2021). In contrast, soils with a
continuously high plant OM input demonstrate a lower contribution of
microbial necromass to the overall soil C storage, especially due to
higher loads of mainly plant-derived POM. This lower contribution of
microbial residues to overall C storage is also demonstrated by the
increasing amount of the C/N from low-C soils to higher C loading soils,
which is rich in less degraded plant-derived POM (Khan et al., 2016)
(Table 1).

It can be assumed that microbial necromass and especially fungal
residues, if associated with mineral surfaces as MAOM, is comparably
more persistent than rather labile plant-derived OM (Cotrufo et al.,
2019; Hannula and Morrién, 2022; Wang et al., 2021). The lowest
specific respiration rates of respired CO5-C per unit SOC in the control
soils demonstrated this persistence (Fig. 1), with a dominant contribu-
tion of microbial necromass to the overall soil C (Fig. 5). The addition of
plant litter particularly facilitated an increase in fungal biomass (Fig. 3)
after 90 days, with more distinct increases in the F/B ratio in the soils
with lower C loading. This effect is especially pronounced with the
addition of plant residues low in N, which in this study was the oat
material with rather wide C/N ratios. We demonstrated that fungal
necromass particularly increases owing to plant litter addition. There-
fore, this might lead to the dominance of fungal OM, which is stored as
more persistent OM due to the chemical composition of the fungal
necromass itself (Buckeridge et al., 2022; Sylvia et al., 2005) and has
lower bioavailability due to organo-mineral associations (Hannula and
Morrién, 2022). Overall, fungi made better use of low N litter (oat),



T. Wu et al.

Geoderma 443 (2024) 116816

Soil C loading C saturation level
Low-C soil Medium-C soil High-C soil
Soil
+ + + + + + +
plant litter - - % P e
C/n oN C/n o/N C/n oN -~
Plant litter
v v v v v v
(o} Nand P
. C‘ . ( . ( . <. <~ ‘ constraint¢ constraint‘
mineralization / / ) / /
@ ‘o ’-I
. PR o5
'2C0, and *CO, emission Fungi T Bacteria

- e e @/ i ~ - ~ -
Fungi to bacteria }‘ji\";,\'\_i/j\ SO O R RS VI e IR
: ~ LON7 ~ ~ ~T ~ T
ratio
Necromass to SOC ratio
SOC
distribution

POM accumulation

T

B— ma@*\,\%’w}‘}‘*ﬁi

SRS

Fig. 7. C dynamics of soils with different C saturation levels.

whereas bacteria increased with high N litter addition (pea), as
demonstrated by Rousk and Baath (2007) in a previous study. The
different respiration rates may have indicated the differences in C use
efficiency between fungi and bacteria, which can be assumed to be due
to the lower efficiency of fungi in using C compared to bacteria
(Anderson and Domsch, 1975; Rousk and Frey, 2015; Soares and Rousk,
2019).

However, microbial residues themselves are likely not a C sink that is
persistent on a rather long timescale since both fungi and bacteria can
and do consume microbial necromass to gain energy (Beidler et al.,
2020; Buckeridge et al., 2020a). Consequently, microbial necromass
could be considered as a rather active SOM pool used as a C and nutrient
source by soil microorganisms. We demonstrate that adding plant-
derived OM low in N leads to marked consumption of bacterial-
derived necromass by fungi (Fig. 5). Therefore, the quantity of micro-
bial necromass is determined by the N content of the active SOM pool,
including microbial residues and plant litter input that regulates mi-
crobial activity through C and nutrient availability in the soil (Fig. 5).

4.4. Implications for soil organic carbon storage

It is essential to foster soil management strategies that ensure high
soil POM contents fed by sustained plant OM input as a precursor for
forming more persistent OM forms, i.e., MAOM (van Wesemael et al.,
2019). This process will help avoid the vicious circle of soil losing C
concomitantly with increased greenhouse gas release.

In soils with high soil C saturation levels, freshly added OM is
retained in an efficient loop of microbial activity that uses both fresh and
native OM while reducing overall CO5 emissions. In soils with deficient
C loading, microorganisms use the added fresh OM more inefficiently,
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which increases the use of native C due to priming for nutrients acqui-
sition by the microorganisms. To enhance the “return on investment” for
C addition to deficient soils, the C/N ratio of the added OM plays a major
role. By adding OM with a lower N availability to C-depleted soils, the
early-stage SOC retention is stimulated by an increased fungal activity,
which reveals a lower C use efficiency. The C storage legacy of soil
directly regulates the functioning and composition of the microbial
communities that regulate the fate of freshly added OM and thus, the
overall trajectory of soil C retention.

Bacteria benefit more from adding plant residues with higher N
availability, which results in higher C use efficiency and reduced CO,
emissions. Although the fresh OM input is less efficiently retained in
soils lower in C (C-depleted soils), there is an increasing potential (self-
enhancing positive feedback) of soils to retain SOC derived from added
fresh litter over time with increasing C loading. This trend indicates that
management has to focus on sustaining soil C levels to avoid rebuilding
soil C stocks while suppressing further CO5 emissions in the future. This
knowledge offers some potential for ensuring the multi-functionality of
soils especially facing drastic climate change and the need for mitiga-
tion. Thus, while currently well-managed medium- to high-C soils may
act as C sinks, applying plant residues with higher N content to low-C
soils may assist in converting those soils into valuable future C sinks
more efficiently. The locally often limited amounts of available plant
residues to be used as soil amendments can thus be used more efficiently
for C retention. This approach might help ensure that correctly managed
agricultural soils contribute to long-term terrestrial C storage.

5. Conclusion

In the present study we focused on the fate of freshly added plant
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derived OC as regulated by different microbial consumption in soils with
different soil carbon loading. Plant litter amendment to the soils
changed the microbial community composition with a shift towards
higher F/B ratios. This shift was more pronounced when adding lower-
quality plant litter and in soils with low OM loading, indicating that
fungi are especially limited by C availability in soils with low C loading.
The addition of high-quality plant litter reduced C and nutrient limita-
tions and thus allowed bacteria to thrive, which was more pronounced
in high soils with high C loading. Further, plant litter amendments
accelerated the C mineralization and fostered positive priming of
inherited SOC in all three soils. However, the higher-quality plant litter
amendment demonstrated less C mineralization than the lower-quality
plant litter, with more material retained in the soils. Soils with higher
OM-loading, regardless of the already high SOC saturation level,
retained in total more freshly added OM even though priming of SOC
was higher. Therefore, to obtain a better ‘return on investment’ of stored
SOC in relation to added fresh C from OM amendments, soil manage-
ment should consider sustaining soil carbon storage via balancing the
input of fresh C with the current soil carbon loading.
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Abstract
Limitations in analytical methods often impair our understanding of how soil structure
features affect the persistence of soil organic matter at the micro to nanoscale. In this
study, we introduced a novel analytical method, which combines the analysis of 3D
structures with resolution down to nm scale and element mapping with the distribution
of stable isotopes at sub-um scale. This method revealed the impact of the topography
of microaggregates on the retention of newly added OM. We made use of soil samples
with the same mineralogy along a gradient in soil C and N contents, that were
amended with two 3C and '°N labeled plant residues that differed in C/N ratio and
incubated for 90 days. After the incubation we obtained soil microaggregates using a
dry-sieving method, to ensure no sorption-desorption of mineral-associated organic
matter (MAOM) due to the use of liquid, which yield macroaggregates (> 250 um),
large microaggregates (53-250 um), and small microaggregates (< 53 um). The small
microaggregate fraction was further prepared using a liquid-free method for the
spectromicroscopic imaging using nanoscale secondary ion mass spectrometry
(NanoSIMS) and helium ion microscopy (HIM). The conventional isotope ratio mass
spectrometer (IRMS) analysis revealed that microaggregates were highly enriched in
13C and ®N and thus retained a larger amount of freshly added OM than
macroaggregates. We could not demonstrate any spatial correlation between the OM

hot spots derived from the newly added plant residues and any measured inorganic
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element distribution as shown by the 2D element mapping by NanoSIMS.
Nevertheless, by applying our 4D analysis combining NanoSIMS and HIM we could
demonstrate for the first time that at a sub-pm scale, the freshly added OM
preferentially retained on mineral surfaces with incidence angles of 44.60° + 23.25
throughout the analyzed soils and treatments. We thus demonstrate that the um scale
architecture of soil microaggregates directly affects the association of OM, and thus
presumably determines the fate of fresh OM together with the persistence of MAOM.
Our findings underscore the critical need for correlative microscopy at previously
unresolved sub-pm spatial scales to better understand how soil microscale

composition and architecture is linked with the fate of SOM.
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1. Introduction

Promoting soil organic matter (SOM) storage and persistence in soil systems is of
great interest to support healthy and functioning soils in the face of a rapidly changing
climate (Kopittke et al., 2022). Besides the environmental benefits, higher SOM
storage is often associated with better conditions for crop production, consequently
improving food security worldwide (Lal, 2016). The mechanisms responsible for
carbon (C) storage depend on various factors, including land use, solil types, and
climate conditions. Nonetheless, sorption and protection within aggregates are
recognized as major mechanisms contributing to SOM storage (Kdgel-Knabner and
Amelung, 2021). Traditionally, clay mineral surfaces have been considered a
significant factor in promoting C storage, mainly through surface sorption, which is
commonly analyzed using the measurement of the specific surface area by nitrogen
(N2) adsorption (Mayer, 1994). With the advent of new microscopy and
spectromicroscopy techniques, more direct measurements of the actual
biogeochemical interfaces of OM and minerals were possible at the scale at which
these processes occur (micro to nanoscale) (Lehmann and Kleber, 2015). However,
limitations in these measurements, such as the influence of microscale surface
topography on data quality, often preclude accurate measurements of organic matter
storage in soils (Mueller et al., 2012). It is also clear that the microscale distribution of
SOM on mineral surfaces and thus on soil microstructures and its drivers are of key
interest to better understand and subsequently manage MAOM.

In this context, applying analytical techniques that account for the three-dimensional
(3D) nature of soil and its components are crucial to gain more comprehensive
interpretations of various key soil processes e.g. C storage, pollutant sorption, plant

nutrient acquisition. Micro-CT has been a common technique for evaluating 3D soil
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structure features such as porosity and soil-plant interaction (Munkholm et al., 2012;
Roose et al.,, 2016; Schluter et al., 2022). Nonetheless, the sub-micron isotopic
distribution information is limited in the 2D image which relies on NanoSIMS
measurement (Mueller et al., 2012; Lippold et al., 2023; Amelung et al., 2024). The
combination of NanoSIMS with Helium lon Microscopy (HIM) represents an approach
with tremendous spatial resolution to overcome topography limitations in evaluating
the soil microstructure influence on organic matter storage, as it enables overlap
secondary electron images to reconstruct the soil topography in 3D, thus a four-
dimensional (4D) analysis (Ost et al., 2021). Thus, combining HIM with NanoSIMS
represents an interesting approach to better understand the interrelation of mineral
assemblages microtopography with the microscale soil organic matter distribution.

To follow the fate of freshly added organic matter in such microscale soil assemblages
we used isotopic labelling that was tracked using NanoSIMS. To circumvent possible
desorption processes of fresh OM adsorbed on mineral surfaces, we developed a
liquid-free sample preparation method of soil microaggregates to simplify sample
preparation and to keep the 3D structure undisturbed. As the inherent OM coverage
of soil minerals determines the fate of freshly added OM we used soils with different
soil carbon loading for the experiment. We hypothesized that 1) the microtopography
of soil aggregates, and 2) both initial soil organic matter content and the carbon-to-
nitrogen (C/N) ratio of the added organic matter significantly influence the retention of

freshly added OM in soil microaggregates.
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2. Material and methods

2.1Soil samples and plant residues

Three agricultural soils with a SOC gradient due to differences in management were
used in this study to compare agricultural soils with different C loading. Soils were
collected from a long-term experimental field in Puch (details are described by Wu et
al. (2022)). All three soils are characterized as Luvisols derived from loess deposits
(IUSS Working Group WRB, 2015) and share comparable soil mineralogy since their

locations are close.

The composite sample of each soil was done by sampling the upper 10 cm of the Ap
horizon at randomly selected locations (five spots per plot) and mixing thoroughly. The
fresh soil samples were air-dried at room temperature and sieved at 2 mm mesh size.
Macroscale plant residues were picked out by hand. Next, sub-samples were taken
from each soil to determine of soil characterization (Table 1). According to the SOC
content, we referred to the soil substrate as low-C, medium-C, and high-C soil in the

following study. The initial SOC content is referred to as C content.

Table 1 Soil characteristics of low-C, medium-C, and high-C soil. Modified according

to (Wu et al., 2024).

Soil Soil Total C Total N C/N Clay and POM

management content  content fine silt (%)

(mgg™) (mgg™) content (%)

Low-C soil Bare fallow 64+01 08+00 84+0.1 36.8 0.2
Medium-C soil Three crop 125+0.0 14+£0.0 9.0+0.2 45.0 0.5
rotation

High-C soil Direct seeding 20.7+0.0 21+0.0 99+£0.2 50.1 0.9
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Oat and pea were chosen to study the OM retention of plant residue with different C/N
ratios. Plants were cultivated in arable soil within a greenhouse and underwent 13C
and "N labeling. Specifically, 13C labeling was achieved through multiple pulsed leave
labeling using 13C-glucose, while "N labeling was accomplished via the application of
“N-labeled fertilizer to the soil. Four weeks post-planting, leaves were subjected to a
ten-day multiple pulsed labeling using a 2% (w/v) 13C-glucose solution. One leaf was
enclosed in a 2 mL vial containing the sterile solution. After complete uptake, the vial
received additional 13C-glucose solution. After two weeks of growth, the leaf in the vial
was removed and excluded in the experiment. Plant stems and the rest of the leaves
were harvested, air-dried, and subsequently finely ground. The plant litter C and N

analyses were given in Table 2.

Table 2 Plant litter C and N contents.

Plant powder C content 13C atom% N content *°N C/N
(mg g™) (mgg™)  atom%
Oat 440 2.18 15.9 4.0 27.8

(Avena sativa L.)
Pea 432 1.69 40.2 2.0 10.7

(Pisum sativum L.)

2.2Incubation experiment

In brief, a 3 x 3 design with three soils (low-, medium-, and high-C) and three plant
residues (control, oats, and peas) with five replicates was performed in this
experiment. The plant residues were added to 50 g soil samples in amounts of 0 mg
g~! (control), and 10 mg g~* (equivalent to 0 and 13 Mg ha™) at the beginning of the

experiment. Each sample was well mixed and placed in a polyvinyl chloride (PVC)
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cylinder of 50 mm in height with a 45.2 mm inner diameter. To hold the sample in the
cylinder and allow free drainage, a mono-layer mesh (100% polyester, mesh size 55
pm) was fixed at the bottom with a ring (O-ring, nitrile rubber). Then the cylinder was
placed on a metal grid to allow better gas exchange and placed in a 473 ml glass jar
(gas-tight, Mason Glass, KoRo) with a lid. The incubation experiment was considered
as started once the water was added as fine droplets to the soils. The moisture of the
samples was adjusted to 50% water holding capacity and controlled every 2 days by
weighing. The incubation was carried out in a dark thermostatic room at 22°C for 90
days. During the incubation, the jars were partly opened to avoid anaerobic conditions.
After 90 days of incubation, each sample was mixed thoroughly and immediately
frozen in liquid nitrogen to stop any biological activity. Subsequently the samples were

freeze-dried to yield dry soil material.
2.3 Aggregate fractionation

A dry separation procedure, adapted from Felde et al. (2021), was used to fractionate
the soils into different soil aggregates without any slaking effects due to wet sieving.
In brief, 10 g of freeze-dried sample was transferred to a modified Casagrande
apparatus (Mennerich Geotechnik, Hannover, Germany) equipped with three sieves
and a collecting tray at the bottom. The sample was separated by mechanical force

with tap frequency of 2 Hz for 1000 cycles <53 um, 53-250 pum, and > 250 pm.
2.4 Chemical analysis

Carbon and nitrogen content of all bulk soils were determined before the experiment
in duplicate by dry combustion using a CN elemental analyzer (HEKAtech, Wegberg,
Germany). The 13C and N enrichment, as well as the total carbon (C) and nitrogen

(N) concentrations of the aggregates after the incubation were measured by an isotope
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ratio mass spectrometer (IRMS, Delta V Advantage, Thermo Fisher, Dreieich,
Germany), coupled to an elemental analyzer (EuroEA, Eurovector, Pavia, Italy). The

enrichment is given in atom-% (at%).

Calculation
The share of plant litter-derived *3C (fyane ¢) @nd *N (f,iane v)) in the sample was

calculated as follows:

13 13
_ Csample - Ccontrol
fplantC -

13 _ 13
Cplant Ccontrol

Equation 1

15 15
f _ Nsample - Ncontrol/

lant N — 1 —
p N. lant

15
Ncontrol

Equation 2

where  BCiumprer  *Ceontron, @and  3Cp1an, represent the content of 3C in at% in
the sample, control soil, and plant litter, respectively. 15Nsample, S Neontrors and

15N

wiant YEPresent the content of °N in at% in the sample, control soil, and plant

litter, respectively.

The plant derived C in each aggregate fraction (Cyiant gerivea) Was calculated using
the share of plant litter-derived 3C (f,14n: ¢), the C content of the aggregate fraction

(C), and the proportion of the aggregate in the soil (Aggregate fraction(%)).
Cplant derived (mg * g_l) = fplant c* C(mg * g_l) * Aggregate fraction(%)

The distribution of plant derived C in each fraction (f%) was calculated according to

the plant derived C in each aggregate fraction (Cpiant gerivea), @nd the total plant

derived C recovered from each fraction (Cepocered):
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f% = 100% * Cplant derived/c

recovered

Equation 3

2.5Surface and structure analysis

2.5.1 Sample preparation for microscopy analysis
After 90 days of incubation, we investigated the spatial distribution of specific elements
on the surface and the architecture of microaggregate < 53 pum using a combined
approach of NanoSIMS and HIM. A few g of the soil sample (microaggregate < 53
pum) was transferred to the center of a gallium arsenide (GaAs) wafer with the size of
7 * 7 mm. Next, the sample with the wafer was stored at -18°C for 20 min, then moved
to room temperature. Due to the temperature difference, a condensed water film
formed between wafer and samples, which led to the adhesion of the microaggregates
on the wafer after air drying. Prior to analysis, a 15 nm gold coating using a sputter
coater was applied to each sample to reduce possible charging effects during HIM and

NanoSIMS analysis.

2.5.2 Structural analysis
HIM was used to acquire the physical information of the 3D architecture of the
microaggregates. The Secondary Electron (SE) images were acquired in a ZEISS
ORION Nanofab HIM with an add-on SIMS system. For all soil microaggregates, SE
images were acquired with a 20 keV He+ ion beam of 0.5 pA for a frame of 1024 x
1024 pixels using an average of 4 lines at 10 ps/pixel (Field of View (FOV) of 20 ym
for the SE image series). The SE images of each microaggregate was acquired every
15° at 45° tilt and every 24° at 54° tilt. Afterwards, the software Meshlab was used for

3D structure reconstruction of the microaggregates.
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2.5.3 Curvature analysis
The curvature analysis was done according to Ost et al. (2021). A density of around
230 3D data point per um? were measured on each microaggregate. The local
curvature ok for each 3D point k was then calculated with respect to its 230 closest

neighbors using the following equation (Wilke, 2002):

L&
Ok = NZ Ok
1=

Equation 4

where N is the number of considered nearest neighbors (here 230) and 6k,i is the
angle between the normal vector of 3D point k and the normal vector of the its nearest

neighbor.

2.5.4 Surface element distribution
Microscale spatial distribution of elements on the surface of soil microaggregates was
measured using a Cameca NanoSIMS 50L (Cameca, Gennevilliers, France). The
Cesium source (Cs*) (16 keV, 2 pA) was used as primary ion beam on the sample
surface to detect the secondary ion distribution at 256 x 256 pixels, 1 ms/pixel, sum
over 60 planes per image, FOV 15 ym. For each NanoSIMS measurement, seven
masses, 16 (60), 24 (*2C*2C), 25 (*2C13C), 26 (*?C4N), 27(*?C5N), 43 (?’Al*%0) and
72 (%6Fel%0), were located simultaneously. The distribution of Si, Al, Fe, Ca, Mg, K,
and Na was revealed by the oxygen source (O°). Microaggregates and primary
particles of control group was measured before each samples of corresponding
treatments and its 3C12C/*?C*2C and ?CSN/*?C*4N ratio were used as reference to
normalize the enrichment of microaggregates of treatments. NanoSIMS data analysis

method was adapted from Schweizer et at. (2018) using the OpenMIMS plugin in
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ImageJ for dead time correction and llastik (1.3.3rc2) for pixel classification and

segmentation.

To visualize OM distribution, a single RGB image was created for each measurement
analyzed by Cesium source, combining O, C, and N in red, green, and blue,

respectively.

2.5.5 4D analysis
The element distribution from NanoSIMS analyses were projected onto their
corresponding 3D models using Meshlab (Cignoni et al., 2008). In brief, reference
points were chosen manually to align the SIMS information to their 3D model. The
element distribution was projected onto the 3D structure and a SIMS texture map was
created. All black pixels, indicating no secondary ions were detected, were removed.
The SIMS texture map was added to the 3D reconstruction texture map with a 60%
transparency to generate a 4D presentation of a measurement, a microaggregate in
our case. This 4D presentation demonstrated topography information from HIM and
element distribution from NanoSIMS. When no NanoSIMS signal was acquired, only

topography texture was shown in the 4D presentation.

2.6 Statistical analysis

Statistical analysis was carried out in Origin 2021 (Origin, Version 2021, OriginLab
Corporation, Northampton, MA, USA.) for the datasets. First, the normality of the
variance of the parameters were tested for normality using the Shapiro-Wilk test.
Then, the data that passed the parametrical test were analyzed using a one-way
analysis of variance (ANOVA) with Tukey's honestly significant difference test as the

post hoc test. When the normality test failed, a log transformation was applied to the



232 raw data, and the normality was tested again. Finally, for the non-normally distributed

233 data, Kruskal-Wallis ANOVA was applied with Dunn's test as the post hoc test.
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3. Results

3.1Aggregate size distribution

<53 um
60%
50%
40%
30%
20%
10%
(o]
> 250 um 53 -250 um
Low-C soil Control Low-C soil Oat Low-C soil Pea
e \edium-C soil Control === Medium-C soil Oat e \edium-C soil Pea
= High-C soil Control = High-C soil Oat = High-C soil Pea

Figure 1 Aggregate size distribution of aggregate size > 250 pm, 53-250 um, and < 53

um of low-C, medium-C, and high-C soil of control, oat, and pea treatment.

Among all treatments and all soils, the aggregate size distribution was not significantly
different. Over half of the soil dry weight was accounted for in the macroaggregate
with a size > 250 um, ranging from 51-61% for all treatments. Aggregates between
53-250 um contributed 30-36 weight% to soils. The lowest dry weight proportion in the
three aggregate sizes was microaggregate < 53 um, which took up only 8-17% of the

soils.
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3.2Plant-derived C and N distribution in the aggregates

a Plant-derived C distribution

<53 um
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= Medium-C soil Oat
b Plant-derived N distribution ——Medium-C soil Pea
= High-C soil Oat
<53 um e High-C soil Pea

50%
40%
30%

20%

Figure 2 Plant-derived C (a) and N (b) distribution in aggregate size > 250 pum, 53-250
pum, and < 53 pm of low-C, medium-C, and high-C soil of control, oat, and pea

treatment.

In our studied soils, large microaggregates (53-250 pum) were demonstrated to be the
largest plant-derived OM pool among the different aggregate size classes after 90

days of incubation, retaining 47-77% of the plant-derived C.

Among the three aggregate size fractions in, the microaggregate fraction of 53-250
pm contained the highest proportion of plant-derived C, ranging from 47% to 55%.

Except for the pea treatment of the low-C soil, the microaggregate fraction of <53 um
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of both pea and oat treated low-C, medium-C, and high-C soil contained a lower
proportion of plant-derived C than aggregates of > 250 um. Microaggregates < 53 pm
shared between 16% to 27% of plant-derived C, thus less than aggregates > 250 pum
(24%-30% in all soils). In all three soils, the proportion of oat-derived C was higher
than pea-derived C (55% vs. 47% in low-C soil, 55% vs. 53% in medium-C soil, and
54% vs. 52% in high-C soil) in microaggregates of 53-250 ym. In low-C soil, the
addition of pea litter resulted in a higher plant-derived C recovery in both
microaggregates < 53 um (27%) and macroaggregates > 250 um (26%) compared to
the recovery of plant C from oat litter (21% in microaggregate < 53 pm and 24% in
aggregate > 250 um). The medium-C solil retained 16% and 18% of the plant-derived
C in microaggregates < 53 pum in oat and pea treatment, respectively. In
macroaggregates > 250 um of the medium-C soil a similar proportion of plant-derived
C was retained from oat (30%) and pea (29%) amendments. In high-C soil, 21% and
25% of oat C was distributed in microaggregates < 53um and macroaggregates > 250
pm, respectively. While 17% and 31% of pea derived C were recovered in

microaggregates < 53um and macroaggregates > 250 pm in the high-C soil.

Plant-derived N was mainly distributed in larger aggregate size fractions of 53-250 pm
and > 250 um. Only 13 to 22% of plant derived N was recovered in microaggregates
< 53 pm. Oat amendment led to 9%-13% higher proportion of plant derived N
distributed in microaggregates of 53-250 um compared to macroaggregates >250 pum.
In microaggregates of 53-250 um, 45%, 46%, and 47% of plant derived N was
recovered in low-C, medium-C, and high-C soil, respectively. The proportion of oat-
derived N in macroaggregates > 250 um was 33% for low-C soil, 37% for medium-C
soil, and 34% for high-C soil. Contrary to the oat amendment, the amendment of pea

litter resulted in more plant-derived N retained in macroaggregates of >250 um



282 compared to microaggregates of 53-250 um. The proportion of pea-derived N in
283  microaggregates of 53-250 um vs. macroaggregates of > 250 um was 37% vs. 40%

284  for low-C soil, 41% vs. 44% for medium-C soil, and 41% vs. 46% for high-C soil.

285 3.313C and N enrichment
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287  Figure 3 The share of plant-derived (a) 13C of oat treatment, (b) 13C of pea treatment,
288  (c) ®N of oat treatment, and (d) °N of pea treatment in aggregate size < 53 um, 53-
289 250 pm, and > 250 um of low-C, medium-C, and high-C soil. Different uppercase
290 letters indicate significant differences (P < 0.05) among the different aggregate sizes

291 under same soil and treatment.

292 Based on the isotope enrichment it can be stated that in all studied soils,
293  microaggregates (< 53um and 53-520 um) showed higher retention of plant derived C

294  from both freshly added plant litter types compared to macroaggregates (> 250 um).
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In each aggregate size fraction, the contribution of plant-derived OM following low-C
soil > medium-C soil > high-C soil, correlated negatively with the SOC content. In each
soil under same treatment, plant-derived C and N demonstrated significant difference

between microaggregates and macroaggregates.

In oat treatment, the highest f13C and f'°N values were found in microaggregates of
53-250 um (0.39 = 0.03 and 0.21 + 0.01), followed by microaggregates of < 53 um
(0.31 + 0.01 for f3C and 0.20 + 0.00 for f°N) in low-C soil. In medium-C soil, the
contribution of plant-derived C was higher in microaggregates of 53-250 um compared
to microaggregates < 53um (0.23 + 0.01 vs. 0.21 + 0.00), but the f'°N values were not
significantly different between these two microaggregate size fractions (0.14 £ 0.00 for
microaggregate < 53um and 0.13 £ 0.00 for microaggregate 53-250 um). For the
fraction of plant-derived OM in the high-C soil a negative relationship with the
aggregate size was demonstrated. The f*3C and f'°N of microaggregates < 53um were
0.17£0.01 and 0.11 + 0.00, respectively, higher than these of microaggregates of 53-
250 um (0.14 + 0.01 and 0.09 £ 0.00). In the macroaggregate fractions > 250 um
lowest contribution of plant-derived OM was recovered among the three soils
amended with oat litter. The fraction of oat-derived C was less than 0.13 in
macroaggregates > 250 um of all soils (0.13 + 0.01, 0.08 £ 0.01, and 0.04 £ 0.00 in
low-C, medium-C, and high-C soil, respectively) and the fraction of oat-derived N was
below 0.11 (0.11 £ 0.01 in low-C soil, 0.06 £ 0.00 in medium-C soil, and 0.04 £ 0.00 in

high-C soil).

In the pea treatment, for microaggregates of < 53 um the highest f3C value were
demonstrated in all three soils (0.40% 0.01 for low-C soil, 0.26 = 0.00 for medium-C
soil, and 0.21 + 0.02 for high-C soil). A significant difference was detected between

the aggregate size fractions in high-C soil but not between microaggregates < 53 um
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and 53-250 um of the low-C and medium-C soil. The fraction of pea-derived C in
microaggregates of 53-250 um was 0.38+ 0.03 for low-C soil, 0.25 + 0.01 for medium-
C soil, and 0.15 + 0.01 for high-C soil, which was 2.5 fold, 2,7 fold, and 3.0 fold of their
f13C in aggregate > 250 um. The fraction of pea-derived N followed the order low-C >
medium-C > high-C soil in each aggregate size, and microaggregate <53 yum >

microaggregate 53-250 um > aggregate > 250 um in each soil.

3.4Element distribution at sub-micron scale

( oil

mv m

.....

oat
FOV 20 um

Figure 4 From up to bottom, 6 particles of low-C pea treatment, medium-C soil pea
treatment, high-C soil pea treatment, low-C soil oat treatment, medium-C soil oat
treatment, and high-C soil oat treatment were shown in each line. The HIM image, O,
C, N, Na, Mg, Al, Si, K, Ca, Fe distribution, and RGB image were demonstrated from

left to right. In RGB images, red, green, and blue represent O, C, and N, respectively.

The secondary electron images of 6 microaggregates derived from the three different
soils and the two plant litter amendments were taken using HIM. Secondary ions O,

C, and N were measured via NanoSIMS by using the Cs source, while for secondary
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ions Na, Mg, Al, Si, K, Ca, and Fe the O source was used. The enriched OM presented
a heterogeneous distribution on the microaggregates, as shown in RGB images in
Figure 4. The distribution of secondary ions related to organic matter (**C, 13C and

12C14N and *2C'®N) was not co-localized with secondary ions related to inorganic soil

constituents.
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medium-C, and high-C soil of oat and pea treatment.

The boxplot (Figure 5) demonstrated that both enriched and non-enriched OM patches
were detected in soil microaggregates of low-C, medium-C, and high-C soil of oat and
pea treatment. The *3C ranged between natural abundance (1.11 at%) and 1.16 at%
for all six microaggregates and the 15N enrichment was between 0.54 and 0.73 at%.

Based on the enrichment of OM patches of microaggregates, no significant differences

between the three soils and two treatments were found.
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3.5Curvature analysis
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Figure 6 (a) Curvature and incidence angle of a microaggregate. (b) Histogram and
normal distribution line after distribution fit of incidence angle of mineral surface and

13C and/or *N enriched pixels of microaggregates.

The topography of a RIO, including a soil microaggregate, was visualized in Figure 6a
with curvature. The 13C and/or >N enriched pixels located at a higher incidence angle
than mineral surface of the microaggregates (Figure 6b). The highest counts for the
incidence angle on mineral surface were between 10° - 20°, and then decrease as the

incidence angle increases. However, the incidence angle distribution for enriched 13C



360

361

362

363

364

365

and 15N pixels demonstrated the peak between 30° - 50°. The average incidence angle
of mineral surface was 32.89° + 23.75, which was 12° higher for enriched pixels
(44.60° = 23.25). The curvature of enriched spots among all microaggregates did not
show significant difference between low-C, medium-C, and high-C soil, nor oat and

pea treatment (Figure 9).
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4. Discussion
4.1 Microaggregates and macroaggregates in promoting plant-derived OM
retention

The higher proportion of 3C and '°N retained in aggregates < 53 and 53-250 um,
especially for low C soils (Figure 2), points to a more important role of microaggregates
in the sequestration of newly added organic matter compared to macroaggregates. As
low-C soils retained a higher proportion of 3C and N in microaggregates than
medium and high-C soils, the retention of plant-derived OM is especially pronounced

in more C-depleted soils.

Based on the 13C and '°N hot spots in the soil microaggregates(Figure 4), it is possible
to demonstrate that plant-derived N distributed differently from plant-derived C,
indicating a different C and N sequestration process from newly added plant residue.
The distribution differences of plant-derived C and N in aggregate size fractions could
be due to microbial activities, as shown in the study by (Shabtai et al., 2023) that after
112 and 135 days of incubation, the plant litter-derived C/N decreased due to the

change in respiration, carbon use efficiency, and decomposer populations.

4.2 Organic matter hot spot and the role of inorganic element
Our 2D element mapping did not demonstrate any preferential colocation of newly
formed MAOM (13N and 15N) with Na, Mg, Al, Si, K, Ca, or Fe (Figure 4), unlike in
other studies that pointed out the Fe, Al, Ca, or Mn contribute to OM storage ( e.g.
(Lalonde et al., 2012; Rennert et al., 2014; Rowley et al., 2023; Shabtai et al., 2023)).
As the correlation of inorganic element distribution with the newly added OM hot spot
could be influenced by sample preparation methods, we have prepared the samples
using liquid-free method. We fractionated the aggregates using a dry-sieving method

in order to avoid any disturbance from ultrasonic energy, water, or external force, such
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as density fractionation, wet sieving, and dry crushing (Krause et al., 2020; Felde et
al., 2021). The dry-sieving method followed by liquid-free microaggregate fixation on
the wafer highly preserved the post-incubated microstructure and the element
distribution of the microaggregates. This to the maximum extent, avoids the
disturbance of liquid on the aggregate, such as aggregate re-aggregation and MAOM

re-distribution during the sample preparation procedure.

The lack of correlation between OM and inorganic elements has been pointed out by
Lehndorff et al. (2021), who concluded no systematic link between OM and soil
minerals at 1 x 1 um resolution with electron probe micro analysis. Due to the relative
low resolution (1 um) and the larger aggregate size (20-53 pm), the correlation
between OM and inorganic elements might be hidden. Nevertheless, our result is
supported by incubation experiments using *3C labeled organic matter additions. The
studies with incubation times within the range of months causally associated *3C with
Fe and Al (Wilhelm et al., 2022; Almeida et al., 2023; Inagaki et al., 2023), although
significant correlations between C with Fe and Al are observed at the nanoscale
(Asano et al.,, 2018). The association between Ca addition and SOC were
demonstrated in acidic grassland soils (Rowley et al., 2023) and microbial transformed
OM in soils (Shabtai et al., 2023), however, we did not find strong evidence of co-

location of initial Ca in the soil microaggregates and OM hot spots.

4.3 Microtopography of soil aggregates in promoting OM retention
Combining micro scale topography with the mapping of enriched OM on the surface
of microaggregates, we were able to demonstrate (Figure 7) that the retention of fresh
OM in organo-mineral assemblages is regulated by the architecture of the microscale
mineral microstructures (Figure 6). Here, we show for the first time that newly added

OM is preferentially retained on soil surface with an incidence angle around 44.60° for



416  thethree studied soils and two plant litter additions. Pioneer work by Vogel et al. (2014)
417 showed that especially the surfaces of microaggregates with their considerably
418 nanoscale topography provide essential reactive interfaces for the sequestration of
419  fresh OM in organo-mineral clusters. We further expressed the surface roughness into
420 curvature by applying 3D analysis of a microaggregate. The curvature at each
421  measured spot is presented as a concert number, which overcome the limitation of 2D

422  measurement that precluded precise evaluations of microtopography.

High-C soil Low-C soil
Pea treatment Pea treatment

423

424  Figure 7 4D models of HE, high-C soil incubated with pea, and LE, low-C soil incubated

425  with pea.
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5. Conclusions/outlook
Our result showed that after 90 days of incubation of three agriculture soils with
different plant litter inputs, the macroagregates (>250 um) shared the highest weight
proportion while the microaggregates (53-250 um and < 53 pum) had higher *3C and
15N enrichment, which was 2.5 to 3.5 fold of the enrichment in macroaggregates. The
2D element mapping acquired by NanoSIMS analysis did not demonstrate strong co-
localization between newly added OM (*3C and ®°N) and inorganic phases (Na, Mg,
Al, Si, K, Ca, and Fe) in the sub-micron scale in any microaggregate. Notably, our 4D
analysis, which combines 3D microstructure and the '3C and N distribution of the
microaggregate, demonstrated that the newly added OM preferentially retained on the

surface with incidence angle 44.60° + 23.25, regardless of soil and treatment.
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439  C and N distribution in the aggregates
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441  Figure 8 C (a) and N (b) distribution in aggregate size > 250 um, 53-250 pm, and < 53

442  um of low-C, medium-C, and high-C soil of control, oat, and pea treatment.
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Figure 9 Histogram with normal distribution line of 13C/12C, 15N/**N, and mineral of six

microaggregates (low-C, medium-C, and high-C soil with pea and oat treatment).
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ABSTRACT: The development of high-resolution microscopy and spectroscopy Het cs

- u Primary lons _
techniques has allowed the analysis of microscopic 3D objects in fields like % ¢
nanotechnology and life and soil sciences. Soils have the ability to incorporate and - ¢

store large amounts of organic carbon. To study this organic matter (OM) sequestration, Surface Curvature
it is essential to analyze its association with soil minerals at the relevant microaggregate
scale. This has been previously studied in 2D. However, 3D surface representations would
allow a variable angle and magnification analysis, providing detailed insight on their
architecture. Here we illustrate a 4D surface reconstruction workflow able to locate
preferential sites for OM deposition with respect to microaggregate topography. We used
Helium Ion Microscopy to acquire overlapping Secondary Electron (SE) images to
reconstruct the soil topography in 3D. Then we used nanoscale Secondary Ion Mass
Spectrometry imaging to chemically differentiate between the OM and mineral
constituents forming the microaggregates. This image was projected onto the 3D SE
model to create a 4D surface reconstruction. Our results show that organo-mineral
associations mainly form at medium curvatures while flat and highly curved surfaces are avoided. This method presents an important
step forward to survey the 3D physical structure and chemical composition of microscale biogeochemical systems correlatively.

Secondary lons

KEYWORDS: SIMS, correlative microscopy, photogrammetry, surface reconstruction, biogeochemistry, organic matter sequestration

1. INTRODUCTION detectable secondary ion concentrations varying from matrix to
trace elements). SIMS can be used in different modes e.g.
depth profiling and imaging.

SIMS has been widely used for 3D SIMS reconstruction.'”
Sequential 2D SIMS images are obtained while eroding the
surface progressively under the energetic primary ion
bombardment and are then assembled into a 3D stack.
However, this method does not take into account the original
surface topography and its evolution during the sputtering
process, since different materials and features exposed to the
ion beam at different angles are sputtering at different rates.'’
The outcome is a three-dimensional block representing the
ROI without any morphological information and prone to
artifacts. In order to make a topography correction, AFM
measurements can be performed before, as well as after,' ">
and in-between SIMS measurements.'>'® However, high
aspect ratio particles are particularly challenging for conven-
tional AFM due to too high scanning speed resulting in

Correlative Microscopy (CM) has become of major
importance nowadays in various domains such as nano-
technology, life, and even soil sciences. Microscopy and
spectroscopy techniques are combined first to overcome
limitations from each technique' and second to move beyond
the boundaries of microscopy by data treatment.” Analyzing a
Region of Interest (ROI) with different techniques with
regards to structural and chemical properties provides
complementary information and a deeper understanding
about the sample.”* When Secondary Ion Mass Spectrometry
(SIMS) is combined with scanning or transmission electron
microscopy techniques (SEM and TEM)® and, more recently,
Helium Ton Microscopy (HIM),*™® CM offers high sensitivity
chemical information correlated with morphology. Further-
more, correlating images obtained by different techniques
using, e.g., an image overlay or the Laplace fusion method
benefits the interpretation of multimodal information.”

SIMS is a qualitative technique for chemical surface analysis.
Primary ions (e.g, Ne*, Ga*, Cs*, O7) are accelerated toward
the sample, provoking the emission of secondary ions, which
are collected, filtered according to their mass-to-charge ratio,
and detected.””"" Advantages of SIMS are high sensitivity,
access to the full periodic table (starting with hydrogen),
distinguishability of isotopes and a high dynamic range (i.e.,
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collision with the sample.'” For this kind of samples, a
photogrammetry approach has been established for 3D surface
reconstruction from secondary electron (SE) images from
either SEM or HIM in order to have additional information
about the ROI’s topography allowing a 3D view from all
possible angles.'*"*°

Photogrammetry has become popular in the recent years for
3D reconstruction of macroscopic objects from images taken
by a camera” in domains such as geography and even for soil
erosion studies.”” In general, partially overlapping images are
taken around an object at different polar and azimuthal angles.
The images are implemented into a photogrammetry software:
features on the images are first detected and then matched at
the overlapping areas from one image to another creating a
point cloud by a triangulation process where matches from at
least two images are required. The position of the cameras is
computed and then a textured mesh is generated representing
the object of interest. Therefore, the overlap from one image to
another should be high to ensure enough data point detection
for matching.

In recent years, Eulitz and Reiss'’ and Gontard et al.”’ have
shown that this photogrammetry approach can be successfully
applied to SE images of microscopic ROI's using commercial
photogrammetry software specialized in reconstruction of
macroscopic objects from optical images.

Vollnhals and Wirtz'® were the first ones to extend this
methodology to SE images obtained on a HIM with a specific
pattern of tilt and repeating stage rotation angles. Additionally,
they acquired analytical information on the same ROI by
performing in situ SIMS at normal incidence and projected this
SIMS information onto the 3D photogrammetric surface
representations.

We note that for this photogrammetry reconstruction
combined with SIMS only surface information is acquired
whereas for traditional SIMS 3D reconstruction, the sample is
eroded layer by layer so that volumetric chemical information
is provided.”®

Soils comprise a heterogeneous dynamic porous system that
consists of mineral and organic materials of variable sizes and
composition. Chemical, biological, and physical processes
determine the structure and thus the function of soils, e.g,
nutrient cycling, habitat for microorganisms, and soil organic
carbon storage. The formation of soil aggregates, assemblages
of soil minerals and organic components bound together by
cementing (e.g., carbonates) and gluing agents (e.g., microbial
residues) is an important control for soil functionality. Soil
microaggregates (<250 um),”* as the smallest assemblage of
mineral and organic soil constituents, are of great importance
for a wide range of soil functions, besides cation exchange, soil
physical stability, especially for long-term soil carbon
sequestration.”> ™"

Understanding the complex 3D microscale distribution of
elements and the spatial arrangement of both soil organic
matter and mineral particles constituting soil microaggregates
is a prerequisite to gain fundamental knowledge about the fate
of soil carbon but also nutrients and pollutants in soil systems.

While Vollnhals and Wirtz'® established the methodology of
photogrammetry reconstruction combined with SIMS primar-
ily to demonstrate its potential on basic microscopic objects
(indium phosphide particles), we adapted it by appropriate
workflows and applied this in the field of soil biogeochemistry.

We present here the workflow and applications of 4D
surface reconstruction with two examples on soil micro-
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aggregates. Besides the illustration of the workflow and a
qualitative description of a 4D surface reconstruction obtained
by the analysis using the HIM-SIMS instrument, the link
between the sample’s chemical information delivered by
nanoscale SIMS (NanoSIMS SOL) and its topography is
evaluated. We provide a processing method for localization of
preferential sites for organic matter (OM) sequestration with
respect to the topography of soil microaggregates.

We demonstrate that correlative imaging, by a qualitative
description and a deeper topographic analysis, offers the great
opportunity to merge topographic and thus physical
information with the distribution of elements and thus
chemical data to better understand the link between soil
microaggregate architecture and biogeochemical function.
Furthermore, we compare two sample preparation procedures
for the microscale analysis of soil microaggregates (wet and
powder deposition), and make use of isotopic enrichment (**C
glucose) to trace the fate of freshly added OM during the
formation of mineral-associated OM on the surface of
microaggregates.

2. MATERIALS AND METHODS

2.1. Sample Preparation. The soil material was sampled
from the upper 10 cm of the Ap horizon from a long-term
agricultural research site in Puch, Germany (Cambisol
according to WRB).” The soil was air-dried at room
temperature, sieved through a 2 mm sieve and macroscopic
plant residues were picked out by hand. We aimed at using
state of the art approaches for the sampling and preparation of
soil microaggregates, namely by the deposition of suspended
microaggregates on a Si wafer and the separation of fine-sized
microaggregates using sieving.’””" Thus, for the two presented
microaggregate reconstructions, we used the most common
soil sample preparation procedures and adapted them
according to the intended chemical analysis.

In the first case, a S mL ethanol solution with a few mg of
the soil sample was prepared, and some droplets were placed
on a Si wafer. Due to the fine size of the deposited particles
and microaggregates these were sticking to the Si carrier.

For the second microaggregate, the sample was derived from
a 30 days soil incubation experiment with *C glucose (p-
glucose-*Cq, Sigma-Aldrich, > 99 atom-% '*C). Via dry
aggregate size fractionation (adapted from Felde et al®), a
modified Casagrande apparatus (Mennerich Geotechnik,
Hannover, Germany) equipped with three sieves was used to
separate the soil material into the aggregate size fractions of
<53 pum, 53—250 um and >250 pum. As we aimed at the fine
microaggregates known to store the highest relative amount of
OM we used the <53 um fraction for the microscale imaging
approach. To circumvent the use of excessive water to prepare
a soil suspension, we made use of condensed water films to
support the fixation of microaggregates on the GaAs wafers. In
brief, a few ug of the microaggregate <53 pm soil fraction was
placed on a clean GaAs wafer. The wafer containing the sample
was placed at —18 °C for 20 min, and subsequently, moved to
room temperature. Due to the change in temperature fine
water films condensed on the GaAs wafer and led to the
adhesion of fine microaggregates on the surface of the wafer.
This approach provides microaggregates that are fixed on the
wafer and ready to be analyzed via electron microscopy and
SIMS after air drying.

2.2. Helium lon Microscopy (HIM). The Secondary
Electron (SE) images were acquired in a ZEISS ORION
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Figure 1. Sequential 2D SE image acquisition for 3D SE reconstruction. (a) The sample stage is tilted at 45° (i.e., 45° polar angle) and is rotated at
10° steps with SE image acquisitions in-between for a first SE image series (in red). In a second series (in blue), the process is repeated with a 54°
stage tilt angle (i.e, 36° polar angle) and 30° rotation steps. In some cases, better results can be obtained by choosing image series at two different
stage tilt (i.e, polar) angles while acquiring SE images with varying rotation angles. (b) The rotation process of the stage described in (a) is
equivalent to a rotation of the camera (i.e., the He" source and the ET detector in the HIM) around the ROI at two different polar angles (Series 1
with red cameras: 45°, Series 2 with blue cameras: 36°) and rotation steps (Series 1:10°, Series 2:30°).

Autodesk ReCap Photo

3DF Zepyhr Pro

MATLAB algorithm

Figure 2. Photogrammetric 3D surface reconstructions from 36 images of a textured “perfect” cube on a base in (a) using the following software:
(b) Autodesk ReCap Photo, (c) 3DF Zephyr Pro, and (d) a simulation algorithm created in MATLAB. Textures are not shown for the 3D

reconstructions.

Nanofab HIM, which is equipped with an add-on SIMS system
(therefore called “HIM-SIMS” instrument).” The primary
beam (He® or Ne*) is produced in a Gas Field Ion Source
(GFIS) which consists of a cryogenically cooled sharp tip
having an apex formed by only three atoms (“trimer”), acting
as an ion source.” He (or Ne) atoms adsorbing on the tip are
extracted and ionized by the high electric field applied between
the tip and an extraction electrode. The ion beam is directed
downward through the column to the sample. When impinging
on the sample, the ions generate SE’s emitted from the extreme
surface, providing a high surface sensitivity. A spatial resolution
of down to 0.5 nm is achieved using He".”

2.3. Photogrammetric 2D SE Image Acquisition. For
3D reconstruction using photogrammetry, 2D SE images were
taken at well-defined positions, i.e., rotation and tilt angles of
the stage allowing to record images all around the ROI (Figure
la). This rotation of the stage is equivalent to a circular
movement of the (He") source and the Everhart-Thornley
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(ET) detector around the ROI (Figure 1b). Optimal results
were obtained by using a series of image acquisitions at a
specific polar angle with respect to the sample surface (e.g.,
45°) with small 10° stage rotation steps (in total 36 images for
a complete turn). A series with another polar angle (e.g., 36°,
equivalent to 54° stage tilt) at larger 30° rotation steps (in total
12 images) can be acquired in addition, because this can
improve the reconstruction in certain cases,'® where features
located at slight overhangs of the ROI could not be registered
at a 45° polar angle.

For both soil microaggregates, SE images were acquired with
a 20 keV He" jon beam of 0.5 pA for a frame of 1024 X 1024
pixels using an average of 4 lines at 10 us/pixel (Field of View
(FOV) of 20 um for the SE image series). The first presented
soil microaggregate was reconstructed using 39 SE images
(image acquisition every 15° at 45° tilt and every 24° at 54°
tilt) and the second one using 35 SE images (image acquisition
every 10° at 45° tilt).

https://doi.org/10.1021/acs.est.1c02971
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2.4. Photogrammetric 3D SE Reconstruction. Three-
dimensional reconstructions presented here were obtained
using the software Autodesk ReCap Photo,” but were also
reconstructed with 3DF Zepyhr Pro’>** for testing and
comparison purposes. In Autodesk, images are simply
implemented without having the possibility to play on internal
parameters and influence on the final result. In 3DF Zephyr
Pro, the reconstruction is done step-by-step by the user, i.e.,
search for features, matches in images, alignment of the camera
positions, reconstruction of a dense point cloud, formation of a
mesh, and finally addition of a colored texture.”* Additionally,
internal camera parameters (focal length, distortion, and
optical center) can be implemented or chosen to be
determined automatically.”> In both software packages, the
outcome is a textured 3D model which can be studied at all
possible angles and magnifications.

For the first soil microaggregate, in total 24 906 data points
were created (“vertices”), while for the second one, 55094
vertices were reconstructed.

2.5. Ground Truth Comparison. In order to have an
enhanced estimation of the reconstruction accuracy in general
and potential issues related to the reconstruction process, a
simplified mathematical algorithm for 3D reconstruction from
2D images was created in MATLAB proceeding in a
comparable way step-by-step for the 3D reconstruction as for
the commercial solutions. However, the fundamental differ-
ence between the algorithm and the commercial software is
that the exact positions of the cameras are implemented by the
user while for the commercial solutions a camera position
estimation is performed.

Reconstructions of a cube were performed for the
commercial software and the simulation algorithm and
compared to the “perfect” cube (“ground truth comparison”).
Therefore, a virtual cube was created in a 3D space and in total
36 images were taken around it at defined “camera” positions
(45° polar angle and 10° azimuthal rotation step). The cube
surface was textured to ensure a high amount of features and
therefore to simplify the reconstruction process. The images
were implemented into the simulation algorithm and both
commercial software (Autodesk ReCap Photo and 3DF
Zephyr Pro) to create a 3D model (Figure 2). In order to
determine potential size-related shrinkages of the recon-
structed structures, a cuboid was aligned to their shape. The
cuboid height, length, and width were determined, while the
deviation from the length and width from the cuboid height
were calculated in %. The deviations using Autodesk ReCap
Photo were 1.5% for the cuboid length and 2.5% for the width
and using 3DF Zephyr Pro 25.1% (length) and 24.3% (width).
The reconstruction using the simulation algorithm, though
presenting a high amount of surface noise, gave an overall close
to 0% deviation for both length and width.

The relatively high deviations for the commercial software
can be explained in this case by an erroneous camera position
estimation leading to local shrinkages and distortions in the 3D
reconstructions, while the exact camera positions were
implemented into the simulation algorithm. Structural
deformations during the noise reduction and mesh recon-
struction processes can not be excluded as well. However, in
general the commercial software provides a more efficient and
practical solution than the created simulation algorithm.
Satisfactory 3D reconstructions with appropriate noise
reduction, sharp edges, and smooth mesh reconstruction
were obtained for both Autodesk ReCap and 3DF Zephyr Pro
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in less than 1S5 min, while the simulation algorithm needs
approximately 1 h for the reconstruction and a smooth mesh
creation still remains challenging due to the high amount of
surface noise. Additionally, during the acquisition of serial SE
images in the HIM around a ROJ, a recentering of the sample
stage onto the ROI is done resulting in a slight deviation from
the actually designated “camera” positions of the SE image
series. However, the MATLAB algorithm requires an exact
implementation of the “camera” positions. Therefore, for SE
images a “camera” position estimation as performed in the
commercial solutions is still necessary to obtain a meaningful
3D reconstruction.

In summary, the commercial software provides satisfactory
and high-quality 3D models, but possible local distortions due
to an inaccurate camera position estimation should still be kept
in mind. The resulting 3D reconstructions are available in the
Supporting Information section.

2.6. Secondary lon Mass Spectrometry (SIMS). Two
different SIMS systems were used in the two presented
analyses to take advantage of their unique capabilities. Before
the analyses, the samples were covered by a 15 nm gold
coating to reduce the charging effect during HIM-SIMS or
NanoSIMS S0L acquisitions.

In the first case, the HIM add-on SIMS system (mentioned
in 2.2) was used to allow in situ chemical imaging of the
microaggregate’s mineral phase at an ultrahigh spatial
resolution. After imaging with HIM, we inserted the retractable
secondary ion extraction box between the GFIS column and
the sample and performed analytical SIMS measurements.
Secondary ions were collected and transferred to the magnetic
sector SIMS analyzer where up to four masses can be analyzed
simultaneously.” A spatial resolution in SIMS imaging mode of
sub 20 nm is reached for both, positive and negative ions, and a
mass resolution of m/Am = 400. The Ne* primary beam at
normal incidence (25 keV, 2.5 pA) was used due to higher
sputtering yields than with He" and therefore enhanced
secondary ion signals,36 while the secondary ions Na, 24Mg,
and ¥K were imaged in 512 X 512 pixels at S ms/pixel (FOV
25 um).

Second, a CAMECA NanoSIMS 50L, offering a poorer
lateral resolution (50 nm)®” than the HIM-SIMS (<20 nm),
but a higher mass resolution for resolving compounds of
organic carbon and nitrogen by depicting the distribution of
specific isotopes (**C, 3C, N, N)’' prone to mass
interferences, was employed.

The Cs* ion beam (16 keV, 2 pA) of the NanoSIMS 50L
instrument was used to image the spatial distribution of OM
and mineral phases (256 X 256 pixels, 1 ms/pixel, sum over 65
planes per image, FOV 15 ym) by recording the negatively
charged clusters e, 2¢Bc, N7, 2CNT, and
YAI"O~ simultaneously at appropriate mass resolving power.

Thus, the choice of the HIM-SIMS instrument is motivated
by the exploration of the spatial resolution to elucidate the soil
mineral phase, whereas the NanoSIMS S0L thanks to its mass
resolution and in combination with HIM offers an effective
tool to study in depth OM distribution on mineral surfaces.

2.7. 4D Reconstruction. The SIMS images were projected
onto their corresponding 3D SE surface representation using
MeshLab.>® MeshLab is a free and open source software for
3D visualization and analysis. Mutual points between the 2D
SIMS image and the 3D SE representation were chosen
manually (“2D-3D correspondences”).”” The 2D SIMS image
was then aligned to the 3D SE representation with respect to

https://doi.org/10.1021/acs.est.1c02971
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Figure 3. Workflow for a 4D reconstruction of a soil microaggregate. (a) Exemplary SE images: the upper images were acquired at 45° polar angle
(45° stage tilt), while the rotation angles were 0° (top left) and 90° (top right). The lower left image corresponds to 36° polar angle (54° stage tilt)
and 168° rotation and the lower right image was taken at normal incidence with respect to the wafer (i.e., polar angle 90°, stage tilt 0°). (b) SIMS
images of *Na, **Mg, and *K. The scale bar indicates the secondary ion signal intensity for each mass. c) RGB SIMS composite image (Blue: *Na,
Red: **Mg, Green: ’K). d) 3D reconstruction of 39 SE images. (e) Projection of the RGB SIMS image from (c) onto the 3D SE representation
from (d). In (d) and (e) the 3D, respectively, 4D model are shown at a view from a polar angle of 45°. (f) Zoomed view on the 4D reconstruction
with an azimuthal rotation of 180° with respect to the view in (e). The arrow in (c) points to parts of the microaggregate which seem to be
adjacent, but are actually vertically split as indicated by the two arrows in (f).

these correspondences. The image was projected onto the 3D
representation and a texture map was created. Black pixels
from this texture were removed since no secondary ions were
detected there. The SIMS texture map generated in MeshLab
was added to the texture map created from the SE images
during the 3D reconstruction with a transparency of typically
60%. Hence, the final textured 4D representation allows one to
observe topographical information from HIM and chemical
information from SIMS throughout the reconstruction. Parts
from the 3D representation where no SIMS signal was
acquired, e.g., below overhangs (“shadow effect”) or simply not
containing the analyzed ion species, remain with only the
topography texture.

3. RESULTS AND DISCUSSION

3.1. Methodological Description of 4D Reconstruc-
tion. 3.1.1. 4D Reconstruction Workflow. The 4D recon-
struction process is demonstrated stepwise in Figure 3. 39 SE
images acquired in a series were used for this. Textured 3D
meshes and animations of the soil microaggregate are available
in the Supporting Information (SI) section.

Figure 3a illustrates three exemplary SE images used for the
3D reconstruction process taken at different stage tilt and
rotation angles, while the lower right SE image was taken in
top view. The topographical architecture of the soil micro-
aggregate is enlightened at an unprecedented spatial resolution.
The SIMS analysis shown in Figure 3b,c indicates a
heterogeneous distribution of the mapped sodium (**Na),
magnesium (**Mg), and potassium (*K) on the same particle,
as indicators for the mineral phase.

The chemical RGB SIMS image (Figure 3c) aligned and
projected onto the 3D SE representation (Figure 3d) provides
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for the first time to our knowledge, the full 4D surface
reconstruction of a soil microaggregate (Figure 3e). Figure 3f
shows the zoomed-in 4D reconstruction with a 180° azimuthal
rotation with respect to the representation in Figure 3e.

3.1.2. Reconstruction Evaluation and Recommendations.
The overall convexity of the microaggregate favored a
successful 3D SE reconstruction. The rough and inhomoge-
neous surface of the microaggregate (Figure 3a) facilitated the
detection of a high number of features supporting the image
matching process. However, pronounced topography is lacking
on the Si wafer itself, which would favor in this case a flat
representation of the wafer. Since features are missing on the Si
wafer the software needs to interpolate the mesh over a long
distance creating artifacts and erroneous unevenness on its
surface.

As the working principle of common photogrammetry 3D
reconstruction algorithms is based on feature detection and
matching between images, ROI's with rough and inhomoge-
neous surfaces are rather easy to reconstruct. However, objects
with a very smooth and featureless surface present a challenge
for reconstruction using common photogrammetry software
since the amount of detected and matched features in the
images is extremely low.””*" Typically, images of macroscopic
objects taken with an optical camera show a higher amount of
detected features than SE images. The discrepancy of feature
detection and matching amounts between optical and SE
images is mainly due to the high amount of noise in SE images
which can obstruct the feature detection algorithms consid-
erably. Noise in the SE images can be reduced by increasing
the number of average lines or frames during the image
acquisition. Nevertheless, a compromise between time invest-
ment and improving image quality needs to be found.

https://doi.org/10.1021/acs.est.1c02971
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Figure 4. Topographic and compositional analysis of a soil microaggregate. (a) RGB SIMS image of the organic carbon and nitrogen compounds
2C2C (in red) and '*C*N (blue), and ’Al'°O (green) representing the mineral phase of the microaggregate. The arrow points to an area with
reduced secondary ion intensity resulting presumably from a restricted acceptance angle of the spectrometer. (b) Isotopic *C'*C/"C'*C ratio
image showing the areas enriched in '*C. The scale bar indicates the ratio pixel intensity. (c) HIM 2D SE image in top view. The reaction of the
implanted cesium with air led to the formation of little bubbles on the wafer of the Cs* irradiated area. (d) 4D surface reconstruction (side view at
45° polar angle) resulting from the overlay of the photogrammetric 3D SE reconstruction using 35 SE images and the RGB SIMS image from (a).
(e) 4D surface reconstruction where the colored areas show the isotopic enrichment information from (b) (side view at 45° polar angle, 180°
azimuthal rotation with respect to (d). (f) Visualization of the local particle’s curvature determined from the average angles between the surface
normal vectors of the considered nearest neighbors (top view). The curvature of the wafer was arbitrarily set to 0° in this representation. The
scheme on the lower left side of (f) illustrates the determination of the local curvature: nearest neighbors i (1 and 2 in the scheme) of a 3D point k
(in gray) are located first, then angles between their normal vectors 6, ; and finally their average value is calculated.

Preliminary 3D SE reconstruction tests showed that on high number of features were detected and matched in an
average at least 60 features should be detected per image and image series, the resulting 3D SE representation can still be
around 40 matches for consecutive images should be found to distorted or erroneous due to an incorrect determination of
allow a meaningful 3D SE reconstruction. For this camera intrinsic parameters.
reconstruction, on average 124 features were detected per SE In the case of the 3D SE reconstruction in Figure 3d, the
image with on average 87 matches for sequential images in the “camera” positions estimated by Autodesk ReCap Photo were
45° tilt acquisition series. If no or only a few features are generally in accordance with the designated “camera” positions

detected throughout the ROI in the SE images, then the defined by the stage tilt and rotations steps, hence an indicator
photogrammetry software will interpolate 3D points arbitrarily for an authentic 3D reconstruction.

during the mesh reconstruction process resulting in an 3.1.3. Advantages of 3D SE and SIMS Overlay. In Figure
erroneous 3D SE representation. Hence, a high amount of
features on the ROI and minor defects surrounding the ROI
(i.e., on the wafer) will simplify the feature detection and leads
to a more authentic 3D SE reconstruction.

It is worth noticing that, although the number of detected
and matched features might be high, camera positions can be
estimated inaccurately leading to a distorted result. In this case,
additional trials with manual changes of the internal camera
parameters, i.e., focal length, lens distortion, and optical center
might help to improve the result.

In fact, while common photogrammetry software is
specialized in 3D reconstruction from optical camera images,

3e, the SIMS image covers only areas of the particle where
secondary ions were detected. Hence, small overhangs or areas,
where no elements of interest could be detected, although
subjected to the primary Ne' beam, e.g, the wafer or
surrounding particles, remain in the SE texture exclusively.
This can be well observed in Figure 3f: the top and some of the
lower parts of the particle are covered with the SIMS
information (indicated with two arrows), while the areas in-
between present only the SE texture.

Thus, the superposition of the 3D SE model and SIMS
images provides a more complete picture of an ROI compared

no information about camera intrinsics is stored in SE images, to simple 2D images, because this representation of the SIMS
ie, focal distance, optical center, and lens distortion." information takes into account vertical ROI offsets. For
Therefore, an automatic calibration algorithm estimates the instance, while in Figure 3c for the area indicated by the
camera intrinsics and positions (i.e., the positions where the arrow, it seems that the secondary ion signal originates from
images were taken with respect to the object) from feature adjacent parts of the microaggregate, in Figure 3f it becomes
detection and matching among the images.” Hence, even if a visible that this area is actually vertically split in space by areas
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(marked with two arrows), where no secondary ions were
detected due to their concave topography.

3.2, Applications of 4D Reconstruction for SIMS
Analyses. 3.2.1. Imaging and Surface Reconstruction. A
more fundamental topographic analysis enabled by the 4D
reconstruction is demonstrated on a 3D architecture of a soil
microaggregate imaged using 35 HIM SE images superposed
with the analytical information acquired with the NanoSIMS
SOL. For the 3D SE reconstruction (available in the SI), on
average 219 features were detected per SE image and 145
matches were found from one image to the next one in the
series, indicating a more than sufficient amount of
reconstructed 3D points for the surface model (see discussion
in section 3.1.2). The reaction of the implanted cesium with air
after the NanoSIMS S0L measurement” ' led to the creation of
numerous spots all around the microaggregate, firmly
supporting the feature detection and matching process on
the wafer. Moreover, most of the “camera” positions calculated
by the photogrammetry software were in agreement with the
chosen stage tilt and rotation steps, i.e., no major distortions in
the 3D model due to erroneous “camera” position estimations
are assumed.

Analytical SIMS maps of *’Al'O (mineral phase),
respectively '*C'C and '*C"N (organic matter), were
acquired and combined into a single RGB image in Figure
4a (red: "*C™C, green: ’Al'°O, blue: >C'*N). The reduced
secondary ion intensity on the upper left corner of the particle
(marked with an arrow) in Figure 4a results presumably from a
shadowing effect due to a restricted acceptance angle of the
spectrometer.18

The *C"C/"C"™C ratio image was created and thus
demonstrates areas enriched in 'C on the surface of the
microaggregate (Figure 4b).

A HIM SE acquisition was taken in the top view, ie., at a
normal incidence of the primary beam with respect to the
wafer (Figure 4c). The formation of the above-mentioned
spots spread on the wafer all around the microaggregate
emerging after the Cs" irradiation can be well observed here.

4D surface reconstructions were compiled by performing the
alignment and overlay between the reconstructed 3D SE model
and first the RGB SIMS image (Figure 4d) and second the
isotopic ratio information (Figure 4e). The representation of
the SIMS information on the 3D SE surface model in Figure
4d,e, as discussed in section 3.1.3, represents an enhanced
visualization of the SIMS information as the vertical distance
between all the OM hotspots becomes visible.

3.2.2. Organic Matter 3D Distribution. On the basis of the
3D architecture model of the soil microaggregate a topo-
graphical analysis in relation to the distribution of the OM was
performed. With this investigation, we intend to trace the
inherent OM and the new OM, coming from isotopic labeling
experiments, to better understand biogeochemical processes at
the microscale.””

For the analysis of the 4D model, the surface curvature was
used as a metric for topography variations,*” since it allows one
to characterize the microaggregate’s topographical structure
and distinguish between plain surfaces and local slopes,
resulting from, e.g., micropores, cracks, or edges, and relate
this information directly to the local chemical composition.
The reconstructed surface model from Figure 4d was imported
as a color-coded point cloud into MATLAB.

For the reconstructed microaggregate (counting only the
reconstructed soil material and neglecting the wafer), a total

9390

surface of 197 um” and a density of around 230 data points per
um?* were measured. Hence, to estimate the local curvature for
each 3D data point of the point cloud, 230 nearest neighbors
for each 3D point were first determined. Additionally, by
inspection of the point cloud, the consideration of 230 nearest
neighbors per 3D point were assumed to be reasonable for a
curvature calculation considering the density of the recon-
structed point cloud and the overall microaggregate model size.
Local surface normal vectors were computed and stored for
each 3D point.

The local curvature o, for each 3D point k was then
calculated with respect to its closest neighbors using the
following definition:**

1 N
6](: = — Z ek'i
N3 (1)

where N is the number of considered nearest neighbors (here
230) and 6, is the angle between the normal vector of 3D
point k and the normal vector of the i nearest neighbor. In
other words, the local curvature o} represents thus the average
angle between the normal vector in the 3D point k and all the
nearest neighbors’ normal vectors. A color-coded visualization
of the microaggregate’s surface curvature is shown in the top
view in Figure 4f.

The chemical information from the overlay of the 3D SE
model and the RGB SIMS image (red: '*C'>C, green: Y7ALQ,
blue: '*C"*N) was then associated with each 3D data point, in
addition to the curvature information. The grayscale
information from the SE was excluded for this analysis. The
curvature o, for a specific ion species s (e.g, ?C'*C) is then
defined as the average of all the curvatures of 3D points
containing the ion species s:

1 n
O: = W Z: G,
j=1 ()

where 7 is the number of all the 3D data points containing the
ion species s and o} is the curvature of a 3D point j, calculated
previously using ( 1), containing chemical information on
species s. For the 3D points containing *’Al'0, we took only
plain areas of the microaggregate into account to estimate the
“background” curvature for the mineral phase, distributed
throughout the entire microaggregate. The *’Al'°O distribution
nicely represents the clay minerals in such a sample, and thus
the major component of these soil microaggregates. We found
that the curvature 02,7, for all the 3D data points containing
YA1"0 (mineral phase) for plain areas corresponded to 14.1°,
while for 3D points presenting '*C'>C and *C'N, showing
OM distributed as hotspots, the curvatures o2 and on¢ity
were 37.4° and 38.5°, respectively. Interestingly, by performing
the same analysis on the 4D model from Figure 4e, the areas in
the microaggregate enriched with '*C, presented a very similar
average curvature value o09c2c,%c%c, namely 37.2°. The
standard deviation of the curvature for *’Al'°O was around
4° and for the OM compounds close to 10° in each case.
Thus, for this soil microaggregate, the OM deposited on
areas characterized on average by almost triple of the surface
curvature compared to mineral plains of the microaggregate.
This demonstrates that in the case of the studied micro-
aggregate areas with low topography but also areas with high
topography (highly curved), e.g. edges, in the microaggregate’s
mineral phase show no freshly added OM as indicated by the
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absence of "*C. Isotopically enriched OM, originating from the
amendment of “C enriched substrates in the incubation
experiment, were associated with the microaggregate surfaces
on average in areas with a very similar surface curvature as the
preexisting OM in the microaggregate.

Results show that topography and chemical composition are
drivers of soil OM distribution which is in accordance with the
findings of previous studies on soil organo-mineral structures.’”

3.3. An Imaging Approach Extending Our Concep-
tual Understanding of Organo-Mineral Associations.
3.3.1. Benefits for Soils. The microaggregate in Figure 3e,
originating from the wet deposition sample preparation
procedure, demonstrates the architecture of soil micro-
aggregates as composed of distinct minerals with different
chemical composition at a nonprecedent spatial resolution.
This high spatial resolution is crucial to correlate the fate of
OM with the buildup of microaggregates and thus mineral-
associated OM. The mineral skeletal structure of the
microaggregate and thus the mineral phase is represented by
the »*Na, **Mg, and **K distributions (Figure 3b). The spatial
distribution of sodium, magnesium, and potassium demon-
strates distinctly different microscale patterns that clearly
resemble the different primary and pedogenic minerals that
make up the microaggregate. As illite, chlorite, quartz, and
kaolinite are the main mineral constituents of this soil material
(data not shown), we demonstrate that the resembled
structures represent these clay-sized minerals differentiated
by the distinct proportion of the measured elements.

For the analysis of the microaggregate obtained by dry
sieving, the 3D SE surface reconstruction in Figure 4d and the
corresponding *’Al'"O (Figure 4a) SIMS information greatly
enhances the view on the soil microstructure as it correlatively
visualizes the soil mineral phase and its positioning in the 3D
arrangement of the microaggregate architecture. By combining
the demonstrated correlation with the microscale distribution
of OM phases from chemical images representing carbon and
nitrogen, the 3D reconstruction allows one to differentiate
between specific mineral particles vs microscale physical
structure (surface curvature) for the association of OM with
the mineral surfaces.

Thus, the demonstrated approach offers the potential to
elucidate how chemical surface properties and physical
microscale soil structure foster the formation of mineral
associated OM. It allows one to correlate distinct soil mineral
species with their specific function in the context of the
microaggregate architecture at the relevant scale for bio-
geochemical processes.

3.3.2. Perspectives. The methodology of 4D surface
reconstruction combining 3D topography and 1D analytical
information obtained by EM and SIMS has been extended and
applied successfully in soil biogeochemistry. In contrast to a
traditional 2D image, our representation shows the specimen
in its entirety and its surface topography information can be
used to correlate it directly with the local chemical
composition, which allows one to greatly enhance the
conceptual view on soil microaggregate architecture and
function. Thus, we were able to demonstrate that organo-
mineral associations mainly form at medium curvatures
pointing to specific surface properties of microaggregates that
foster the formation of mineral-associated OM. Both inherited
and freshly added OM is recovered at comparable topographic
positions on the microaggregate.
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The established approach provides the framework for
detailed microstructural analyses of biogeochemical samples,
reaching from soils to sediments. For applications in soil
biogeochemistry, 4D reconstructions offer the possibility to
delineate topographic (e.g, surface curvature) and chemical
properties of mineral and organic particles including micro-
aggregates that determine the cycling and distribution of for
instance organo-mineral associated OM or microbial OM at
the relevant process scale.

Finally, 4D reconstruction is not limited to the mentioned
analysis techniques (HIM-SIMS, HIM-NanoSIMS SOL) but
can be used more generally for correlative microscopy
combining 3D topography (e.g., optical microscopy, electron
microscopy) and analytical information (e.g., time-of-flight
SIMS, X-ray photoelectron, or Raman spectroscopy) for
mapping the distribution of chemical components inside the
sample.
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