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Résumé

Les associations organo-minérales jouent un réle prépondérant dans la séquestration
a long terme des matiéres organiques des sols forestiers, mais les contributions des
différents types d’association organo-minérale a la stabilisation, ainsi que les
processus microbiens qui en sont responsables, restent mal connus. Pour y remédier,
des techniques de tracage isotopique ont été combinées a la séparation
densitométrique séquentielle des associations organo-minérales. Ces derniéres ont
été investiguées in et ex situ, 4 différentes échelles spatiales (macroscopique,
submicrométrique et moléculaire) et temporelles (de 8 heures a 12 ans).

Quatre types d’association organo-minérale ont été distingués : les débris végétaux
associés a quelques rares minéraux, les agrégats végétaux, les agrégats microbiens et
les grains minéraux. Le tragage isotopique du carbone et de 'azote dérivés des litieres
de feuilles a mis en évidence, a I'échelle de la décennie, des transferts entre les
différentes associations organo-minérales. Tous deux entrent dans le sol sous forme
de fragments végétaux, puis migrent progressivement vers les agrégats végétaux et
microbiens. Les agrégats apparaissent pertinents pour la stabilisation du carbone et
de l'azote a 'échelle décennale. Une petite fraction du carbone et de I'azote apparait
rapidement stabilisée dans les grains minéraux denses. Nos observations du devenir
du PN indiquent que l'activité des microorganismes du sol est responsable de ces
transferts. Les fragments de feuilles colonisés par les microorganismes sont
progressivement incorporés dans les agrégats végétaux. A mesure que la
décomposition se poursuit, les agrégats végétaux se disloquent pour former des
agrégats plus stables, plus pauvres en mati¢res organiques, plus enrichis en produits
microbiens et plus compacts : les agrégats microbiens.

La stabilisation microbienne a été étudiée aux échelles macroscopique,
submicrométrique et moléculaire, principalement par NanoSIMS et LC-IRMS. Elle
opere (i) directement par immobilisation dans les cellules microbiennes et (ii)
indirectement via une abondante production de métabolites extracellulaires. La
calibration des C/N obtenus par NanoSIMS a permis de déterminer qu’ils sont
stabilisés dans les associations organo-minérales sans controle apparent de la chimie
des matieéres organiques. L’incorporation du C dans les sucres aminés,
biomarqueurs des biomasses bactériennes et fongiques, indique que les
microorganismes vivants croissent ou la ressource se trouve. Ils saccumulent dans les
agrégats microbiens via les processus de transfert précédemment évoqués.

Ce travail souligne I'importance des agrégats pour la séquestration du carbone et de
l'azote dérivés des litieres a I'échelle de la décennie. Il met également en évidence le
role des microorganismes dans les transferts et la stabilisation du carbone et de
'azote dérivés des feuilles au sein d’associations organo-minérales.

Mots clés: Sol forestier, Litiére; Stabilisation, Tracage isotopique, Azote, Carbone,
Association organo-minérale; Microorganismes; NanoSIMS; STXM-NEXAFS; LC-IRMS;

Sucres amines



Abstract

Organo-mineral associations play a key role in the long-term sequestration of
organic matter in forest soils. However, knowledge about the contribution of the
different types of organo-mineral associations and the microbial processes involved
in soil organic matter stabilisation is scant. To solve it, stable isotope techniques
have been combined with the sequential density fractionation of organo-mineral
associations. Isolated fractions were investigated in field and in lab, at different
temporal (from 8 hours to 12 years) and spatial scales (macro-, submicron- and
molecular scales).

Four types of organo-mineral associations were distinguished: plant debris with little
mineral attached, plant aggregates, microbial aggregates and mineral grains.
Isotopically labeled beech leaf litters were tracked at a decadal time-scale to reveal
transfers in between organo-mineral associations. Both litter-derived carbon and
nitrogen entered the soil as plant fragments to progressively pass through plant and
microbial aggregates. Aggregates appeared particularly meaningful for the
stabilisation of litter-derived carbon and nitrogen at a decadal time-scale. Little of
the litter-derived carbon and nitrogen was found quickly stabilized to mineral grains.
Microbial activities appeared as a major controlling factor for the evolvement of
organo-mineral associations, responsive for the transfers of litter-derived carbon and
nitrogen. Indeed, plant debris colonized by microorganisms are progressively trapped
into plant aggregates. As decomposition proceeds, plant aggregates disrupt into
denser microbial aggregates. These aggregates are loaded with lesser organic matter,
but enriched in stable microbial materials.

Stabilisation by soil microorganisms has been studied at the macro-, submicron- and
molecular- scales, using mostly NanoSIMS and LC-IRMS. Microbial stabilization
operated (i) directly through immobilization in microbial cells and, (ii) indirectly
through large production of extracellular microbial products. By calibrating the
NanoSIMS for accurate C/N ratios, extracellular microbial products have been
shown to be stabilized onto organo-mineral associations without apparent control of
the mineral-attached organic matter chemistry. The incorporation of *C tracers into
amino sugars, biomarkers of bacterial and fungal biomasses, revealed that living
microorganisms grow where the resource is, but accumulate in microbial aggregates.
Microbial biomasses moved from plant debris to microbial aggregates, likely along
with the transfers of decaying litter residues as described above.

This work points aggregates as meaningful organo-mineral associations for the
sequestration of litter-derived carbon and nitrogen at the decadal time-scale. It also
revealed the role of microorganisms in the transfers and stabilization of litter-derived
carbon and nitrogen within organo-mineral associations.

Keywords: Forest soil, Litter; Isotopique labeling; Stabilization; Nitrogen, Carbon,
Organo-mineral asociation; Microorganisms ; NanoSIMS ; STXM-NEXAFS ; LC-IRMS ;

Amino sugars
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Abréviations
MO(S) : matiére organique (du sol)

C : carbone
N : azote
EA-IRMS : elemental analyzer coupled with isotope ratio mass spectrometry.

NanoSIMS : nano-scale secondary ions mass spectrometry.

STXM-NEXAFS : scanning transmission X-ray microscopy (STXM) coupled with
near edge X-ray absorption fine structure spectroscopy (NEXAFS).

LC-IRMS : liquid chromatography coupled with isotope ratio mass spectrometry.

MEB : microscope électronique a balayage.



Séquestration du C et du N dans les associations organo-minérales de sol

1. Introduction

1.1. Contexte

Les écosystémes forestiers sont sous les pressions conjointes des récents changements
de pratiques sylvicoles et des changements globaux. L’intensification des pratiques
sylvicoles, via notamment la réduction des cycles sylvicoles et l'exportation des
rémanents (Puech, 2009), conduisent a un appauvrissement progressif en nutriments
menagant la fertilité a long terme des sols forestiers (Heijden e# al., 2011; Nicolas
and Ranger, 2009). Parallelement, les activités humaines ont contribué, entre autres,
a l'élévation moyenne des températures (+0.7°C) et des dépots atmosphériques (x3-
5) au cours du siécle passé (Courtillot ez al, 2007, Galloway ez al., 2004). Ces
derniéres se poursuivront trés probablement au cours des décennies a venir (IPCC,
2007). Ces changements affectent directement et indirectement le fonctionnement
des écosystemes (Bertrand ez a/., 2011; Campbell ez a/., 2009; Janssens ez al., 2010;
Jonard ez al., 2012).

Comprendre les conséquences de ces changements sur les sols forestiers savére
nécessaire pour I'élaboration de pratiques de gestion durables répondant a des
conditions environnementales changeantes. Il s’agit, entre autre, de maintenir ou
d’accroitre de la disponibilité en N pour les peuplements et de lutter contre les effets
des changements globaux (IPCC, 2007), via, par exemple, la séquestration de C
dans les sols. L’élaboration de telles pratiques de gestion requiert une meilleure
compréhension des fonctionnements biogéochimiques des sols et, plus
particuliérement, des matiéres organiques des sols (MOS) (Sollins ez al., 2007).
Deux raisons principales a cela: (1) les sols constituent une réserve colossale de
carbone (C) (Post ez al, 1982) et d'azote (N) (Post ez al, 1984) en équilibre
dynamique entre eux et avec 'atmosphere, la biosphére et 'hydrosphere (Gardenas ez
al., 2011; Gruber and Galloway, 2008). Bien qu'abondant dans les sols, (2) L'N est
un facteur limitant la croissance arborée (Chapman ez a/., 2006; Rennenberg ez al.,
2009). Alors que les arbres absorbent préférentiellement les formes inorganiques de
I'N (Schimel and Bennett, 2004), la majorité de I'N présent dans les sols se retrouve
sous forme organique associé au C et relativement peu accessible pour les
peuplements (Andrianarisoa ez a/, 2009; Holub and Lajtha, 2004; Lajtha ez al,
2005). Les expérimentations menées par Bernd Zeller ont permis le suivi a long
terme de N dérivé des litiéres par tragage isotopique. La figure 1 montre que 4 ans
apres la chute des litiéres de feuilles de hétre, moins de 4% de I'N dérivé desdites
litieres est retrouvé dans les arbres environnants. Méme si cette part augmente avec
le temps, 40% a 50% de 'N dérivé des litiéres reste dans les premiers centimétres du
sol sous forme organique au cours de la premiére décennie suivant la chute des
feuilles. I'N dérivé des litieres passe progressivement des litieres de feuilles a
I'horizon O, puis s'accumule dans les premiers centimétres de I'horizon A sous forme

de MOS.
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Ebrach Fougeres
4 ans @@ 4 ans
Biomasse végétale aérienne N S ans L I 3 ans
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Figure 1: Distribution de I'N dérivé des litieres de feuilles de hétre dans différents
compartiments des foréts tempérées d’Ebrach et de Fougeres, en fonction du temps. L’azote
dérivé des litieres est suivi in sifu par tragage isotopique - Cf. section 1.4.1.1.- au N
provenant de feuilles enrichies en N déposées 4 et 8 ans auparavant (Zeller et al., 1998;
Zeller et al., 2001; Zeller ef al., 2000). La biomasse végétale aérienne correspond au N
contenu dans les feuilles produites par les arbres environnants aprés marquage au *N.

Les MOS ont donc fait I'objet de nombreuses recherches au cours des dernieres
décennies. Ces recherches ont, entre autres, permis de caractériser les formes sous
lesquelles elles se présentent et les mécanismes de stabilisation responsables de leur
accumulation au cours du temps. Une bréve synthése de ces différents points, des
méthodes de suivi des devenirs des MOS et leur application aux devenirs du C et du
N dérivés des litieres est proposée ci-apres.

1.2. Les formes de MOS

Les sols forestiers sont principalement alimentés en C et N par les cohortes
successives de litieres végétales (Christensen, 2001). Ces litiéres subissent une
succession de changements physiques, chimiques et surtout biologiques (macro-,
méso-, micro- faunes et microorganismes) produisant une myriade de composés
organiques et inorganiques associés ou non aux minéraux du sol pour constituer un
mélange complexe et hétérogene de différents composés (Grandy and Neff, 2008;
Koegel-Knabner, 2002). Bien que difficiles a déterminer avec précision (Derrien and
Amelung, 2011), ces composés présentent des temps moyens de résidence tres
contrastés (Amelung ez al, 2008; Bol ez al, 2009) variant avec les conditions
environnementales (Schmidt ef a/., 2011).

On distingue les MOS libres et associées aux assemblages de sol. Leurs proportions
varient selon les pratiques culturales, la végétation, les différents facteurs contrélant
la décomposition des litiéres (climats, types de sol, activités biologiques) et I'horizon

de sol étudié (Christensen, 2001; Eusterhues ez al., 2005). Les MOS des horizons de

surface se caractérisent de la maniére suivante :
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(1) Les formes libres représentent 10 & 40% des MOS totales et sont soumises a de
fortes variations saisonniéres liées a l'irrégularité des apports de litieres (Christensen,
2001). Elles sont caractérisées par des temps moyens de résidence de quelques mois a
quelques années et sont percues comme un pool transitoire entre les litieres et les
associations organo-minérales (von Liitzow ez al, 2008). Ces formes libres sont
principalement particulaires et, dans une moindre mesure, dissoutes. Les MOS
particulaires sont principalement constitués de fragments végétaux en cours de
décomposition (Wagai ez al., 2009), mais également de résidus de la micro, méso et
macro faune du sol (Christensen, 2001; Gregorich and Janzen, 1996). 10 4 25% des
litieres se trouvent dissoutes (Guggenberger and Kaiser, 2003) en un mélange
complexe de composés rapidement lessivés ou stabilisés (Bolan ez al., 2011).

(2) L'essentiel des MOS se trouve sous forme de complexes organo-minéraux : 60%
4 90% sont sous formes d’associations organo-minérales (Basile-Doelsch ez a/., 2007,
Mikutta ez al., 2009; Sollins e# al., 2009). Plus ou moins agrégées, ces associations
organo-minérales impliquent des minéraux de tous types en association avec des
MOS dans un état de décomposition généralement plus avancé que les MOS libres
(Koegel-Knabner ez al, 2008; Kogel-Knabner and Kleber, 2011; Mikutta ez al,
2010; Sollins ez al., 2006). Leurs temps moyens de résidence sont de 'ordre de la
décennie, du siecle et au dela. Ces formes de MOS sont pergues comme des pools
intermédiaires et passifs (Kogel-Knabner ez a/., 2008b; Kogel-Knabner and Kleber,
2011; von Liitzow ef al, 2008). Les transformations microbiennes et 'association
aux minéraux sont donc suspectées stabiliser les MOS a long terme.

1.3. Stabilisation et accumulation des MOS
L’accumulation des MOS résulte de leur stabilisation via les mécanismes suivants
(Ekschmitt ez al., 2008; Rillig ez al., 2007; Sollins e# al., 1996; von Litzow et al.,
2006) :

- Récalcitrance & la  décomposition par les microorganismes. 11 sagit des
caractéristiques intrinséques des MOS qui les rendent difficilement dégradables
par les microorganismes et les enzymes;

- Non-utilisation par les microorganismes. 1l s’agit de MOS non altérées par
lactivité des décomposeurs qui leur préferent d’autres types de substrats. Ces
mécanismes concernent essentiellement des MO transformées par l'activité des
microorganismes du sol ;

- Inaccessibilité physique aux décomposeurs. L'organisation spatiale des particules de
sol restreint ou interdit I'entrée des décomposeurs, enzymes ou oxygeéne a la
MO occluse, principalement dans les agrégats ;

- Interactions avec les phases organiques, minérales et métalliques. Attachement des
MOS opérant a des échelles fines et impliquant des interactions faibles (forces
de Van der Walls, hydrophobicité, liaisons H), électrovalente (interactions
électrostatiques impliquant ou non des cations polyvalents) et/ou covalente
(échange anionique).

11
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Alors que la récalcitrance a court terme des MOS non carbonisées est de plus en plus
discutée (Kleber, 2010; Marschner ez al, 2008), les autres mécanismes semblent
jouer un role prépondérant dans la stabilisation a long terme des MOS (Kogel-
Knabner ez al., 2008a; Trumbore, 2009; von Liitzow ez al., 2008). Si ces mécanismes
opeérent simultanément, leur contribution a la stabilisation des MOS varie au cours
du temps comme illustré en Figure 2.

17<Z Non-utilisation
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1 5 10 100 1000 o
Temps moyens de résidence (années)

Figure 2: Contribution des différents mécanismes de stabilisation des MOS opérant au
cours du temps — figure modifiée de Kégel-Knabner et Kleber (2011).

Les larges proportions de MOS contenues dans les associations organo-minérales
(Cf. section 1.2.), ainsi que leur capacité a les séquestrer sur le long terme via des
processus de stabilisation minéraux et microbiens (Kogel-Knabner ez al., 2008a;
Kogel-Knabner and Kleber, 2011; Sollins e a/., 2009), en font des compartiments
particuliérement pertinents pour I'étude dynamique des MOS (Grandy and Neff,
2008; von Liitzow ef al., 2007).

1.4. L’étude des MOS
L’étude des devenirs des litiéres et/ou des MOS dans un milieu aussi complexe que
le sol a donc nécessité le développement de méthodes de tragage des matériels
d’intéréts ainsi que de séparation des MOS en compartiments partageant des
caractéristiques structurelles et fonctionnelles suffisamment proches pour étre
considérées comme homogenes.

1.4.1.Le tracage

1.4.1.1. L’isotopie

Les atomes constitutifs des litiéres végétales et MOS présentent un nombre constant
de protons et, éventuellement, un nombre variable de neutrons définissant des
isotopes. Ces derniers présentent des propriétés physico-chimiques tres légérement
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différentes a lorigine de variations dans les différents compartiments de
Pécosysteme. Ainsi, la composition isotopique des végétaux varie naturellement entre
plantes ayant des métabolismes différents (végétaux de type C3 et C4), entre les
compartiments d'une méme plante (feuilles, tronc, racines), et selon l'état de
décomposition d'un méme matériel (Dijkstra ez a/., 2006). Ces variations naturelles
sont exploitées pour étudier les dynamiques des MO (Balesdent er al, 1993;
Balesdent and Mariotti, 1996). Une autre méthode consiste a enrichir
artificiellement une MO en un isotope, par exemple I'enrichissement en ®C et/ou
BN des litieres de feuilles (Aita ez al., 1997; Zeller et al., 1998). L’exces isotopique,
correspondant a la différence avec 'abondance naturelle, permet le suivi d’'une
cohorte de matériels marqués isotopiquement dans les différents compartiments de
I'écosysteme comme illustré en Figure 1.

1.4.1.2. Les biomarqueurs

Les litieres végétales et les microorganismes sont constitués de molécules organiques
dont certaines leurs sont spécifiques. Ces biomarqueurs sont utilisés, éventuellement
combinés a des techniques isotopiques, pour tracer la composition et le devenir des
résidus végétaux et microbiens (Amelung ez al., 2008; Glaser, 2005). Clest ainsi que
le devenir des produits microbiens, suspectés jouer un role prépondérant dans la
stabilisation des MOS (Cf. section 1.3.), peut étre investigué. Par exemple, les sucres
aminés des parois cellulaires des microorganismes sont utilisés comme biomarqueurs
des biomasses microbiennes totales. Ils sont spécifiques car quasiment exclusivement
produits par les microorganismes pour la formation des parois cellulaires (Amelung
et al., 2001). Particuliérement persistants dans les sols, ils restent inaltérés longtemps
apres la mort des cellules microbiennes qui les ont produits si bien que la majorité
des sucres aminés sont retrouvés dans les biomasses microbiennes mortes (Glaser ef
al., 2004; Guggenberger et al., 1999). Ils représentent 1-5% des MOS. Bien que 26
sucres aminés aient été identifiés, seulement quatre sont quantifiables dans les sols :
la glucosamine, la galactosamine, l'acide muramique et, plus rarement, la
mannosamine. La glucosamine provient presque exclusivement des parois cellulaires
fongiques alors que l'acide muramique provient uniquement des parois cellulaires
bactériennes (Glaser ez al., 2004; Liang ez al., 2009). Appuhn et Joergensen (2006)
ont proposés des facteurs de conversion moyens de 9 [8-10; 95% confiance] pour
convertir la glucosamine en C fongique et de 45 [30-90; 95% confiance] pour la
conversion de l'acide muramique en C bactériens (Table 1; Article VI). La
galactosamine a des origines moins spécifiques. Elle est principalement produite par
les bactéries, mais également par quelques champignons (He ez a/, 2011). Les
origines de la mannosamine restent quant a elles mal connues (Liang ez al., 2007).

1.4.2.La séparation des MOS

Les MOS sont séparées par des procédures chimiques et/ou physiques. Il s’agit pour
les premiéres d’extraire les MOS grice a divers solutions aqueuses (d’électrolytes,
solvants organiques, acides, etc.) alors que les secondes séparent les structures de sol
contenant les MOS selon leur taille et/ ou leur densité. Leurs avantages, limites et
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pertinences ont été évalués par von Liitzow et al. (2007). Ces différentes méthodes
de séparation ont permis lidentification de pools qui se singularisent par leurs
propriétés physico-chimiques, leurs degrés d’agrégation et leurs temps moyens de
résidence (Grandy and Neff, 2008; Schmidt ez a/, 2011; Trumbore, 2009). Les
procédures de séparation physique ont recu une attention particuliere dans la mesure
ou les associations organo-minérales apparaissent jouer un role majeur dans la
dynamique des MOS (Christensen, 2001; Mikutta ez a/, 2006). Parmi elles, les
séparations granulométriques et densitométriques ont été évaluées pour I'étude
dynamique du devenir des litieres végétales (Article I): la séparation
granulométrique s’avére plus pertinente dans T'étude du devenir des MO
particulaires ; la séparation densitométrique s’aveére supérieure pour l'étude du
devenir des MO associées a différentes structures organo-minérales de sol.

La densitométrie permet la séparation d’associations organo-minérales selon la
densité des minéraux et le rapport MO/ minéraux. Les fractions isolées different par
(i) leurs niveaux de transformation par les microorganismes (8"°C et 8"N et C/N);
(ii) leurs teneurs en C, N et en composés phénoliques; (iii) leur composition
minéralogique et (iv) leur capacité a incorporer le *C provenant des essais nucléaires
de la moitié du siécle passé (Golchin ez al., 1994; Mikutta ez al., 2009; Prior ez al.,
2007; Sollins e# al., 2009; Sollins ez al., 2006; Swanston ez al., 2004; Torn ef al.,
2009). Les taux d’incorporation du *C "bombe" suggérent que les temps moyens de
résidence des MOS augmentent avec la densité des associations organo-minérales.
Sollins e# al. (2006) ont proposé d’interpréter ces variations par une structuration des
MOS en couches successives, ou 'efficience de stabilisation décroit depuis la surface
minérale vers l'extérieur de l'association organo-minérale, des densités faibles aux
densités élevées.

1.5. Couplage et découplage du C et du N dérivés des litieres de feuilles
Les différentes méthodes de séparation des sols combinées a des techniques
isotopiques et/ ou spectrométriques ont permis d’étudier simultanément les devenirs
des C et N dérivés des litieres. Ils sont rapidement découplés au cours de la
décomposition des litieres via la minéralisation préférentielle du C et
I'immobilisation I'N dans les biomasses microbiennes (Bird ez 4/, 2003; Trinsoutrot
et al., 2000). En dépit de ces différences, les C et N résiduels se répartissent de
maniére comparable au sein des associations organo-minérales de sol isolées selon
deux méthodes granulométriques différentes (Aita ez al., 1997; Angers ez al., 1997) et
des pools de MOS extraits par voie chimique (Bird e a/, 2008; Bird and Torn,
2006). Méme s’ils ne se retrouvent pas systématiquement dans les mémes composés
organiques (Mambelli e a/., 2011), les C et N résiduels semblent rester intimement
liés au cours des processus de transfert (Fahey e a/, 2011). Bien que plus pertinente
pour 'étude des associations organo-minérales (Article I), la densitométrie n’a jamais
été utilisée pour I'étude simultanée des C et N dérivés des litieres et du role quy
jouent les microorganismes du sol.
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1.6. Objectifs & démarche

Les associations organo-minérales occupent un rdle central dans la dynamique des
MOS, mais les devenirs du C et du N au sein de ces derniéres restent mal compris.
Si la contribution des microorganismes au processus de stabilisation est largement
reconnue, les processus par lesquels ils opérent restent méconnus. Les objectifs de
cette these sont donc d’approfondir la compréhension des devenirs du C et du N
dérivés des feuilles de hétre, espéces abondantes des foréts européennes (FAO,
2011), dans différentes associations organo-minérales des horizons de surface de sols
forestiers tempérés et des processus microbiens qui s’y jouent. Plus spécifiquement,
les objectifs suivis sont :

1. Le suivi temporel du C et du N dérivés des litieres de feuilles dans les
associations organo-minérales ;

2. La caractérisation du role des microorganismes dans la stabilisation du C et
du N au sein des associations organo-minérales.

Pour répondre a ces objectifs, les 2,5 premiers centimeétres de sol, ou I'essentiel de
I'N dérivé des litieres de feuilles est retrouvé au cours de la premiére décennie apres
la chute des feuilles (Cf. Figure 1), ont été investigués pour :

1. Caractériser des associations organo-minérales séquentiellement séparées par
densité : description visuelle des structures et caractérisation des phases
organique (composition, qualité) et minérale (identification). La séparation
densitométrique a été choisie pour sa pertinence dans 'étude des associations
organo-minérales (Article I);

2. Suivre dans le temps des transferts de C et/ ou N des litieres de feuilles au
sein des associations organo-minérales:

- Lazote : Les expériences de décomposition de litieres mises en place
par Bernd Zeller ont permis le suivi in sifu d’'une cohorte de feuilles

enrichies en N a l'échelle décennale (Zeller ez al, 2001), échelle
pertinente pout I'étude des mécanismes de stabilisation (Figure 2).

- Le couplage du C et du N: Des incubations de feuilles enrichies en
BC et PN, produites par le GRAP au CEA Cadarache, ont permis de
suivre simultanément les traceurs pendant un an de décomposition ex
situ, en conditions contrdlées, de sorte a accélérer les processus de
décomposition.

3. Caractériser, dans chaque association organo-minérale, le role des
microorganismes dans la stabilisation du C et du N issus des litieres de
feuilles et de glycine. La glycine a été utilisée en complément des litiéres de
feuilles afin d’accélérer les processus microbiens (Jones and Murphy, 2007;
van Hees ef al., 2005). Les processus microbiens ont été décrits apres
incubation ex sifu, en conditions contrdlées, sur des périodes de temps plus
courtes (<12 semaines).
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Les différentes associations organo-minérales ont été caractérisées et les traceurs
isotopiques ont été suivis a des échelles macroscopique (description visuelle,
composition élémentaires et isotopiques, analyses des phases minérales),
submicrométrique (description visuelle, cartographie de la spéciation des MOS et de
leurs rapports élémentaires et isotopiques) et moléculaire (suivi de biomarqueurs de
la biomasse microbienne).

Cette synthése des travaux menés au cours de cette these traite successivement de :

1. La caractérisation des associations organo-minérales (section 3.1.; p. 23 a
24 ; Articles I, II) ;

2. D’étude des transferts de C et N dérivés des litieres entre associations
organo-minérales (section 3.2. ; p. 25 4 31 ; Articles II, III)) ;

3. La caractérisation du role des microorganismes dans la stabilisation du C et

du N (section 3.3.; p. 31 2 43 ; Articles II1, IV, V, VI, VII).
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2. Matériels & méthodes

2.1. Sites d’étude & sols

Les travaux menés au cours de cette these ont été effectués sur les horizons de
surface des sols prélevés a Ebrach, Allemagne (49°52'N, 10°27E), et Fougeres,
France (48°23'N, 1°8'W). Ces deux sites sont décrits dans I'article II. Tous deux sont
sous statuts forestiers depuis plusieurs siécles et aujourd’hui conduits en futaie
réguliere de hétre (Fagus sylvalica L.). Ebrach se trouve 430m au dessus du niveau de
la mer, sous un climat continental caractérisé par une température annuelle moyenne
de 7,5°C et des précipitations annuelles moyennes de 750mm. Le sol est un dystic
Cambisol (WRB, 2006) acide (pHm20=3,9) a texture limono-sableuse, développé sur
un substrat granitique et couvert d'un humus de type moder (Kaiser ez al, 2002;
Matzner, 2004; Zeller ez al., 2001). Fougeres se trouve a 150m au dessus du niveau
de la mer, sous un climat océanique caractérisé par une température annuelle
moyenne de 12,9°C et des précipitations annuelles moyennes de 870mm. Le sol de
Fougeres est un glossalbic Cambisol (WRB, 2006) acide (pHm20=3,8) a texture
argilo-limoneuse, développé sur un substrat granitique couvert d’'une épaisse couche
de limons aériens non carbonatés (Legout ez al., 2008; Nys, 1998). L’humus est de
type moder.

Les 2,5 premiers centimetres de I'horizon A ont été collectés sur des surfaces de
2 m% mélangés et tamisés 2 2mm. Les racines ont été enlevées. Les sols ainsi
collectés ont été conservés en chambre froide 4 +4°C. Leur humidité pondérale a été
mesurée a +105°C.

2.2. Marquage isotopique
Différents matériels marqués ont été ajoutés aux sols étudies: *C*N glycine (Sigma-
Aldrich, France ; Articles IV, VI, VII) et feuilles de hétre enrichies en N et/ou en
BC:

- Les feuilles N ont été produites in situ 3 Puvenelle par application foliaire de
BN-urée et collectées apres sénescence (Zeller ez al., 1998). En Février 1996 et
2000, les litieres des sites de Ebrach et Fougeres ont été remplacées par les
feuilles N séchées (Zeller e£ al., 2001). Les sols ont été collectés 4, 8 et 12 ans
plus tard a Ebrach et aprés 4 et 8 ans 4 Fougeres (Articles I, II, V).

- Les feuilles ®C*N ont été produites dans une chambre de culture du CEA
Cadarache (France), par enrichissement de latmosphére en “CO, et
vaporisation de “N-urée durant la période de végétation (avril-septembre). Les
feuilles sénescentes ont été collectées a l'automne, séchées et broyées avant
incubation au laboratoire avec les sols d’Ebrach (Articles III, VII). Les sols ont
été collectés apres 92, 184 et 365 jours.
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2.3. Incubations au laboratoire
Les études menées sur des sols incubés au laboratoire sont reportées en Articles III,
IV, VI et VII Ces sols ont été systématiquement pré-incubés pendant 15 jours dans
les conditions suivantes: (i) 50% de la capacité de rétention en eau, (ii) volume
sol/air de 1/3, (iii) noir, (iv) 20°C et (v) aération réguliére.

Ces derniers ont été traités en conditions stériles (Article VII) et non stériles
(Articles III, IV, VI et VII). La stérilisation a été obtenue sur sols humides par
rayonnement gamma (2kGy.h™ pendant 20 heures ; CEA Cadarache, France). Le
choix de la méthode et l'intensité d’irradiation ont été sélectionnés de sorte a (i)
préserver les propriétés physico-chimiques des sols (McNamara ez al, 2003) ; (ii)
quantifier les processus de stabilisation microbiens et abiotiques par comparaison des
traitements stériles et non stériles (Berns ez a/., 2008).

Les deux traitements ont été amendés avec 15pgn.gur ", s0it 25ugce.gwol’ pour les sols
amendés avec la glycine (Articles IV, VI et VII) et 1.1mgc.gw" pour ceux amendés
avec des litieres de feuilles (Articles III et VII). Les sols homogénéisés ont été
incubés au laboratoire dans les mémes conditions que pour la pré-incubation. Le
traitement stérile a été amendé et incubé dans des environnements stériles.

2.4. Séparation des associations organo-minérales
Les sols ont tous été séquentiellement fractionnés par densité selon la méthode
décrite par Sollins et al. (2006). Briévement, les sols ont été suspendus dans des
solutions de sodium polytungsate (SPTO ; TC-Tungsten, Allemagne) sélectionnées
pour leur faible teneur en C et N (Kramer e al.,, 2009). La densité du mélange a été
ajustée 2 1.65 g.cm™ avant séparation des fractions de densités inférieure et
supérieure par centrifugation. La fraction la plus légeére (surnageant) a été aspirée,
rincée et séchées. La méme procédure a été répétée sur la fraction la plus dense
(culot) avec des solutions de densité croissante. Les coupures densitométriques

effectuées sont : 1.65, 1.85, 2.0, 2.2, 2.4 et 2.65 g.cm™.

2.5. Caractérisation des échantillons
Des aliquotes des fractions de sol ont été caractérisées a différentes échelles :

2.5.1.Echelle macroscopique

La composition en débris végétaux, structures organo-minérales agrégées (agrégats)
et non agrégées (grains minéraux) a été décrite par microscopie optique (Articles I,

I, IV).

Les teneurs en C et N, ainsi que les rapports isotopiques “C/*C et "N/"N ont été
déterminés en triplicats par analyse élémentaire couplée a un spectrométre de masse

a rapport isotopique (EA-IRMS ; PDZ Europa Ltd., Corvallis, USA / CE Inst.,
NA 1500 type II — Finnigan, Delta S, PTEF-INRA, Nancy, France).

La minéralogic a été estimée par diffraction des rayons X (DR-X;

PANanalyticalX'Pert Pro Inst., Corvallis, USA). Les formes amorphes et cristallines

18



Séquestration du C et du N dans les associations organo-minérales de sol

du fer (Fe), de 'aluminium (Al) et de la silice (Si) on été extraites a I'oxalate selon la
méthode de Balkemore et al (1987). Les formes cristallines ont été estimées par
différence avec I'extraction 2 la dithionite selon la méthode de Holmgren (1967). Les
mesures ont été effectuées par spectrométrie d'émission atomique a plasma 2

couplage inductif (ICP-AES ; Corvallis, USA). Le détail des matériels et méthodes

est précisé dans l'article II.

2.5.2.Echelle submicrométrique

La composition des fractions densitométriques en structures organo-minérales
agrégées (agrégats) et non agrégées (grains minéraux) a été estimée par microscopie

électronique a balayage (MEB ; LMCM, MNHN, Paris, France) (Article IV).
La cartographie des ions *C, ®*C’, *O7/"®O", 2C"N" et “C"N" a la surface des

particules de sol a été obtenue a l'aide d'une micro-sonde ionique NanoSIMS 50
(Cameca, Gennevilliers, France ; LMCM, MNHN, Paris, France). Les particules
imagées ont été déposées sur une feuille d’'or et métallisées avec 20 nm d’or. Les
images NanoSIMS (128x128 4 256x256 pixels) ont été obtenues aprés pre-ionisation
(120pA, 10-25min) puis ionisation (1.5pA ; 2ms.pixel™) au Cs*. Le rapport O
/O a été utilisé comme proxy pour les particules de sol ; le rapport >C™ pour les
MOS. Les images ont été traitées a l'aide du logiciel LIMAGE® (L. Nittler,
Carnegie Institution, Washington DC, USA). Les articles IV, V et VI donnent le
détail de la préparation des échantillons, des réglages effectués. Conformément aux
travaux réalisées dans l'article IV, les rapports “C/"C déterminés par NanoSIMS
ont été corrigés a 'aide un standard externe (kérogéne de type III) et les rapports
C/N et "N/“N par calibration interne. Bri¢vement, la calibration des rapports C/N
et ®N/“N mesurés par NanoSIMS a été obtenue sur des fractions densitométriques
marquées en *C et ®N. La comparaison d’organisation spatiale des particules de sol
(agrégée vs non-agrégée) et des variations des rapports C/N et "N/*N observés aux
échelles macroscopique (microscopie, EA-IRMS) et submicrométrique (MEB,
NanoSIMS) ont révélé des analogies fortes (R>0.8) pour les surfaces >500pm?.
Aucune analogie n’a été observée pour les rapports “C/*?C. Les rapports C/N et
N/"N mesurés sur les fractions densitométriques par EA-IRMS et NanoSIMS ont
été confrontés pour obtenir des équations de corrections. Les rapports corrigés selon
cette méthode se sont révélés plus précis que ceux obtenus a I'aide de la méthode de
correction traditionnelle utilisant le kérogéne de type III (Figure 3). Le détail de la
calibration se trouve dans l'article IV.
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Figure 3: Rapports C/N et ®N/"N obtenus par NanoSIMS aprés calibration ‘traditionnelle’
au kérogene de type I1I (ronds blancs) et calibration interne (triangles noirs) en comparaison
des valeurs EA-IRMS de référence (n=3). Les valeurs mesurées pour le standard kérogéne
de type III sont représentées a 'aide d’un losange grisé. La ligne en pointillés est la ligne
1:1. Le détail des calculs se trouve dans 'article IV.

La spéciation du C et N a la surface des particules de sol a été obtenue par
spectrométrie d’absorption des rayons X (STXM) couplée a de la spectroscopie de
structure prés du front d'absorption de rayons X (NEXAFS) (beamline 5.3.2.2,
ALS, LBNL, Berkeley, USA). Les images ont été obtenues entre 278eV et 330eV
pour le C et entre 390eV et 440eV pour le N. Les images ont été traitées avec
aXis2000 (A.P. Hitchcock, McMaster University, Hamilton, Ontario, Canada) et
Athena (Ravel and Newville, 2005). Le détail de la préparation et des réglages est
dans l'article V.

2.5.3.Echelle moléculaire

La composition en C et BC des sucres aminés a été obtenue en duplicats par
chromatographie liquide couplée a un spectrométre de masse a rapport isotopique
(LC-IRMS) (LAPC-ISOFYS, Gand, Belgique — PTEF-INRA, Nancy, France),
selon la méthode décrite par Bodé ez al. (2009). Pour chaque échantillon, I'équivalent
de 0.3mg d'N a été successivement hydrolys¢ (HCl 6M, 105°C, 8h) et filtré
(0.45pm). Les composés chargés négativement ont été séparés du filtrat a 'aide de
résines protonées (AG50W-X8, J100-200, Biorad). Glucosamine, galactosamine et
acide muramique ont été séparés et quantifiés par chromatographie en phase liquide
(PA20, Thermo Electron), convertis en CO, a l'aide de persulfate de sodium
(Na,5,05 0.4M 4 99.9°C ; Isolink Interface, Thermo Electron) et analysés pour leur
composition isotopique par IRMS (Deltaplus XP, Thermo Electron). La
préparation des échantillons et les réglages machine sont décrits dans 'article VII.
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2.6. Calculs et statistiques
Les quantités de traceur isotopique (Qgaceur) ont été calculées comme suit:

Q A(%)marqué - A(%)
traceur 100

A(9%) nargue €t A(%)emoin sont les abondances naturelles en C or ®N, exprimées en
pourcent, déterminées sur les traitements marqués et témoins, respectivement.
[élément]argue €st la concentration en C ou N déterminée sur le traitement marqué.
Les enrichissement isotopiques en *C et N sont également exprimés en & (%o) par
rapport aux standards Vienna Pee Dee Belemnite (Craig, 1957) et N, atmosphérique
(Mariotti, 1983), respectivement.

témoin

x [élément ] (Eq.1)

marqué

Les distributions isotopiques et élémentaires sont comparées via le coefficient de
corrélation de Pearson et le test # de Student (p<.05), apres vérification de la
normalité et de '’homogénéité des variances.

Les anomalies isotopiques détectées par NanoSIMS ont été définies dans larticle V
comme devant répondre a deux criteres : (i) >0.3 pm? et (ii) lenrichissement mesuré
(Ranomatie) est strictement supérieur a trois fois 4 lenrichissement mesuré sur la
particule hébergeant I'anomalie (Rimag):

R > R. +3x0

anomalie image anomalie (Eq 2)

Ounomaiic €5t erreur associée 4 Ranomalic-
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Tableau 1: Caractérisation des fractions densitométriques. Les masses sont exprimées en % de la masse séche recouvrée aprés séparation
densitométrique (somme des fractions). La composition des fractions en débris végétaux, agrégats et grains minéraux non agrégés a été déterminée par
microscopie optique (Article I); n.d. signifie non déterminé, - non observé. Les taux de couverture des surfaces minérales ont été déterminés par
NanoSIMS (Article IV) ; * signifie que les surfaces investiguées ont été jugées représentatives. Les composantes minérales et organiques ont été reprises
de l'article II. La contribution des biomasses microbiennes a été estimée a partir des concentrations en sucres aminés dans un intervalle de confiance
(95%) représenté entre crochets (Article VII). Les accolades indiquent I'ensemble des fractions auxquelles la valeur est attribuée. Les valeurs sont
arrondies a T'unité ou au dixieme.

Surface couverte

Fraction Composition par MOS Carbone Azote Indicateurs de qualité Contribution des biomasses microbiennes ~ Phases minérales dominates
Dérbis Grains % surface totale Distribution Distribution Biomasse bactérienne  Biomasse fongique

Densité (g em?) ~ Masse (%) organiques Agrégats minéraux investiguée* MG Gacrion” (%) Mg - Girscion” (%) C/N 9nC (%0) 8N (%0) (% fraction C) (% fmcﬂongcc)l (DR-X; Oxalate-Dithionite)
EBRACH
Bulk soil 100 n.d. n.d. n.d. n.d. 48.1+2.6 100 26+0.1 100 023 -272+01 -33x02 48 [32;96] 22120;24] n.d.
Fractions densitométriques
<1.65 4 >99% - <1% n.d. 386+3.7 4104 18+0.2 34+0.4 24+3 -27.6:00 -4.7=x0.0 16 [11;33] 13 [11;14] Phyllosilicates, oxides amorphes (traces)
1.65-1.85 4 <1% >89%  10% 46% 263+28 22:02 15:01 22:01 19:2 -269+00 -3.8:0.1 22 [15; 45] 16 [14; 18] Phyllosilicates
1.85-2.0 3 <1% >83% 16% 57% 210.£1.8 16 +0.1 13+0.0 17+0.1 16+1 -261+0.1 -3.6+0.0 Phyllosilicates
20-22 4 - S73%  26% nd. 137+53 13+05  85+03 1405 142 -27.0%0.1 -3.1%0.0 } 37 [24; 73] } 23 [20; 25] Phyllosilicates
2.2-2.4 4 - >59% 40% 31% 38+04 32x0.0 3300 50=x0.1 11+1 -256+00 -0.3+0.1 Phyllosilicates
2.4-2.65 81 - - 99% 16% 08:01 1601  01:00 35203 1022 -257:01 +1.720.1 85 [57; 170] 32 [29; 36] Quartz, Feldspaths
>2.65 1 - - >99% 2% 125+0.3 3.1£0.0 8.0+0.0 3500 13+2 -235+00 -24x0.1 n.d. n.d. Quartz, Feldspaths, oxides critallins
Somme des fractions 101 88.4 91.2 31]21;63] 19 [17;21]
FOUGERES
Bulk soil 100 n.d. n.d. n.d. n.d. 84+48 100 4.7+0.3 100 17 -280+0.1 -5.0x0.1 n.d. n.d.
Fractions densitométriques
<1.65 9 >99% - <1% n.d. 34191 41=x11 16.7+03 35+0.7 21+2 -284+01 -56+0.0 n.d. Phyllosilicates, oxides amorphes (traces)
1.65-1.85 10 <1% >89% 10% n.d. 226+52 3107 13.4+03 31:08 18+1 -279+01 -48+0.1 n.d. Phyllosilicates
1.85-2.0 5 <1% >83% 16% n.d. 18112  13+0.1 11.7+02 14:02 16+1 -26.7+0.1 -3.5+0.0 n.d. Phyllosilicates
2.0-22 7 - >78% 21% n.d. 108 + 0.3 9+0.0 75+0.1 11+0.1 15+1 -27.5+0.0 -2.9:0.0 n.d. Phyllosilicates
22-24 3 - >64% 35% n.d. 72+14 3100 5602 41x02 14+1 -271+01 -20x0.1 n.d. Phyllosilicates
2.4-2.65 60 - - >99% n.d. 23+04 18x03 03+0.0 3.1:0.5 10+0 -27.0+0.0 +1.0+0.1 n.d. Quartz, Feldspaths
>2.65 4 - - >99% n.d. 3.1+0.0 0.1+0.0 04+01 0300 11+0 -273+0.1 +2.1+0.0 n.d. Quartz, Feldspaths, oxides critallins
Somme des fractions 98 92.8 95.2
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3. Synthese

3.1. Associations organo-minérales isolées par densité (Article Il)

Le fractionnement densitométrique séquentiel isole des associations organo-
minérales contrastées (Kogel-Knabner and Kleber, 2011). L’élévation de densité est
suspectée isoler des associations contenant des couches de MO de plus en plus
minces & mesure que la densité augmente (Sollins ez a/., 2006). Cette théorie a été
évaluée par la caractérisation des associations organo-minérales séquentiellement
séparées par densité (sans sonication) depuis les sols d’Ebrach et Fougeres (Tableau
1). Quatre types d’associations organo-minérales ont été distingués :

Les débris végétaux sont isolés <1.65 g.cm™. Les observations visuelles et les teneurs
en C et N indiquent que les matériels isolés sont majoritairement des débris
végétaux. L'ensemble des indicateurs de qualité de la MO - 8“C, "N, C/N
(Baisden ez al., 2002) - ainsi que la présence de sucres aminés (Article VI) indiquent
que ces débris végétaux sont partiellement colonisés par les microorganismes
(Derrien e# al., 2006; Rovira and Vallejo, 2003; Watteau ez al., 2006; Zeller and
Dambrine, 2011). Les analyses DR-X révélent la présence de traces de quartz,
teldspaths et phyllosilicates. Les extractions oxalate-dithionite indiquent la présence

d’oxydes amorphes.

Les agrégats « végétaux » sont isolés entre 1.65 et 1.85 g.cm™. Les observations au
microscope optique indiquent que prés de 90% des structures isolées sont agrégées.
Les fortes teneurs en C et N révelent une forte proportion de MO, traduisant la
matrice végétale des agrégats. Comme le montre la revue de Wagai ez a/. (2009), les
indicateurs de qualité de la MO révélent un état de décomposition plus avancé que
pour les débris végétaux libres. Ceci est confirmé par I'analyse des sucres aminés.
Lapplication des facteurs de conversion proposés par Appuhn et Joergensen (2006),
fournit une estimation des biomasses microbiennes de I'ordre de +30% du C total
présent dans ces agrégats. La fraction minérale est plus importante que
précédemment et nettement dominée par les phyllosilicates.

Les agrégats « microbiens » sont isolés entre 1.85 et 2.4 g.cm™. Les structures agrégées
représentent I'essentiel des matériels isolés et leur minéralogie est dominée par les
phyllosilicates. Les taux de couverture des MO décroissent avec la densité. En
parallele, les teneurs en MO diminuent et deviennent de plus en plus microbiennes
(Golchin et al., 1994; Prior et al., 2007; Sollins ez al., 2009; Sollins ez al., 2006). Les
teneurs en sucres aminés augmentant fortement par rapport au C, indiquant une
forte contribution des biomasses bactériennes et fongiques estimée a *60% du C de
ces agrégats. Bien que les structures non agrégées représentent une part croissante
des matériels isolés dans ces fractions, leur faible teneur en MO ne semble pas

affecter la signature globale de la faction (Article II).

Les grains minérausx, principalement constitués de minéraux primaires, présentant de
faibles teneurs en MO sont isolés >2.4 g.cm™. La composition minéralogique et les
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indicateurs de qualité de matiere organique permettent la distinction de deux types
d’associations organo-minérales. Les grains minéraux isolés entre 2.4 et 2.65 g.cm™
sont trés nettement dominés par des minéraux primaires bien cristallisés,
principalement quartz et feldspaths. Bien que constituant I'essentiel des sols étudiés,
ces derniers ne contiennent que trés peu de MO (Basile-Doelsch ez a/., 2007; Basile-
Doelsch ez al., 2005). Les indicateurs de qualité de la MO pointent cette fraction
comme étant trés fortement transformée par l'activité des microorganismes. Les
fortes teneurs en sucres aminés, relativement aux teneurs en C, sont plus élevées que
dans n’'importe quelle autre type d’association organo-minérale et suggerent que
Iensemble des MO a été transformé par les microorganismes. Les matériels isolés
>2.65 g.cm™ sont principalement des grains quartz et feldspaths, mais d’autres
minéraux plus réactifs tels que des oxydes de fer et d’aluminium (Kaiser and
Guggenberger, 2007, Wagai and Mayer, 2007) y sont également trouvés en
quantité. Oxydes et concrétions ferromagnésiennes représentent 20% des structures
observées au microscope optique (Article I). Ce changement notable de minéralogie
s'accompagne d’un changement quantitatif et qualitatif de MO. Les teneurs en MO
sont nettement supérieures a celles mesurées dans la fraction 2.4-2.65 g.cm™, mais,
paradoxalement, couvrent moins de surface. Les indicateurs de qualité de la MO
réveélent une nature plus contrastée, suggérant une association des MO
indépendamment de leur origine. Pour des raisons techniques (Article VII), les
fortes teneurs en oxydes n'ont pas permis la quantification des sucres aminés et
estimation de la contribution des biomasses microbiennes aux MO présentes dans
cette fraction.

Contrairement a ce qui a été postulé par Sollins e# al., (2006), le fractionnement
densitométrique séquentiel sans sonication ne sépare pas des associations
organo-minérales contenant des couches de MOS de plus en plus minces a
mesure que la densité augmente. Ce fractionnement ségrége différents types
d’associations organo-minérales aux propriétés physico-chimiques contrastées:
débris végétaux, agrégats végétaux, agrégats microbiens et grains minéraux de
différentes réactivités. Les changements de densité sexpliquent par les
variations des rapports MO/ minéraux, de densité des minéraux et de porosité
au sein des agrégats.

Tester la théorie de 'empilement en couches des MOS nécessite l'emploi de
traitements dispersifs puissants pour détruire les agrégats, bien que la dispersion
de ces derniers soit difficile a obtenir (Chenu and Plante, 2006).

3.2. Transferts du carbone et de I'azote dérivés des litieres de feuilles
dans les associations organo-minérales
Les associations organo-minérales jouent un role important dans la stabilisation a

long terme des MOS (Kogel-Knabner ez al., 2008b; Kogel-Knabner and Kleber,
2011; von Lutzow ez al, 2006). En dépit de la pertinence de la séparation
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densitométrique pour I'étude des MOS des associations organo-minérales (Article
I), les dynamiques de transferts entre associations séparées par densité restent mal
connues (Wagai ef al., 2009). Les transferts du “Nyceor dérivé des litieres de “N-
feuilles ont donc été étudiés in situ a I'échelle de la décennie a Ebrach (apres 4 et 12
ans) et Fougeres (apres 8 ans). Ces derniers ont ensuite été confrontés aux processus
biologiques et physico-chimiques opérant dans les associations organo-minérales
artificiellement isolées par densité pour I'élaboration d’'un modele conceptuel de
transfert de I'N résiduel issu des litieres de feuilles. Finalement, ce modéle est testé
ex situ pour le C grace au suivi simultané des ®Craceur €t " Nigaceur dérivés des PCPN-
teuilles.

3.2.1.Devenirs de I'N dérivé des litieres de feuilles a I'échelle décennale
(Article 1)

L’incorporation des feuilles marquées enrichies "N dans le sol minéral est
initialement retardée par transformations microbiennes de fragmentation prenant
place dans 'horizon O (Zeller ez al., 2000). La figure 1 montre que 4 et 12 ans apreés
apport des *N-feuilles 2 Ebrach, 12% et 15% du “Niqcewr initialement appliqué ont
été retrouvés dans I'horizon étudié, contre 5% et 11% apres 4 et 8 ans a Fougeres

(Article II).

Les quantités de “Niqcewr résiduel sont inégalement réparties entre les associations
organo-minérales isolées (Figure 4). Dans les deux sites d’étude, la plupart du
B Nisaceur résiduel se trouve sous forme de débris végétaux tout au long de la premiére
décennie. A Ebrach, cette quantité décroit significativement au cours du temps au
profit des agrégats : 57% et 40% du N sont retrouvés dans les débris végétaux
et les agrégats aprés 4 ans, contre 41% et 56% apres 12 ans. Ceci suggére un transfert
des débris végétaux aux agrégats. Les ~3% restant sont retrouvés associés aux grains
minéraux ou, en dépit des différences statistiquement nettes mais quantitativement
faibles, le Niceur résiduel reste relativement stable au cours du temps. Ceci suggeére
que le PNyuewr résiduel est rapidement incorporé et efficacement stabilisé ou
activement échangé dans ces grains minéraux. La distribution du “Niuceor résiduel
mesurée 4 Fougeéres aprés 8 ans est globalement comparable a celle mesurée a Ebrach
apres 12 ans, suggérant que les mécanismes de transfert opérent a des échelles de
temps similaires. Les agrégats microbiens apparaissent cependant sensiblement
moins riches en ®Niceor résiduel. Ceci est attribué au fait que I'expérimentation soit
moins longue a Fougéres qua Ebrach et que les temps moyens de résidence
déterminés dans Thorizon O y soient plus longs: 3.45 ans contre 2.78 a
Ebrach (d'Annuzio et al., 2008; Zeller et al., 2000). Ces différences suggérent que le
degré de décomposition de la MO exerce un important contrdle sur l'interaction
organo-minérale et la dynamique de transfert entre associations organo-minérales.
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Figure 4: Distributions de I'N total et du “Niucewr résiduel dans différentes associations
organo-minérales séquentiellement isolées par densité (% total recouvré apres
fractionnement densitométrique) des horizons de surface de Ebrach et Fougeres (n=3). N
total correspond a la moyenne sur des différents traitements. A Ebrach, 12 et 15% du
5Nracewr initialement appliqué ont été retrouvés dans 'horizon étudié, contre 11% apres 8 ans
a Fougeres. Les débris végétaux sont isolés <1.65 g.cm™; les agrégats végétaux entre 1.65-
1.85 g.cm™; les agrégats microbiens entre 1.85-2.4 g.cm?; les grains minéraux de faible et
forte réactivité entre 2.4-2.65 g.cm®et >2.65 g.cm™, respectivement. Les comparaisons
statistiques entre les différentes distributions ont été réalisées a 'aide d’'un test-# de Student
au seuil de 95% : deux lettres identiques indiquent une égalité statistique, alors qu’une
différence significative est notée par deux lettres différentes.

Parallelement a ces transferts, les potentiels de minéralisation nette (Cf. Article II)
mesurés pour le “Niucewr résiduel 2 Ebrach 4 et 12 ans diminuent de 2.5+0.1% a
0.5+0.1% du “Nineewr résiduel, contre 0.8+0.1% de I'N total aux deux dates. Cette
diminution indique que le Ny résiduel devient moins accessible aux
décomposeurs au cours du temps, probablement via l'association progressive du
B Nipaceur aUX agrégats et grains minéraux.

Les transferts verticaux, de I'horizon O vers I'horizon étudié, et horizontaux, i.e.
entre fractions, mettent en évidence des délais variables pour lincorporation du
BNipacer résiduel dans les différentes fractions de sol. Ces transferts se superposent aux
différentes probabilités de contact entre le Niqcewr résiduel et les surfaces accessibles
et inaccessibles (occluses) pour contraindre l'accessibilité du *Nycew aux différentes
associations organo-minérales du sol. Ces derniers rendent le calcul de temps
moyens de résidence délicat (Derrien and Amelung, 2011). Cependant, les
différences de distribution entre N total et *Niceur renseignent sur la dynamique du
transfert de la cohorte de litiere marquée dans chacune des fractions de sol étudiée.
Contrairement a 'N total qui renseigne sur I'état intégré de I'N issus des cohortes
successives de litieres au cours du temps, le *Nicewr résiduel indique la distribution
de I'N issu d’'une cohorte de feuilles & un instant # Les débris végétaux incorporent
préférentiellement le “Niucewr aprés 4 ans 2 Ebrach et 8 ans a Fougeres. Ce trait
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s'estompe aprés 12 ans a Ebrach, suggérant que cette fraction se renouvelle en une
décennie. Les différences entre les proportions de Niceur résiduel et d'N total vont
croissantes avec la densité des agrégats et des grains minéraux traduisant
laugmentation des délais de transferts. Ces derniéres ne permettent pas la
caractérisation des vitesses de renouvellement des agrégats et des grains minéraux.

Au cours de la premiere décennie aprés la chute des litieres, 'N n’est que peu
prélevé par la végétation et s’accumule sous forme organique dans I'horizon de
surface étudié (Figure 1). Dans les deux sites d’étude, la plupart de I'N résiduel
reste sous forme de débris végétaux tout au long de la premiére décennie. A
Ebrach, cette quantité décroit significativement au cours du temps au profit des
agrégats : 57% et 40% du “Niaceur sont retrouvés dans les débris végétaux et les
agrégats apres 4 ans, contre 41% et 56% apres 12 ans. I'N issu des litiéres migre
donc progressivement des débris végétaux aux agrégats végétaux et microbiens.
Les ~3% restant sont retrouvés associés aux grains minéraux ou I'N résiduel
semble stabilisé au cours du temps. La distribution de I'N résiduel observée 8
ans apreés la chute des feuilles 4 Fougeres est semblable a celle observée apres 12
ans 4 Ebrach.

Parallelement a ces transferts, I'N dérivé des litiéres apparait de moins en moins
disponible pour les microorganismes jusqu’a devenir moins disponible que I'N
total. La diminution de la disponibilité semble indiquer que 'N qui a migré
dans les agrégats et les grains minéraux y est stabilisé.

Pour réconcilier les résultats obtenus en 3.1. et 3.2.1., un modele conceptuel
pour le transfert de I'N organique dérivé des litieres dans les différents
compartiments de sols séparés par densité a été élaboré.

3.2.2.Modele conceptuel de transfert dynamique de I’'N organique des
feuilles dans les associations organo-minérales du sol (Article )

Les transferts dynamiques de 'N dérivé des feuilles dans les associations organo-
minérales des horizons de surface peuvent s’expliquer par des processus biologiques
et les propriétés physico-chimiques desdites associations (Figure 5) :

Les résidus de litiéres de feuilles entrent dans le sol principalement par bioturbation
et fragmentation par les macro- et méso- faunes (Zeller ez al., 2000). Ces résidus
sont pour partie minéralisés par les microorganismes et pour partie altérés ou
transformés en une myriade de sous produits (Christensen, 2001; Mambelli ez a.,
2011). Ces derniers s'associent aux minéraux selon trois mécanismes principaux : (i)
association médiée par la dynamique des agrégats et les activités microbiennes ; (ii)
capture dans la porosité des agrégats et (iii) sorption des composés labiles (MO
dissoute et nutriments tels que le NH,").

Les fragments végétaux, représentant la majorité des résidus de litiéres de feuilles,
sont incorporés dans des agrégats au gré de leur dynamique de formation. La
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probabilité de désagrégation dépend pour partie de la nature de la MO occluse : les
complexes organo-minéraux impliquant des produits microbiens sont plus stables
que ceux impliquant des débris végétaux hydrophobes (Christensen, 2001; De Gryze
et al., 2006; Oades, 1993; Plante and McGill, 2002). Les agrégats végétaux, plus
sensibles 4 désagrégation que les agrégats microbiens, offrent donc une plus grande
probabilité de recombinaison aux débris végétaux.

Matrice de sol
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Figure 5: Modéle conceptuel de transfert de I'N dérivé des litieres de feuilles dans les
associations organo-minérales isolées par densité. (1) Les fragments végétaux entrent dans le
sol minéral progressivement incorporés dans des agrégats. Les fragments végétaux occlus
dans les agrégats sont progressivement dégradés par 'activité des microorganismes jusqu’a
(2) affaiblissement de leur structure aboutissant a leur destruction. (3) Les petits agrégats
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ainsi libérés sont plus denses, moins poreux et plus riches en produits microbiens. (4) Les
grains minéraux composent les fractions les plus denses, ou les produits microbiens
dominent. Cependant, la présence d’oxydes dans les fractions les plus denses adsorbe les
MO indépendamment de leurs origines végétales ou microbiennes via leurs surfaces

hydroxylées.

A mesure que les fragments de litieres occlus dans les agrégats végétaux sont
décomposés par les microorganismes qui les colonisent, la proportion de MO
diminue relativement aux matiére minérales entrainant une élévation de la densité
desdits agrégats (Golchin ez al,, 1994; Oades and Waters, 1991; Six ez al., 2002). La
décomposition des résidus de litieres altére progressivement la structure des agrégats
jusqu'a causer leur désagrégation. Plus riches en produits microbiens fortement
associés aux surfaces minérales, les entités ainsi produites sont donc de petites tailles
et n'offrent qu'une porosité réduite. La diminution de porosité se superpose a la
diminution du rapport MO/ mati¢re minérale dans I'élévation de densité des
agrégats. Ce phénomene perdure jusqu'a désagrégation totale des agrégats ou jusqu’a
la réintégration de ladite structure lors de la formation d’un nouvel agrégat.

Les composés produits lors de la décomposition des résidus de litieres, qu’ils soient
organiques (297% a Ebrach) ou minéraux (<3% a Ebrach), sont susceptibles
d’interagir avec toutes surfaces minérales réactives et accessibles, telles que celles des
phyllosilicates (Kinyangi ez al., 2006; Kleber ez al., 2005) et des oxydes (Kaiser and
Guggenberger, 2007; Wagai and Mayer, 2007). Ces interactions opérent également
a lintérieur des agrégats aprés incorporation par diffusion via le syst¢éme de pores
(Smucker ez al., 2007).

Ce modele conceptuel pour le transfert de 'N organique dans les associations
organo-minérales de sol rend compte des changements de densité, de
dynamiques et de propriétés physico-chimiques des associations (section 3.1.).
Les transformations microbiennes des MO occluses dans les agrégats sont
responsables des changements de densité et du transfert progressif de I'N dérivé
des litieres au sein des agrégats de densité croissante. Il en résulte des délais de
transfert de plus en plus importants 2 mesure que la densité augmente. La
minéralogie des grains minéraux non agrégés explique la densité des
associations organo-minérales qu’ils hébergent, la nature contrastée des MO
qui s’y trouvent ainsi que leur faible quantité.
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3.2.3.Couplage des C et N dérivés des litieres de feuilles & validation du
modele pour C (Article Ill)

Bien que le modéle précédemment exposé puisse théoriquement sappliquer au C
organique résiduel issu des feuilles, il n’a pas été testé. Pour y remédier, le suivi
simultané et dynamique des ®Ciaceur €t ®Niaceur résiduels issus de *C¥N-feuilles a été
étudié ex situ sur les 2,5 premiers centimétres de sol d'Ebrach précédemment étudiés.

92, 184 et 364 jours apres I'apport des “C”N-feuilles, 79+3%, 70+4% et 68+4% du
BCaceur initialement appliqué ont été retrouvés dans I'horizon étudié. Aucune perte
significative de “Niucewr n'a été observée au cours de la période d’incubation.
Conformément a ce qui a été montré auparavant (Bird ez a/., 2008; Bird and Torn,
2006; Fahey ez al., 2011; Trinsoutrot ez al., 2000), ®Caceur €t ®Niaceur résiduels issus
des feuilles sont rapidement découplés suite a la minéralisation préférentielle du C.

La Figure 6 montre cependant que tous deux partagent des distributions et des
cinétiques similaires & travers les différents types d’associations organo-minérales de
sol (Aita et al., 1997; Angers et al., 1997). ®Cuuceur €t *Niacewr résiduels diminuent a
mesure que la densité des associations organo-minérales augmente. Les débris
végétaux restent le plus grand pool de traceurs résiduels tout au long de la premiere
année d’incubation, mais ce dernier diminue progressivement au cours du temps.
Inversement, les traceurs résiduels augmentent significativement au cours du temps
dans les agrégats et les grains minéraux. Sur un an, “Ciucear €t ®Niaceur résiduels
augmentent respectivement de 38% a 48% et de 48% a 55% dans les agrégats. Dans
le méme temps, “Craceur €t “Niracewr résiduels augmentent respectivement de 5% a 9%
et de 4,5% a 5,3% dans les grains minéraux. Comme observé précédemment (section
3.2.1.), les délais relatifs a ces transferts tendent a s’'accroitre 2 mesure que la densité
des associations organo-minérale augmente, des agrégats aux grains minéraux.
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Figure 6: Distributions des *Cceur (gauche) et *Nicewr (droite) résiduels issus de litieres de
feuilles dans différentes associations organo-minérales séquentiellement séparées par densité
(% total recouvré apres séparation). Les débris végétaux sont isolés <1.65 g.cm? ; les agrégats
végétaux entre 1.65-1.85 g.cm™; les agrégats microbiens entre 1.85-2.4 g.cm™; les grains
minéraux >2.4 g.cm™. Les distributions ont été comparées a I'aide d’un test-# de Student au
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seuil de 95%: deux lettres identiques indiquent une égalité statistique, alors qu’une
différence significative est notée par deux lettres différentes (n=3).

Bien qu'il y ait substantiellement moins de ®Cuqcenr résiduels que de *Niceur
résiduels suite 2 minéralisation préférentielle du »*Crceur, les ®Crraceur €t ®Niraceur
résiduels dérivés des litieres suivent tous deux les mémes chemins et sont
similairement transférés depuis les débris végétaux vers les agrégats et, en de
moindres proportions, vers les grains minéraux. Le modeéle conceptuel pour le
transfert de I'N résiduel dérivé des litieres s’applique également pour le C a
'échelle des associations organo-minérales isolées par densité.

3.3. Microorganismes et associations organo-minérales

Les microorganismes sont suspectés jouer un role important dans la mise en place
des associations organo-minérales (Grandy and Neff, 2008; Sollins ez a/., 2009). La
section 3.2. de ce manuscrit met en évidence le controle exercé par les
microorganismes dans I'évolution des associations organo-minérales responsable des
transferts de C et de N dérivés des litieres. Cependant, les processus par lesquels les
microorganismes opérent la stabilisation des MOS, ainsi que leur distribution dans
les sols, restent mal connus (Chenu and Stotzky, 2002). Les transformations
microbiennes des litiéres ont d’abord été mises en évidence dans la section 3.3.1., a
laide de deux méthodes distinctes de tracage isotopique aux échelles
submicrométrique (couplage NanoSIMS-STXM/NEXAFS) et macroscopique
(EA-IRMS). Les processus microbiens impliqués dans la mise en place des
associations organo-minérales ont ensuite été caractérisés par tragage isotopique aux
échelles submicrométriques par NanoSIMS (section 3.3.2.2.) et moléculaires par
LC-IRMS (section 3.3.2.3.).

3.3.1.Mise en lumiére des processus microbiens (Articles V et ll)

Les transformations microbiennes des litieres ont été investiguées par les suivis (1)
de ®Niucewr résiduels a la surface d’agrégats séparés 12 ans aprés la chute des N-
feuilles (section 3.2.1.) par le couplage NanoSIMS et STXM/NEXAFS (Article V)
et (2) des rapports ®Chrceur résiduels/ *Nicewr résiduels mesurés apres 92, 184 et 365
jours d’'incubation de *C*N-feuilles au laboratoire (Article III).

Dans un premier temps, les transformations microbiennes ont été investiguées sur
une vingtaine de micro agrégats isolés depuis les sols collectés aprés 12 ans de
marquage iz situ par apport de feuilles enrichies en *N (Article V). Ces derniers ont
été sélectionnés en raison de leurs forts enrichissements en “Nugcew Ils ont été
alternativement analysés a I'échelle submicrométrique de sorte a déterminer la
spéciation des MO, par STXM-NEXAFS, contenant le “Nigew localisé par
NanoSIMS (Eq. 2). Malgré des contraintes techniques fortes liées a la combinaison
de ces deux techniques de pointe, un micro agrégat contenant le “Niceur a €té
identifié et caractérisé (Figure 7). Le ®Niuceur est localisé en région 1. 11 se trouve en
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présence d'une MO riche en C, vraisemblablement dominée par des groupements
carboxyliques et/ou amides comme le serait un mélange de protéines, sucres aminés
et de composés polysaccharidiques. Aprés comparaison avec des MO microbiennes
(Chan et al., 2009) et litiéres de feuilles (Lehman ez a4/, 2008), la MO contenant le
BNisacewr s'avere chimiquement plus proche des MO microbiennes, suggérant que le
BNiaceur €st contenu dans des produits microbiens issus de la décomposition des
litieres de feuilles.
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Figure 7: Analyse submicrométrique d'un micro agrégat microbien par NanoSIMS (A & B)
et STXM-NEXAFS (C & D). A: image *CN; B: image 8 °N; C: image C (278->330 eV)
et N (390->440eV); D: spectres NEXAFS de la région 1 contenant le “Nigcewr (noir)
(8°N=213+132%0), de MO microbiennes (bleu) (Chan ez al., 2009) et de litieres de feuilles
(vert) (Lehman ez al., 2008). Les raies d’absorption a 285.2eV, 287.2eV et 288.2e¢V sont
respectivement spécifiques des C aromatiques (Keiluweit ez al., 2010; Lehman e al., 2007),
C aliphatiques (Brandes ez al., 2004) et C carboxyliques et groupements amides (Kinyangi ez
al., 2006).

Dans un second temps, les rapports *Caceur résiduels/**Niaceur résiduels mesurés aprés
92, 184 et 365 jours d’incubation de “C"N-feuilles au laboratoire (Cf. section
3.2.3.; Article III) révelent des découplages au sein méme des fractions (Figure 8).
Ces derniers traduisent des transformations microbiennes importantes des feuilles
incubées. Plus spécifiquement, les agrégats deviennent progressivement plus riches
en ®Nicewr résiduels relativement au ®Chaceur résiduels au cours du temps, suggérant
que la minéralisation préférentielle du PCiucerr s’y combine a I'immobilisation du
BNiacer (Trinsoutrot ez al, 2000). A contrario, les grains minéraux montrent un
enrichissement relatif en ®Cyucewr par rapport au ®Nieewr qui s'accentue au cours du
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temps. Ces différences suggérent une compartimentation des processus de
stabilisation, vraisemblablement, microbiens entre agrégats et grains minéraux et/ ou
un cloisonnement des activités microbiennes.
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Figure 8: BC" résiduels/ “Nyaceus résiduels dans différentes associations organo-
minérales séquentiellement isolées par densité aprés 92, 184 et 365 jours aprés apport des
feuilles ®C"N (n=3). Les débris végétaux sont isolés <1.65 g.cm™; les agrégats végétaux
entre 1.65-1.85 g.cm™; les agrégats microbiens entre 1.85-2.4 g.cm™; les grains minéraux
de faible et forte réactivité >2.4 g.cm?. La ligne discontinue indique le rapport mesuré sur les
fragments de feuilles initialement appliquées.

Le couplage NanoSIMS-STXM/NEXAFS a montré que I'N résiduel issu
d’une cohorte de feuilles vieille de 12 ans pouvait se trouver sous forme de
produit microbien. Plus représentatif, le suivi des rapports Cicenr résiduels
/PNisacewr résiduels a confirmé les transformations microbiennes des résidus de
teuilles. Ces transformations apparaissent importantes et inféodées a des types
d’association organo-minérales distincts, avec un enrichissement progressif
en N dans les agrégats et en C dans les grains minéraux. Ces résultats mettent
en évidence la transformation par les microorganismes du sol des résidus de
teuilles associées aux différents types d’associations organo-minérales.

3.3.2.Caractérisation des processus microbiens de stabilisation de C et N

La caractérisation des processus microbiens responsables de la stabilisation des MOS
a été effectuée a l'aide de C¥N-feuilles et de *C"N-glycine. La glycine a été
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utilisée en complément des feuilles pour accélérer les processus de transformation
microbiens et évaluer les modes de stabilisation de leurs produits (Jones and
Murphy, 2007). La pertinence de lutilisation de la glycine pour I'étude de la
stabilisation microbienne a d’abord été évaluée dans la section 3.3.2.1. Les produits
microbiens ainsi stabilisés dans les différents types d’association organo-minérales
ont ensuite été caractérisés par tragage isotopique a I'échelle submicrométrique par
NanoSIMS et a l'échelle moléculaire par LC-IRMS. Le suivi des Niceur résiduels
et PCucenr résiduels dérivés de PCP¥N-glycine a d’abord été effectué a la surface des
particules de sol isolées depuis différents types d’associations organo-minérale
(section 3.3.2.2.). L’incorporation de “Ciucerr issus de BCPN-glycine et BCPN-
feuilles dans les sucres aminés des différentes associations organo-minérales a ensuite

été étudiée par LC-IRMS (section 3.3.2.3.).

3.3.2.1. Pertinence de I'utilisation de la glycine (Article VI)

La pertinence de l'utilisation de la glycine pour étudier les processus microbiens
impliqués dans la stabilisation des C et N qui en sont issus a été testée a l'aide de
BCYN-glycine. Pour chaque association organo-minérale, la différentiation des
processus de stabilisation microbiens et abiotiques a été obtenue par comparaison des
quantités de traceurs résiduels isolés depuis les traitements stérile et non stérile

(Berns et al., 2008).

Aprés seulement 8 heures d'incubation, “Nigcew résiduels et “Ciucenr résiduels
retrouvés dans les associations organo-minérales représentent 7% des apports
initiaux. Ces derniers sont considérés comme étant stabilisés (Sollins ef 4/, 2009;
Sollins e# al., 2006). Les ®Nuaceur résiduels et PCuucenr résiduels sont stabilisés 2 90% et
85% par des processus microbiens dont la contribution varie selon les types
d’association organo-minérale avec lesquels ils sont stabilisés. La Figure 9 montre
que la contribution des processus microbiens a la stabilisation des traceurs augmente
avec la densité des agrégats. La stabilisation microbienne représente 87% a 95% des
BNiaceur résiduels stabilisés dans les agrégats contre 93% a 99% pour les ®Ciaceur
résiduels. La part de la stabilisation microbienne diminue sensiblement dans les
débris végétaux et les gains minéraux ou elle varie entre 68% et 85% des traceurs
résiduels stabilisés.
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Figure 9: Stabilisation abiotique (noir) et microbienne (gris) des *Niceur résiduels (bas) et
BCruceur résiduels (haut) dans différentes associations organo-minérales séquentiellement
isolées par densité 8 heures aprés apport de glycine enrichie en ®C et ®N (n=3). La
stabilisation abiotique a été quantifiée depuis le traitement stérile. La stabilisation
microbienne a été estimée par différence entre le traitement non stérile et stérile. La somme
des fractions représente la somme des traceurs de chaque fraction exprimée en pg.g.i . Les
débris végétaux sont isolés <1.65 g.cm?; les agrégats végétaux entre 1.65-1.85 g.cm?; les
agrégats microbiens entre 1.85-2.4 g.cm™; les grains minéraux de faible et forte réactivité
entre 2.4-2.65 g.cm™ et >2.65 g.cm™, respectivement.

La stabilisation abiotique ne représente qu'une part marginale des traceurs stabilisés
dans les associations organo-minérales (Figure 9). Les rapports ®Cuaceur résiduels/
BNiacewr  résiduels mesurés dans les débris végétaux et les agrégats sont
significativement inférieurs a celui de la glycine initialement appliquée (1.0<<1.7),
alors que ceux mesurés dans les grains minéraux sont significativement supérieurs
(2.2>>1.7 ; Figure 10). Ces traits sont similaires a ceux observés apres incubation des
feuilles "C¥N (Figure 8), suggérant que la glycine est stabilisée de maniére similaire
aux résidus de feuilles. Ces rapports indiquent également que la majorité des traceurs
stabilisés par des processus abiotiques ne sont plus sous forme de glycine, mais sous
forme produits de la lyse extracellulaire exercée par les enzymes libres du sol et/ ou,
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dans une moindre mesure, les radicaux libres produits lors de la stérilisation
(McNamara e# al., 2003). Les microorganismes du sol contrdlent directement et
indirectement la stabilisation de la majorité des ®Nyceur résiduels et PCyeenr résiduels
dans tous les types d’associations organo-minérales. Les traceurs s’y trouvent donc
principalement sous forme de produits microbiens résultant, pour l'essentiel, d’'une
biosynthése intracellulaire (Geisseler ez al., 2009; Geisseler ez al., 2010; Knowles ez
al., 2010).
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Figure 10: B3Cu= résiduels/ *Niaceurs résiduels stabilisés via les processus microbiens (noir)
et abiotiques (gris) dans différentes associations organo-minérales séquentiellement isolées
par densité 8 heures apreés apport de glycine BCPN (n=3). Les débris végétaux sont isolés
<1.65 g.cm™; les agrégats végétaux entre 1.65-1.85 g.cm™; les agrégats microbiens entre
1.85-2.4 g.cm™; les grains minéraux de faible et forte réactivité entre 2.4-2.65 g.cm™ et
>2.65 g.cm™, respectivement. La ligne discontinue indique le rapport mesuré sur la glycine

BBCBN initialement appliquée.

La pertinence de l'utilisation de la glycine a été validée pour l'étude des
processus de stabilisation microbiens : Ils contribuent directement a 287% de la
stabilisation du C et N résiduels issus de glycine dans les agrégats et a 268%
dans les débris végétaux et les grains minéraux. De plus, les rapports ®Ciaceur
résiduels/*Niaceor résiduels indiquent que la stabilisation abiotique concerne
principalement des produits de la lyse extracellulaire de la glycine, soit une
contribution indirecte des microorganismes a la stabilisation.
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3.3.2.2. Nature des produits microbiens stabilisés

3.3.2.2.1. Produits extracellulaires (Article VI)

La NanoSIMS permet I'étude de mécanismes fins a une échelle pertinente pour
I'étude de la mise en place des associations organo-minérales. C’est pourquoi, les
BNipaceur résiduels et PCogcenr résiduels dérivés de glycine C¥N ont été imagés par
NanoSIMS a la surface de différentes associations organo-minérales isolées par
densité 8 heures aprés incubation au laboratoire. Les surfaces couvertes par les
produits microbiens stabilisés et leurs C/N ont été investigués pour caractériser la
distribution des produits microbiens et identifier les mécanismes de stabilisation avec
les MOS sous-jacentes.

L’ensemble des Nyucewr résiduels et PCracenr résiduels imagés par NanoSIMS
couvrent 7.4 107 de la surface totale imagée contre une surface estimée 2 1 10 pour
les microorganismes du sol (Young and Crawford, 2004). Les traceurs occupent des
surfaces plusieurs milliers de fois supérieures a celles occupées par les
microorganismes du sol. Ces derniers se trouvant majoritairement sous forme de
produits microbiens, ces observations indiquent que les traceurs se trouvent
essentiellement sous forme de produits microbiens extracellulaires. Bien que la
surface couverte par les microorganismes peut étre sous estimée dans les conditions
d’incubation extrémement favorables a la croissance microbienne (Bowen and
Rovira, 1976; Lee ez al, 2011; Murase e al, 2012), aucune prolifération
microbienne d’une telle ampleur n’a été reportée en un délai aussi bref (Darrah,
1991; Sato, 1987). De plus, aucune cellule microbienne n’a été formellement
identifiée sur les particules de sol imagées. Compte tenu de la résolution spatiale de
la NanoSIMS (<0.01pm?) et des caractéristiques morphologiques des cellules
microbiennes (Chenu and Stotzky, 2002; Young, 2006), I'observation de cellules
microbiennes aurait nécessité l'exploration d’au moins 10°um?. Or, la surface totale
imagée au cours de cette étude est seulement de 3796pm?. Bien qu'improbable, il ne
peut pas étre exclu que les traceurs imagés en Figure 11b indiquent des cellules
microbiennes : (1) ils se trouvent dans des zones compatibles en taille et en C/N
(calibrés en Article III) avec des cellules microbiennes (Franklin and Mills, 2003;
Nunan e al, 2003; Young, 2006); (2)lidentification visuelle des cellules
microbienne a été compromise par le fait que les images obtenues par microscopie
électronique ont été acquises aprés 'analyse destructive par NanoSIMS.
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Figure 11: Images NanoSIMS des rapports C/N, des 8*C (%o) et 8"°N (%o) — Article VI.
Les traceurs sont déterminés en accord avec 'Eq. 2 et indiqués en rouge. Les agrégats
végétaux sont isolés entre 1.65-1.85 g.cm™ ; les agrégats microbiens entre 1.85-2.4 g.cm™;
les grains minéraux de faible et forte réactivité entre 2.4-2.65 g.cm3et >2.65 g.cm?,
respectivement. MEB signifie microscope électronique a balayage ; les zones délimitées par
des lignes blanches discontinues indiquent les zones imagées par NanoSIMS. Les C/N et
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8N sont calculés selon la méthode de la calibration interne; les 8"*C par rapport au
kérogene 111 (Article IV).

Les quantités de traceurs déterminées a I'échelle des fractions (Cf. Figure 9) sont
fortement corrélées au taux de couverture par les MO des assemblages de sol
(R20.85; Cf. Tableau 1), suggérant que traceurs et MO de surface des associations
organo-minérales sont associées par les mémes processus. Ceci est confirmé par les
images NanoSIMS obtenues depuis le traitement non stérile (Figure 11a, b). Une
fois les C/N déterminés par NanoSIMS calibrés (Article IV), lanalyse des C/N
mesurés a I'emplacement exact les traceurs indiquent des valeurs généralement
faibles, homogenes et comparables a celles des particules correspondantes (Figure
12). Les analogies entre les C/N des anomalies et les particules de sol entiéres
confirment que les traceurs sont associés comme, et non par, les MOS de surface des
associations organo-minérales. Les associations organo-minérales contenant la plus
forte proportion de minéraux réactifs (section 3.1.) montrent un tout autre trait : 2
des 3 anomalies identifiées sur les grains minéraux contenant des minéraux de forte
réactivité (>2.65 g.cm™) ont des C/N trés différents de ceux des particules qui les
hébergent. Ceci suggére que la réactivité des minéraux controle la stabilisation des
traceurs.
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Figure 12: Comparaison des C/N mesurés a I'emplacement exact des traceurs résiduels et sur
les particules correspondantes (Article VI). La ligne discontinue représente la ligne 1:1. Les
agrégats végétaux sont isolés entre 1.65-1.85 g.cm™ ; les agrégats microbiens entre 1.85-2.4
g.cm™; les grains minéraux de faible et forte réactivité entre 2.4-2.65 g.cm™ et >2.65 g.cm™,
respectivement.
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Les images NanoSIMS montrent que les produits microbiens observés sont
extracellulaires. Ils s'associent aux différents assemblages organo-minéraux de
maniére similaire a la MO déja associée, suggérant que les mémes mécanismes
assurent leur stabilisation - vraisemblablement la réactivité des minéraux sous-
jacents. En raison du faible échantillonnage inhérent a 'imagerie NanoSIMS,
aucune cellule microbienne n’a été formellement identifiée.

3.3.2.2.2. Biomasse microbienne (Article VII)

7

A Tinstar des analyses NanoSIMS, les analyses LC-IRMS permettent d’étudier la
formation des biomasses microbiennes grace au suivi quantitatif des isotopes du
carbone dans des composés spécifiques, les sucres aminés (Amelung ez al., 2008;
Glaser, 2005). Contrairement a la NanoSIMS, les analyses LC-IRMS s’effectuent
sur des échantillons représentatifs du sol étudié. Dans chaque type association
organo-minérale, lincorporation de “Ciucerr issus *CN-glycine et de ®CPN-
feuilles dans les biomarqueurs des biomasses bactérienne (acide muramique et
galactosamine) et fongiques (glucosamine ; Cf. section 1.4.1.2.) a été étudiée apres
12 semaines d’incubation au laboratoire par LC-IRMS. Un préléevement
intermédiaire a été effectué 7 jours apreés apport de la glycine.

Les trois sucres aminés dérivés de la glycine et des litiéres de feuilles sont produits en
trés faibles quantités comparables a celles reportées dans d’autres travaux (Amelung,
2003; Amelung ez al, 2001; Glaser and Gross, 2005). Ceci suggére que
I'incorporation dans les biomasses microbiennes est faible, conformément 4 ce qui a
été suggéré dans la section 3.3.2.2.1. Bien que les quantités de substrats initialement
appliquées soient différentes, les proportions de glucosamine et de galactosamine
nouvellement formées depuis les deux substrats sont similaires relativement au stock
total des sucres aminés correspondant : ~1pg.mgucosamine €t ~0.1pg. MEgulactosamine s
respectivement. En revanche, les proportions d’acide muramique nouvellement
formées varient dun ordre de grandeur selon le substrat originel :
1.2pug. MEucide muramique -~ sont  produits  aprés  apport de  feuilles  contre
0.21g-MEucide muramique - aprés apport de glycine. Ainsi, la production de biomasse
fongique apparait relativement favorisée par I'apport de glycine, contrairement a la
production de biomasse bactérienne qui semble, quant a elle, favorisée en présence
de fragments végétaux (Amelung ez al., 2001; Bossuyt ez a/., 2001).
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Figure 13: Proportions de ®Ciyceur dans les sucres aminés nouvellement formés (*C-sucres
aminés) relativement au *Cceur résiduels trouvés dans les associations organo-minérales de
50l (BCraceur résiduels) isolées 7 jours (glycine) ou 12 semaines (feuilles de hétre broyées et
glycine) apres apport de glycine ou de substrat (n=2). Les débris végétaux sont isolés <1.65
g.cm™; les agrégats végétaux entre 1.65-1.85 g.cm™ ; les agrégats microbiens entre 1.85-2.4
g.cm™; les grains minéraux d >2.4 g.cm™.

Contrairement aux sucres aminés nouvellement formés depuis les feuilles et
concentrés dans les débris végétaux (~50%), les sucres aminés nouvellement formés
depuis la glycine se retrouvent, comme les sucres aminés totaux (R20.97),
préférentiellement dans les agrégats microbiens (Tableau 2). Ces différences
refletent les différences d’accessibilité des substrats aux microorganismes du sol. La
production de sucres aminés nouvellement formées depuis la glycine soluble varie
peu entre 7 et 92 jours d’incubation, indiquant que se formation est rapide et
vraisemblablement stable sur cette période. Bien que les sucres aminés nouvellement
formés depuis la glycine et les litieres de feuilles ne soient pas distribués de la méme
fagon dans les associations organo-minérales (Tableau 2), les proportions de ®Cicenr
des sucres aminés nouvellement produits relativement au "Cugcerr résiduel
augmentent progressivement avec la densité des associations organo-minérales
(Figure 13). Ce trait suggere une augmentation progressive de (i) la minéralisation
du BCiuaceur résiduel et/ ou (i) lefficience de formation de nouveaux sucres aminés,
depuis une cohorte donnée, des débris végétaux aux grains minéraux.

La méme relation est observée avec les sucres aminés totaux relativement au C total
de chaque fraction (R20.91; Figure 14). Considérant cette derniére comme 'état
intégré des différentes cohortes successives au cours du temps, les contributions des
biomasses microbiennes totales et fraichement produites aux C résiduels des
cohortes dont elles sont issues augmentent avec la densité des associations organo-
minérales. Les biomasses totales étant principalement constituées de biomasses
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mortes (Amelung ez al, 2008), ces résultats indiquent que les biomasses
microbiennes mortes et récemment produites se répartissent de maniere similaire par
rapport au C des cohortes dont elles sont issues.

35

1 Témoin

B Feuilles 92 jours
EE3 Glycine 7 jours
I Glycine 92 jours

\:| Acide muramique
m Glucosamine
25

Galactosamine

30

C-sucres aminés / C-fraction
m

<1.65 1.65-1.85 1.85-2.4 2.4-2.65 Somme Sol entier
des fractions

Débris  Agrégats  Agrégats  Grains

végétaux  végétaux microbiens minéraux

Associations organo-minérales (g.cm™3)

Figure 14: Proportions de C dans les sucres aminés totaux (C-sucres aminés) exprimées
relativement au C trouvés dans les associations organo-minérales de sol (C-fraction) isolées
7 jours (glycine) ou 12 semaines (feuilles de hétre broyées et glycine) aprés apport du substrat
(n=2). Les débris végétaux sont isolés <1.65 g.cm™; les agrégats végétaux entre 1.65-1.85
g.cm™; les agrégats microbiens entre 1.85-2.4 g.cm™ ; les grains minéraux d >2.4 g.cm™.

Les sucres aminés incorporent de faibles quantités de C dérivés de la glycine et
des feuilles, suggérant une faible incorporation dans les biomasses
microbiennes.

D’incorporation se fait dans des proportions différentes selon le substrat,
suggérant que la production de biomasses fongiques est favorisée par la glycine
et que les feuilles favorisent la production de biomasses bactériennes.

Quelque soit le substrat, 'incorporation dans les sucres aminés, relative au C
résiduels des cohortes dont ils sont issus, augmente avec la densité des
associations organo-minérales. Ceci suggére une augmentation progressive de
(1) la minéralisation du “Ceer résiduel et/ ou (i) 'efficience de formation de
nouveaux sucres aminés, depuis une cohorte donnée, des débris végétaux aux
grains minéraux. La méme relation étant observée avec les sucres aminés
totaux, ces résultats suggérent que les biomasses microbiennes mortes et
récemment produites sont distribuées de maniére similaire par rapport au C des
cohortes dont elles sont issues.
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Tableau 2: Teneurs & distributions des sucres aminés nouvellement produits (n=2). GalN: galactosamine nouvellement formée; GluN:
glucosamine nouvellement formée; MurN,,: acide muramique nouvellement formé. Distribution (%) indique la distribution des sucres aminés
(pg/gs01) en fonction de la quantité totale recouvrée aprés séparation densitométrique (Somme des fractions). SD signifie déviation standard. Les
valeurs sont arrondies a 'unité ou au centiéme.

Treatment Incubation Fraction

Galactosamine nouvellement produite

Glucosamine nouvellement produite

Acide muramique nouvellement produit

p . c " Jasol gp Distribution ng /mg fraction Jasol sp Distribution pg /mg fraction Jasol sp  Distribution pg /mg fraction
ours g/cm omposition ng/ gso (%) Gale. Hng/ gso (%) Gll,le‘ ng/ gso. (‘%)) MurN.m

° 92 Sol entier 0.05 0.01 0.12 0.03 048 0.02 0.69 0.03 0.39 0.05 1.19 0.17

2 <1.65 Débris végétaux 0.03  0.00 62 7 0.40 0.04  0.11 001 50 3 0.77 0.05  0.07 0.0l 38 3 1.78 0.14

§ 1.65-1.85  Agrégats végétaux 0.01  0.00 12 2 0.12 002  0.04 0.00 18 1 0.36 0.02 004 0.0 24 1 1.30 0.06

=2 1.85-2.4 Agrégats microbiens 0.01  0.00 16 3 0.07 0.01 0.05 0.00 22 2 0.24 0.02 0.04 0.01 22 3 0.63 0.10

'E 2.4-2.65 Grains minéraux 0.00 0.00 10 3 0.10 0.03 0.02 0.00 10 1 0.24 0.03 0.03  0.00 16 0 0.65 0.02

= Somme des fractions 0.04 0.01 0.18 0.03 021 0.02 0.40 0.03 0.17 0.01 1.01 0.08

7 Sol entier 0.05 0.01 0.14 0.04 048 0.03 0.79 0.05 0.04 0.01 0.17 0.03

<1.65 Débris végétaux 0.01  0.00 20 2 0.12 0.01 0.05 0.00 15 1 0.46 0.03 0.00  0.00 11 2 0.18 0.03

1.65-1.85  Agrégats végétaux 0.00  0.00 14 4 0.09 0.03 007 0.00 19 1 0.75 0.03  0.00 0.00 14 5 0.19 0.07

1.85-2.4  Agrégats microbiens  0.02  0.00 51 10 0.17 003 0.7 0.01 46 3 1.01 0.07  0.02 0.0 56 4 0.36 0.03

2.4-2.65 Grains minéraux 0.00 0.00 15 1 0.12 0.01 0.08 0.01 21 3 0.84 0.10 0.01 0.00 19 0 0.14 0.00

2 Somme des fractions 0.03  0.01 0.14 0.03 0.37 0.03 0.79 0.06 0.04 0.00 0.23 0.03
5
>

S 92 Sol entier 0.05 0.01 0.15 0.04 046 0.05 0.68 0.07 006 0.1 0.21 0.03

<1.65 Débris végétaux 0.01  0.00 24 11 0.15 0.07 0.06 0.00 14 1 0.52 0.04 0.01  0.00 15 3 0.17 0.04

1.65-1.85 Agrégats végétaux 0.00 0.00 14 5 0.11 0.04 0.06 0.00 16 1 0.78 0.04 0.01  0.00 13 5 0.21 0.09

1.85-2.4 Agrégats microbiens 0.01  0.00 44 10 0.13 0.03 0.21  0.00 53 1 0.97 0.02 0.03  0.00 58 8 0.37 0.05

2.4-2.65 Grains minéraux 0.01  0.00 18 1 0.12 001  0.07 0.00 17 0 0.79 0.02 001 0.0 15 1 0.14 0.01

Somme des fractions 0.03 0.01 0.13 003 040 0.01 0.81 0.03 004 001 0.25 0.04
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Conclusions

4. Conclusions

Les objectifs initiaux de cette thése étaient (i) 'approfondissement des devenirs du C
et du N dérivés des litieres de feuilles dans différentes associations organo-minérales
des horizons de surface et (ii) la caractérisation du rdle quy jouent les
microorganismes. Pour répondre a ces objectifs, des techniques de tracage isotopique
ont été combinées a la séparation densitométrique des associations organo-minérales
et investiguées a différentes échelles pour démontrer que :

(1) Les transferts de C et N résiduels issus des feuilles dans les associations
organo-minérales du sol sont similaires (Article III). Ces transferts
s'operent principalement via I'évolution des associations organo-minérales
sous le controle de lactivité des microorganismes. La plupart des résidus de
litieres entrent dans le sol sous forme de débris végétaux, puis migrent vers
les agrégats et, dans une moindre mesure, les grains minéraux.
Parallelement, I'N dérivé des litieres apparait de moins en moins
disponible. Une décennie apres la chute des litieres, les débris végétaux
représentent ~40% de I'N des feuilles contenu dans les 2,5 premiers
centimétres de Thorion A, contre ~58% pour les agrégats. Les agrégats
apparaissent particuliérement pertinents pour la stabilisation décennale du
C et du N a Téchelle décennale. Une faible partie (~2%) se retrouve
rapidement et vraisemblablement durablement stabilisée sur les grains
minéraux (Article IT). Des différences apparaissent cependant au sein des
fractions avec la rétention préférentielle de I'N dans les agrégats et du C
dans les grains minéraux (Article III) ;

(2) La stabilisation des produits microbiens s’opére (i) directement par
immobilisation dans la biomasse microbienne (Article VII) et
(ii) indirectement via une abondante production extracellulaire
(Article VI). L’efficience de production des biomasses microbiennes est
faible, mais croit avec la densité des associations organo-minérales. Les
produits microbiens extracellulaires sont stabilisés a la surface des MO
attachées aux assemblages de sol via des processus physico-chimiques. Ces
processus semblent davantage liés a la réactivité des minéraux sous-jacents
qua la composition des MO sur lesquels ils se fixent. L’ensemble de ces
mécanismes conduit, 2 terme, 4 une contribution croissante des matériels
microbiens dans les associations organo-minérales de densité croissante :
débris végétaux, agrégats végétaux, agrégats microbiens et grains minéraux.

Les observations faites au cours de cette thése peuvent étre interprétées du point de
vue de l'écologie des sols. L'occurrence des PCiucerr @ la surface des associations
organo-minérales, largement inférieure a celle des "Ny (Figure 11), peut
s'expliquer par des notions simples d’écologie microbienne. En effet, les produits
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microbiens extracellulaires riches en C, tels que les exopolysaccharides, sont
susceptibles de développer des interactions électrostatiques avec des surfaces
positivement chargées (Mikutta ez al., 2011). Ils se trouvent préférentiellement dans
lenvironnement immeédiat des cellules microbiennes (Foster, 1988; Young ez al,
2008), dont l'observation est compromise par les contraintes d’échantillonnage
inhérentes a 'imagerie NanoSIMS. Les produits microbiens riches en N, tels que les
composés amides, se stabilisent par interaction avec les surfaces chargées
négativement (Kleber ez al, 2007). L’occurrence des produits microbiens
extracellulaires contenant le ®Nieer révélée par NanoSIMS, ainsi que l'absence de
cellule dans leur environnement immédiat, semblent indiquer que les produits
microbiens extracellulaires riches en N migrent plus que les produits microbiens
extracellulaires riches en C.

La répartition spécifique des produits riches en C renseigne sur les habitats
microbiens. La caractérisation de ces produits relativement rares par NanoSIMS
nécessiterait l'analyse de grandes surfaces difficilement compatibles avec les
contraintes techniques liées a cette technique de pointe. Le suivi de composés
spécifiques par LC-IRMS permet quant a lui la caractérisation des habitats
microbiens par comparaison des biomasses nouvellement formées produits depuis la
glycine soluble et les litieres de feuilles. Les composés spécifiques des biomasses
microbiennes, les sucres aminés, nouvellement formés depuis la glycine ou les litieres
de feuilles sont distribués de manieres tres différentes au sein des associations
organo-minérales (Tableau 2). La distribution des premiers est fortement corrélée a
la distribution des sucres aminés totaux (R=0.97), tous deux se trouvant
préférentiellement dans les agrégats microbiens. En supposant que les biomasses
microbiennes sessiles (isolées par densité) ne migrent pas aprés leur production, ceci
indique que les microorganismes actifs se retrouvent préférentiellement dans les
agrégats microbiens ou leurs résidus s'accumulent pour former l'essentiel de la MO
(Tableau 1). Cette répartition préférentielle permet d’expliquer pourquoi les
processus de stabilisation microbiens dominent tout particulierement ce type
d’association organo-minérale (section 3.3.2.1.). Inversement, les biomasses
microbiennes produites depuis les résidus de litieres de feuilles sont
préférentiellement retrouvées dans les débris végétaux eux-mémes, dont on sait qu’ils
sont colonisés par les microorganismes (section 3.1.). Sans surprise, les biomasses
microbiennes sont donc produites 1a ou la ressource se trouve (Chenu and Stotzky,
2002; Foster, 1988; Young ez al., 2008). Il en va de méme pour les systémes naturels
ou la majorité des biomasses microbiennes dérivent des litieres végétales
(Christensen, 2001). Les biomasses microbiennes étant préférentiellement
retrouvées dans les agrégats microbiens (section 3.1.), les biomasses fraichement
produites ne restent pas dans les débris végétaux mais semblent migrer
progressivement vers les agrégats microbiens et les grains minéraux (Figure 14),
vraisemblablement selon le modele conceptuel précédemment exposé (3.2.2.). Ainsi,
ces travaux mettent également en évidence :
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Conclusions

La distribution dynamique des microorganismes au sein les associations
organo-minérales du sol (Article VI). Leur répartition est initialement
guidée par la disponibilité de la ressource. A terme, agrégats et grains
minéraux apparaissent comme des habitats préférentiels pour les bactéries
et, dans une moindre mesure, pour les champignons. Ceci suggere un
transfert des produits microbiens issus de la décomposition des feuilles
expliqué par le modéle conceptuel exposé dans la section 3.2.2.

Ces travaux ont encore permis de :

(4)

()

Préciser les domaines d’application des méthodes de fractionnement
granulométrique et densitométrique (Article I). Alors que la premiére
savére supérieure pour I'étude des MO particulaires, la seconde est plus
pertinente pour I'étude des MO au sein des associations organo-minérales
du sol. Le fractionnement densitométrique séquentiel sans sonication isole
des compartiments écologiquement pertinents qui different de part leur
structure physico-chimique et leur fonctionnement dynamique (Article II).
La présence de structures agrégées ne permet pas dutiliser le
fractionnement densitométrique séquentiel sans sonication pour tester la
théorie de I'empilement des MOS en couche a la surface des minéraux

(Kleber ez al., 2007; Sollins ez al., 2006);

Lever différents verrous méthodologiques pour :

(5.1) Le couplage NanoSIMS/STXM-NEXAFS pour déterminer la
spéciation des MOS a I'emplacement exact d'un traceur isotopique
(Article V). Techniquement délicate, cette combinaison de
technique s’avére faisable et pertinente. Elle a permis la mise en
évidence des transformations microbiennes subies par I'N dérivé des

litiéres au cours de la premieére décennie aprés la chute des litiéres
(section 3.3.1.) ;

(5.2) La calibration de la NanoSIMS pour la détermination des rapports
élémentaires et isotopiques (Article IV). Jusqu'alors, la calibration
desdits rapports s’effectuait a 'aide de standards organiques différant
des MOS par la nature de leurs matrices, leurs homogénéités de
formes et leurs compositions élémentaires et isotopiques. Bien que
lourde dans sa mise en place, la calibration interne permet la
détermination précise des rapports élémentaires et isotopiques. La
calibration des C/N a notamment permis une meilleure
identification des formes de MOS. La section 3.3.2.1 (Article VI)
offre un exemple des avancées permises par le biais de cette
méthode.
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Perspectives

5. Perspectives

Ces recherches sont motivées in fine par la formulation de consignes de gestion
ameénes de maintenir ou d’accroitre (i) la capacité de stockage des sols en gaz a effet
de serre et (ii) la mise en disponibilité de 'N pour la croissance arborée. Pour
répondre a ces objectifs, une meilleure compréhension des mécanismes dynamiques
de stabilisation et de déstabilisation des MOS est nécessaire. Il s’'agit, entre autres,

de:

(1) Identifier les devenirs des produits végétaux issus des litiéres. Les travaux menés
au cours de cette these ont investigué la stabilisation des produits microbiens, mais la
stabilisation des produits végétaux reste mal connue. Les mécanismes de stabilisation
impliqués peuvent étre étudiés, par exemple, a l'aide de biomarqueurs végétaux
(carbohydrates, lignines, tanins, lipides, etc.).

(2) Caractériser les processus responsables des interactions organo-minérales. Leur
étude a des échelles spatiales et temporelles pertinentes sont rares en dépit des
récentes avancées technologiques permettant la caractérisation fine et simultanée des
phases organique et minérale en association. L’étude réalisée sur les mécanismes de
stabilisation médiés par les microorganismes met en évidence limportance des
interactions abiotiques dans la mise des interactions organo-minérales. Ces derniéres
restent faiblement décrites a des échelles pertinentes pour I'étude des mécanismes
fins qui s’y jouent. La spéciation des MOS avec les minéraux de réactivité contrastée
peut étre étudiée, par exemple, par STXM-NEXAFS. Par ailleurs, la généricité des
processus microbiens de stabilisation identifiés au cours de cette thése reste a
investiguer sur d’autres types de sol, dans d’autres des contextes pédo-climatiques
diftérents.

(3) Identifier les communautés microbiennes dans les différents types d’association
organo-minérales isolés par densité. Cette theése a mis en évidence la rétention
préférentielle de I'N dans les agrégats et du C dans les grains minéraux (Article III)
et suggere un accroissement progressif de l'efficience d’'incorporation du substrat par
les microorganismes du sol, des débris végétaux aux grains minéraux (Article VI).
Ces dernieres peuvent potentiellement traduire la présence de communautés
microbiennes différentes, inféodées a des types d’habitat qui leurs seraient
spécifiques. Cette théorie peut étre testée a 'aide de techniques telles que le DNA-
SIP, RNA-SIP, etc.

(4) Quantifier les flux de déstabilisation et les temps moyens de résidence dans les
associations organo-minérales. Les résultats obtenus au cours de cette thése
permettraient la modélisation des délais de transfert entre fractions. Le calcul des
temps moyens de résidence des MOS dans les associations organo-minérales
nécessiterait quant a lui la compréhension des mécanismes de déstabilisation. Ces
derniers restent cependant a explorer aux pas de temps saisonnier, annuel et
pluriannuel. Par exemple, les effets des évolutions conjointes des phases organique
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(sujettes a décomposition) et minérale (sujettes a dissolution) sur la déstabilisation
des MOS restent inconnus. La compréhension des mécanismes de déstabilisation,
nécessaire a 'obtention des temps moyens de résidence, s’avere indispensable pour, a
terme, formuler des consignes de gestion assurant une disponibilité accrue de I'N lors
de la saison de végétation et réduite en dehors.
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Abstract

Physical fractionation is a widely used methodology to study soil organic matter
(SOM) dynamics, but concerns have been raised that the available fractionation
methods do not well describe functional SOM pools. We also test if examine the
question whether physical fractionation techniques isolate ecologically meaningtul,
functionally relevant soil compartments. In this study we explore whether the kind
of information that aggregate density fractionation (ADF) and particle size-density
fractionation (PSDF) yield on soil OM dynamics is method-specific, similar, or
complimentary. We do so by following the incorporation of a *N label into mineral
soils of two European beech forests a decade after its application as N labelled
litter.

Both density- and size— based fractionation methods suggested that OM became
increasingly associated with the mineral phase as decomposition progressed, within
aggregates and onto mineral surfaces. Our results suggest that physical fractionation
methods do isolate ecologically relevant functional soil subunits. However, scientists
investigating specific aspects of OM dynamics are pointed towards ADF when
adsorption and aggregation processes are of interest, whereas PSDF is the superior
tool to research the fate of particulate organic matter (POM).

Some methodological caveats were observed mainly for the PSDF procedure, the
most important one being that fine fractions isolated after sonication can not be
linked to any defined decomposition pathway or stabilisation process. This also
implies that historical assumptions about the "adsorbed" state of carbon associated
with fine fractions need to be re-evaluated. Finally, this work demonstrates that
establishing a comprehensive picture of whole soil OM dynamics requires a
combination of both methodologies and we offer a suggestion for an efficient
combination of the density and size-based approaches.

Keywords
Nitrogen; “N; Soil organic matter dynamics; Density fractionation; Size
fractionation; Aggregate; Methods comparison.
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1. Introduction

Mineral soil is a complex mixture of mineral and organic materials attached to each
other by a variety of mechanisms. Soil process research has addressed the resulting
mechanistic and structural complexity through the development of a large number of
physical fractionation protocols (Balesdent et al., 1991; Christensen, 1992; Golchin
et al., 1994b; Six et al., 2000b). These methods are based on the premise that the
association of soil particles and their spatial arrangement play a key role in soil
organic matter (SOM) dynamics, because bioaccessibility and bioavailability are
prerequisites for decomposition (Balesdent, 1996; Gregorich et al., 2006; von
Litzow et al., 2007). Protocols involve various degrees of soil dispersion, followed
by density and/or size separation to isolate pools of SOM based on their size and
degree of organo-mineral interaction (Torn et al., 2009).

1.1. Soil dispersion

Several procedures generating different levels of soil disaggregation ranging from
moderate to strong are currently used. Moderate dispersion treatments include:
various types of shaking with or without glass beads, mild sonication, slacking,
disruption with a jet of water, blade mixing, and wet sieving (e.g. Billings et al.,
2005; Huygens et al., 2005; Kong et al:, 2005; Shang and Tiessen, 2000; Six et al.,
2002). Strong dispersion treatments include chemical dispersion with sodium
hexametaphosphate and high-energy sonication treatments (e.g. Lehman et al,,
2001; Sohi et al., 2001). Depending on whether a strong or a moderate dispersion
treatment is being used we will refer to a particle or an aggregate fractionation
procedure, respectively. Particle fractionation theoretically aims at isolating non-
aggregated particles but appears biased when considering small-size fractions
resistant to disaggregation (Chenu and Plante, 2006). On the contrary, aggregate
fractionation does not yield only aggregates but rather a mixture of aggregated and
non-aggregated particles. It is therefore important to realise that the terms particles
and aggregates, traditionally used in many previous studies, are often misleading.
With this realisation in mind, the philosophy behind each procedure can be
expressed as follows: (1) Particle fractionations are based on the idea that equivalent
soil particles are the seat of equivalent OM dynamic controlling processes. This type
of procedure puts principally the accent on adsorption mechanisms. (2) Aggregate
fractionation procedures are based on the assumption that soil structure is a major
control on SOM turnover through physical protection. The emphasis of aggregate
fractionations is on the isolation of ecologically meaningful subunits of the soil
structure.

1.2. Separation into fractions
The two major separation principles are based on the physical categories “size” and
“density”, both pertaining to individual particles and aggregated structures. Size
separation mostly relies on wet sieving for soil subunits coarser than 20um, and
sedimentation for finer soil subunits. The sedimentation method is based on Stokes’
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law, but the conditions for its validity, which are a spherical shape of
particles/aggregates and homogenous particle/aggregate density, are never realised in
soil systems. The consequence is an inherent, yet unknown degree of experimental
error which effectively turns the sedimentation approach into some kind of density-
size separation method as opposed to a physically rigorous size separation.

Density separation is usually performed through floatation or swirling decantation
procedures. Floatation can be performed on water to isolate intact plant remnants
with a density >1 g.cm™, or in dense liquids, such as Ludox (i.e. colloidal silica), Nal
or Sodium Polytungstate (SPT) to separate aggregates or particles composed of
minerals that vary in density. SPT-solutions are the most common separation
liquids, because SPT is non-toxic and allows to create solutions as dense as 2.8 g cm”
3. However, SPT is known to solubilise a certain proportion of C which may
redistribute across fractions or become lost with the supernatant (Chenu and Plante
2006; Crow et al., 2007; Six et al,, 1999b; Virto et al., 2008). The swirling
decantation procedure takes place in water and is used to separate mostly organic
from mostly mineral soil subunits. This last method combines floatation and
sedimentation and therefore is different from the water floatation methods
presented above (See section 2.2.1 for a brief description of the method)

Opver the last three decades, depending on the functional soil compartments tracked,
various procedures of density/size separations involving one or several dispersion
steps, have been performed. A quick overview of the main types of fractionation
procedures is given below (See also Fig. 1). In an attempt at organising information
for the readers convenience, terms in bold characters and followed by an asterisk are
further defined in Table 1.

Table 1: Definitions

‘True’ aggregate fraction:

fractionation

Single  step

procedure:

Multiple step fractionation
procedure:

Composite fractions:

Functional soil Compartment

(FSC):

Fraction that contains only aggregates, opposed to non-fully dispersed
fractions including a mixture of aggregates, POM and fully dispersed
mineral particles, which are sometimes referred as aggregates fraction.

Fractionation procedure that involves a single dispersion step followed
by a separation step that could include a size, a density or a size-density
separation.

Fractionation procedure that involves the redispersion of fractions
obtained from a single step fractionation procedure. The redispersion
can only occur on aggregate fractions.

Soil fractions made of heterogeneous elements aggregated or not.
These heterogeneous elements can be fully dispersed mineral particles,
POM, oxide concretions, black carbon.

Represents an extra level of organisation gathering groups of physical
fractions in which the majority of constitutive elements (i.e. particles or
aggregates) undergo the same combination of decomposition processes
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L— Additional fractionation cycle in case of multiple step fractionation procedures

A few examples
Baisden and Amelung (2002): ADF-ADF-ADF-PDF
Golchin et al. (1994,,,): ADF-PDF ; Huygens et al. (2005): ADF-ADF-PDF

John et al. (2005): ASF-PDF; Kong et al. (2005): ASF-ASF

Paul et al. (2008): ASF-ADF-PSDF; Six et al. (2000a): ADSF-ASDF-PDF
Six et al. (1998): ADSF-PSF; Swanston et al. (2004): ADF-PDF
Tan et al. (2007): ADSF-PDF; Virto et al. (2008): ADSF-PSDF

Figure 1: Flow chart to illustrate methodological differences between soil fractionation
procedures. PDF = Particle density fractionation; PSF = Particle size fractionation; ADF =
aggregate density fractionation; ASF = aggregate size fractionation; PSDF = Particle size
density fractionation and ASDF = aggregate size density fractionation. ADF and PSDF are
highlighted in red because they were chosen for this study.

1.3. A comprehensive inventory of fractionation procedures
Particle density fractionation (PDF) has been carried out to separate free OM and
different types of mineral fractions. The idea behind this approach was that i) the
association or the absence of associations with the mineral phase control OM
dynamics (e.g. Rumpel et al., 2000; Swanston et al., 2002; Whalen et al., 2000), and
that ii) the mineralogy of the minerals within the size fractions is distinct and of
variable effect on the stability of the adsorbed SOM. Recent examples include the
study of mineral-specific associations with organic matter and mineral-specific

bonding mechanisms (e.g. (Basile-Doelsch et al., 2007; Basile-Doelsch et al., 2009).

Particle size fractionation (PSF) (e.g. Amelung et al., 1999; Jimenez et al., 2011;
Rumpel et al., 2000; Sa et al., 2001; Schmidt et al., 1999b; Solomon et al., 2002;
Solomon et al., 2000) was based on the assumption that particle sizes reflect the
state of decomposition of associated SOM as decay induces fragmentation. Yet,
coarse fractions that include both relatively fresh plant debris (particulate organic
matter, POM), as well as more processed and protected OM bound to coarse
mineral grains were too heterogeneous to correspond closely to the functional pools
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used by SOM turnover models. As further described below, this problem was on
occasion addressed by combining the particle-size and the particle-density
fractionation procedures in what we designate a particle size-density fractionation
(PSDF) scheme.

Particle size-density fractionation (PSDF) In addition to the size separation, a
density separation which removed POM of low density was performed on coarse
fractions. This density separation step has been performed using both H,O as a
separation liquid (e.g. Balesdent, 1996; Balesdent et al., 1998; Balesdent et al., 1991;
Derrien et al., 2006) and flotation in dense liquids (e.g Kapkiyai et al., 1999; Sohi et
al., 2001).

Aggregate density fractionation (ADF) (e.g. Arnarson and Keil, 2001; Billings,
2006; Bock and Mayer, 2000; Castanha et al., 2008; Crow et al., 2007; Echeverria et
al., 2004) was initially developed to isolate true aggregate fractions® of intermediate
density from fully dispersed particles that could be either dense\mineral or
light\organic. True aggregate fractions* were also separated by density in an attempt
to separate aggregates of different properties that control soil microbial activity, such
as the ratio between organic matter and mineral phase or the importance of
aggregates trapped porosity (e.g. Arnarson and Keil, 2001; Hatton et al., 2012).
Sollins et al. (2006) also performed a sequential ADF but aimed at isolating particles
and not aggregates.

Aggregate size fractionation (ASF) (e.g. Bayer et al., 2000; Billings, 2006; Jimenez
et al., 2011; John et al., 2005; Moni et al., 2010; Ranjard et al., 2000) relies on the
idea that OC acts as a glue in aggregates and that aggregate size is directly related to
the state of decomposition of the organic carbon. Yet, ASF fractionation does not
enable to isolate true aggregate fractions but rather a mixture of POM, fully
dispersed particles and aggregates which renders a robust interpretation difficult.
Several studies proposed ways to correct results in a way that would allow to estimate
the true aggregate characteristics (e.g. Balabane and Plante, 2004; Moni et al.,
2010).

Aggregate size-density fractionation (ASDF) (e.g. Cayet and Lichtfouse, 2001,
Lehmann et al., 2001; Magid et al., 2010; Nelson et al., 1994; Romkens et al., 1999;
Shang and Tiessen, 2000) relies on the same ideas as the ASF but a density
separation is performed together with the size separation to ensure that only true
aggregates are separated by size. Yet these fractionation schemes are often
incomplete since only a few studies seek to cleanse the true aggregate fraction from
POM and fully dispersed mineral particle simultaneously.

Because the above mentioned fractionation procedures all involve just a single
dispersion step, we call them single step fractionation procedures®. Yet, single step
fractionation procedures™ were also successively combined to give rise to multiple
step fractionation procedures® (Fig. 1). Those involve the successive
redispersion\separation of aggregate fractions obtained from a single step
fractionation procedure® and were used to investigate the internal architecture of soil
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aggregates (e.g. Baisden et al., 2002; Golchin et al., 1995a; Golchin et al., 1994a,
1995b; Huygens et al., 2005; John et al., 2005; Kong et al., 2005; Paul et al., 2008;
Six et al., 2000a; Six et al., 1998; Swanston et al., 2005; Tan et al., 2007; Virto et al.,
2008). Multiple step procedures are largely inspired from the aggregate hierarchy
concept (Oades, 1984; Oades and Waters, 1991; Tisdall and Oades, 1982), which
posits that large, fast cycling aggregates are made of small slow cycling aggregates
and that this aggregate organisation controls SOM dynamics in soil. Multiple step
fractionation procedures® are the most informative fractionation procedures
available to date, at the cost of being extremely time consuming and prone to
generate propagated measurement errors.

1.4. Objectives of the study
With all this variety of fractionation protocols, and the scepticism prevailing with
regard to the general usefulness of the fractionation approach (von Liitzow et al.,
2007), the fundamental question emerges which soil functions or soil process
regimes are best represented by a given physical fraction scheme.

This study aims at evaluating the specificity and relevance of the information
provided by size and density fractionations for the research question of nitrogen
transfer from the litter layer into the underlying mineral soil after a decade of litter
decay. By checking the progress of a N label through physical fractions we can
estimate to which extent a given physical fraction was involved in the turnover of
organic matter in general and organic N in particular. We test the hypothesis that
physical fractions may allow the observer to identify functional subunits of the soil
fabric and the associated process dynamics of OM turnover.

The fractionation procedures selected for this study include an aggregate density
fractionation (ADF), a fairly new procedure that has shown promise as a means to
isolate ecologically meaningful aggregate structures (Sollins et al. 2006), while
traditional particle size-density fractionation (PSDF) was selected because it can be
considered as one of the most detailed and widely established fractionation
procedures. The fractions obtained were characterised by a suite of analytical
techniques with emphasis on parameters that would be informative of the intensity
of N turnover.

Our strategy to draw inference involved two steps. First, principle component
analysis (PCA) was used to reduce the set of organic matter related data (including
C and N contents, C/N ratio, 8”C) to two independent variables or principal
components (PC) that account for the majority of the data variability. The second
step consisted of resolving the plane defined by the two principal components into
contour maps of “N label incorporation among physical fractions from both
fractionation procedures. By doing this, dynamics of litter derived N transformation
can be visualized as trajectories in the PCA plane.
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2. Materials and methods

2.1. Experimental design

A detailed description of soil sites and sampling procedures was given by Hatton et
al. (2012). Briefly, soils were collected from long-term field experiments located at
Ebrach (Germany, 49°52’ N, 10°27" E) and Fougeres (France, 48°23' N, 1°8 W)
(Table 2). Both sites represent managed beech forests (Fagus sylvatica L.).
According to the FAO classification (IUSS Working Group WRB, 2006), Ebrach
is an acidic dystric Cambisol with a sandy loam texture while Fougeres keyed out as
acidic glossalbic Cambisol with a silty loam texture.

Table 2: Basic soil properties of the 0-2.5 horizon

C N pHio CEC. Base Years after Remaining Texture (%)
saturation’ the N N tracer
pulse
mgg' mgg’ mmol kg™ % yr % Sand  Silt  Clay

Ebrach: dystric Cambisol
45.9 2.0 3.9 87.8 34.5 12 11 76.2 19.0 4.8

Fougeres: glossalbic Cambisol
79.5 4.7 3.8 87 26 8 15 2.5 85.5 12.0

Data from Hatton ez a/. (2011) = values from depth 0-5cm

At both sites, the label was applied as a single pulse of highly *N-enriched beech
litter. The litters were obtained by foliar application of urea to ten year old beech
trees in another forest (Zeller et al., 1998). In February 1996 at Ebrach and in
February 2000 at Fougeres, undecomposed litters were removed and replaced by the
labeled beech leaves in an amount equal to the respective mean annual leaf litter
input and covered with a 2-cm mesh nylon net (Zeller et al., 2001).

Twelve years (November 2007) and eight years (January 2008) after tracer
application, labeled and control soils were collected at Ebrach and Fougeres,
respectively. The A-horizon was collected in triplicate and sieved to pass 2 mm.
Observable roots were removed. Replicates were stored at +4°C. Soil moisture was
measured at 105°C. The first 2.5 cm were investigated in this study as most of the
litter-derived N was concentrated here (Hatton et al., 2012).

2.2. Description of fractionation protocols

We compared two single step fractionation procedures that differ in the number of
fractions generated, in the intensity of the dispersion step and in the type of
separation used. Particle size-density fractionation (PSDF) uses high-energy
ultrasonic dispersion, wet sieving, sedimentation and density separation in water to
separate different size classes of organic and mineral fractions, while aggregate
density fractionation (ADF) employs a low-energy dispersion step and uses a salt
solution diluted to various densities to separate out fractions of varying density.
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2.2.1. Particle size-density fractionation (PSDF)

We followed a method originally proposed by Balesdent et al. (1991) and
sequentially isolated the following size fractions: >2000, 2000-630, 630-200, 200-
63, 63-20, 20-6, 6-2, 2-0.2, 0.2-0.035, and <0.035pm (see Fig. 2). The procedure
entails the suspension of aggregates > 63 um without breaking POM using
mechanical shaking with glass beads (Balesdent et al.,, 1998) followed by the
complete dispersion of <63 pm micro-aggregates using ultrasound. Briefly, deionised
water (360 ml) was added to ~50 g of air-dried bulk soil, and shaken overnight with
20 glass beads (diameter = 5mm). The fractions >63 pm were recovered by wet
sieving, whereas the fraction < 63 pm was sonified using conditions calibrated to
obtain a clay-sized fraction equivalent in proportion to that achieved during standard
particle size analyses (Balesdent et al., 1998; Schmidt et al., 1999a). The input of
energy delivered by the ultrasonic probe to the soil suspension [soil mass (g) to water
volume (ml) ratio of 1:10] was fixed at 320 J/ml delivered over a 20 min period of
time. An ice bath was used to limit temperature increase and to avoid reduction of
cavitation during sonication (Roscoe et al., 2000). The 63-20pm fraction was then
recovered by wet sieving, whereas all fractions <20um were separated by sequential
sedimentation performed either under normal gravity for fractions >2um or under
increased gravity for fractions <2um. Assuming an average particle density of 2.44 ¢
cm™, sedimentation times were determined according to Stokes’ law under normal
gravity, and according to an adapted version under centrifugation (Poppe et al.,
1988). Fractions coarser than 6pm were further separated by density in water into a
dense fraction mostly mineral and a lighter fraction mostly organic, using a method
similar to gold panning and sometimes referred to as the swirling decantation
method (e.g.Shang and Tiessen, 2000). Repeatedly, soil fractions immersed in water
were gently swirled in a beaker to achieve preferential resuspension of light organic
particles as opposed to denser particles. Subsequently, the upper part of the beaker
containing POM was poured away into another beaker. The full PSDF-procedure
yields a total of 16 fractions: 6 coarse fractions denser than water, 6 coarse fractions
lighter than previous fractions and 4 fine fractions (Fig. 2). Coarse dense fractions
were oven dried at 105°C, whereas coarse light and fine fractions were freeze-dried.

75



PSDF fractionation scheme

Density
in

>2000 pm
Dense
—)
()
>2000 pm
Light
\E——

)
2000-630 pm
Dense

R
2000-630 pm
Light
\CE——

)
630-200 um
Dense
————
)
630-200 um
Light
S

()
200-63 ym
Dense
-
)
200-63 ym
Light

~50g dry weight

separation
water

Bulk soil

Dipersion in water with

glass beads

v And wet sieving

>2000 pm

2000-630 um

630-200 ym

200-63 ym

- @

=7
=t
—

<

<63 pm

Density separation
in

water

Ultra-sonic dispersion

l And wet sieving l

ADF fractionation scheme

~50g dry weight

Bulk soil

2.40-2.65g.cm™

& J

M)
<1.65g.cm?® [« <
~ /4 v
e N
>1.65g.cm-3
=
1.65-1.85 g.com® 4—;1—4/
\ J
( N
>1.85g.cm-3
GEE)
1.85-2.00g.cm? #
\ /4
( N
>2.00g.cm-3
)
2.00-2.20g.cm <:1_</
~ J
( N
>2.20g.cm-3
)
~—
2.20-2.40g.cm™ [« P
& J v
( N
>2.40g.cm-3
e

s N
>2.65g.cm?
-

Intermediary
Fractions

63-20.m s20um Final Fractions
Sedimentation
under normal gravity
A 4 A
20-6 uym 6-2 ym <2pm
Sedimentation
under centrigugation
v
2-0.2um 0.2-0.035um >0.035 pm

Figure 2: PSDF and ADF Fractionation schemes

Density separation

in SPT at:

1.65g.cm*

1.85g.cm*

- 2.00g.cm?

- 2.20g.cm™

- 2.40g.cm?

- 2.65g.cm?

76



2.2.2. Aggregate density fractionation (ADF)
Aggregate density fractionation was performed as described by Sollins et al. (2006)

to isolate different soil fractions by flotation on sodium polytungstate solutions
(SPT) of varying density. Seven density fractions were isolated: <1.65; 1.65-1.85;
1.85-2.0; 2.0-2.2; 2.2-2.4; 2.4-2.65 and >2.65 g.cm™. For more details about the
procedure, see Hatton et al. (2012) or Fig. 2.

2.3. Characterization of physical fractions

The seven aggregate fractions generated by the ADF procedure are labeled A1-A7
in Fig. 3 and 4.

The PSDF procedure generates 16 fractions falling in three categories which we
designate as follows:

1) fractions > 6 pm and with a mineral content that renders their density greater
than that of water are labeled "coarse dense" (designated P7-P12 in Fig. 3 and 4);

2) fractions > 6 pm whose mineral content is low enough to allow them to float on
water are labeled "coarse light" (labeled P1-P6 in Fig.3 and 4);

3) fractions < 6 pm are labeled as "fine" (P13-P16 in Fig. 3 and 4).

2.3.1. Physical appearance

All fractions were examined with a stereomicroscope. For PSDF, fractions were
directly observed after drying, whereas fractions recovered by ADF were observed
after dispersion in water. Aliquots were immersed in Petri dishes (e: 4cm) filled with
deionised water. Petri dishes were gently hand shaken to check for the presence of
different density phases. Visual description was performed under a range of
magnifications starting from 6x to 50x. Samples were checked for: recognizable
organic debris, black carbon, aggregates, non-aggregated mineral particles (including
oxides and concretions).

2.3.2. Organic matter
Total C, total N, 8" N and 6"C were determined in triplicate using a 20-20 coupled

continuous flow elemental analyzer - isotope ratio mass spectrometer (EA-IRMS;
PDZ Europa Ltd., Crewe, Cheshire, England). The degree of microbial processing
was determined using §*C, 8N and C:N values as proxies (Baisden et al., 2002).

2.3.3. N Tracer

In bulk soil and isolated fractions, the ®N tracer enrichment [excess °N; E¥N(%)]
was quantified as a proportion of total N as follows:

EISN(%) = (AISN(%)Iahelled_plnt _AISN(%) ()

control _ plot)

where A N(%)iaseticipioe A0d A N{(9)consrot pioe are the abundances of the N isotope,
expressed in percent of total N, in labelled and reference plots.
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2.3.4. Statistics

Total C, total N, 8°N and 8§"C data are presented as means of three replicates with
their standard deviations.

2.3.5. Principal component analysis

Fractionation procedures were compared through standardized principal component
analysis (PCA). The procedure reduces the overall variability in the data from the
fractions by derivation of a small number of linear combinations of the original
variables, called the principal components. The results of a PCA are usually
discussed in terms of component scores and loadings (Shaw, 2003). Scores represent
the coordinates of fractions in the new space defined by the principal components,
while loadings represent the correlation between the principal components and the
original variables. To perform the PCA, we combined the following original
variables: C, N, C/N ratio, ABC (%) measured on all the fractions isolated from
Ebrach and Fougéres, including both labelled and control treatments. Since we did
not want to separate our fractions on the basis of the “N labeling, A®N (%) was
excluded from multivariate analyses. This way of representation constitutes a
convenient way of assessing the level of similarity between fractions at a glance.
Fractions whose positions are close together in the PCA plane share overall
characteristics without being necessarily equivalent, i.e. an aggregate fraction can
display the same carbon content as a fraction encompassing a mixture of fully

dispersed mineral particles and POM.

Visualization of the label incorporation within fractions was performed by applying a
contour map representing the excess of *N (E¥N) in the plane defined by the main
PCs behind related scatter plots. Interpolated contour maps were obtained by
kriging using a default linear variogram (slope=1, nugget effects =0) using the
software “Surfer”, version 7.02. Here the goal was to provide an easy way to visualize
a three dimensional data set.

3. Results

3.1. Recoveries

Mass losses in the course of the fractionation process were characterised by
calculating mass budgets as well as C and N recovery rates. For both fractionation
procedures mass losses never exceeded 2%. Carbon and nitrogen recovery rates
averaged 91.4+2.6% for ADF and 91.7+7.2% for PSDF and were similar to recovery
values presented by other studies (Balabane and Plante, 2004; Balesdent et al., 1998;
Schmidt et al., 2000; Schmidt and Kogel-Knabner, 2002; Schoning and Kégel-
Knabner, 2006).
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Table 3 : Visual description of fractions

Ebrach: dystric Cambisol Fougeres: glossalbic Cambisol
Mineral phase Organic phase Mineral phase Organic phase
Fractions Names Concretions/ Black Concretions/ Black

Quartz, Feldspar POM  Aggregates Quartz, Feldspar POM  Aggregates

oxides carbon oxides carbon
Particle Size Density Fractionation (PSDF)
Coarse dense
>2000 pm 100% 99% et +
2000-630 pm 50% 50% + 99% 4 +
630-200 um 99% + + 99% ++ +
200-63 pm 99% + + 99% + +
63-20 pm 99% ++ + 99% ++ +
20-6 pm 99% ++ + 99% ++ +
Coarse light
>2000 pm 99% + 99% +
2000-630 pm 99% + 99% +
630-200 um + 99% + + 99% +
200-63 pm + 99% + + 99% +
63-20 um ++ 99% + ++ 99% +
20-6 pm ++ 99% + ++ 99% +
Fine fractions Stereomicroscope insufficient resolution Stereomicroscope insufficient resolution
<6 pm 2 distinct phases : a dark light organic and a dense clear mineral 2 distinct phases : a dark light organic and a dense clear mineral
Aggregates Density Fractionation (ADF)
Density Fractions
<1.65 g.cm™ + 99% + + 99% +
1.65-1.85 g.cm™ 10% +Ht 89% + 10% e 89% +
1.85-2.0 g.cm™ 16% ++ 83% + 16% ++ 83% +
2.0-22 gem® 26% + 73% + 21% + 78% +
2.2-24g.cm? 40% + 59% + 35% + 64% +
2.4-2.65 g.em™ 99% + + 99% + +
>2.65 g.em™ 80% 20% + 80% 20% +
. . . - Fractions susceptible to be composite in term of . g
+, ++, +++ the fraction element is present as trace of increasing importance OM Fractions composite® in term of OM
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3.2. Physical appearance of isolated fractions
Microscopic observations of separates from Fougeéres and Ebrach are summarized in

Table 3.

For ADF, the fraction <1.65 g.cm™ was composed of free plant debris with minor
encrustations of mineral grains. Fractions from 1.65 to 2.4 g cm™ mostly consisted
of aggregates whose content of non-aggregated mineral particles (determined after

mild grinding and resuspension in water) increased with increasing density, from
10% to 60% of observed items.

Traces of charcoal (i.e. about 3% of items) were identified in every fraction below a
density of 2.4 g.cm®. Fractions > 2.4 g.em™ were mostly composed of non-
aggregated mineral particles. Brown to red colored oxides and concretions were
nearly exclusively observed in fractions > 2.65 g.cm™ and accounted for about 10% of
the material there.

For the PSDF, coarse dense fractions were almost exclusively composed of non-
aggregated mineral particles, whereas coarse light fractions were almost exclusively
composed of POM. The purity of these mineral and organic fractions slightly
decreased with decreasing particle size, which illustrates that it became increasingly
difficult to separate organic and mineral phases by density in water as particle size
approached colloidal dimensions. Oxide concretions were observed in varying
proportions in coarse dense fractions. Representing in mass up to <1% and nearly
100% of the >2000 pm fractions at Fougere and Ebrach, respectively, their
abundance decreased quickly with decreasing fraction size. A few particles of
charcoal were identified in all coarse fractions (i.e. >6 um). Visual description of fine
fractions was beyond the resolution of the stereomicroscope, yet it was still possible
to see that the fine fractions were composed of two phases, a black one and white
one with black fractions likely corresponding to low density materials and white ones
to minerals.

3.3. Organic matter
For both fractionation procedures, fractions isolated from labeled and control soils
had comparable C and N concentrations and C/N ratio and similar 8"*C values

(Fig. 3).
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Figure 3: Chemical characteristics of PSDF and ADF fractions isolated from Ebrach and
Fougéres labelled and unlabelled soils (EL, EU, FL, and FU respectively). Mass
distribution, C and N contents, C/N ratio, as well as, 8°C and 8"°N natural abundances.
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3.4. Dry mass, total C, N

Dry mass peaked in fraction 2.4-2.65 g.cm™ recovered from ADF with about 58% of
total soil mass in this fraction at Fougéres and 83% at Ebrach. These values were
equivalent to the mass percentage of the coarse dense fractions isolated by PSDF in
both soils. Mass proportions in other fractions isolated by ADF or PSDF ranged
from 1 and 10% of dry weight. Soil mass distributions among fractions were similar
between labeled and control soils (Fig. 3).

For both Ebrach and Fougeres samples, C and N content of ADF fractions dropped
by an order of magnitude from the lightest fraction to the two densest fractions.
Some PSDF fractions exhibited some similarities with ADF fractions. Coarse dense
fractions were as depleted in C and N as the ADF fractions denser than 2.4 g.cm™.
Coarse light fractions had on average the same C and N concentrations as the
lightest ADF fractions. Their C content slightly decreased with decreasing particle
size with the exception of the 63-20pm fractions that reached a local maximum,
while their N contents slightly peaked in the 63-20um fractions. Within fine
fractions, C and N increased with decreasing particle size.

3.5. Indicators for microbial processing: C/N ratio, natural abundance in
Bcand N

Within ADF fractions, C/N ratios decreased and natural abundance of ®C and ®N
increased with increasing density from plant-like to microbe-like values (in Fig. 3;
C:N ratios from 21+1 to 1123; 8C from -28.0+0.3%o0 to -25.8+1.7%0 and natural
8N from -3.4+0.6%o to -0.1£3.2%o). Within the organic rich fractions generated
by PSDF, i.e. coarse light and fine fractions, the same trend was observed with
decreasing particle size, (C/N ratios from 28+4 to 9.4x4, §°C from -29.1+0.3%o to -
26.9+0.5%0 and natural 8N from -3.3+0.8%o0 to -1.4+0.9%o). In the coarse dense
fractions generated by PSDF, no clear trend could be observed when size decreased:
C/N ratios ranged between 9.5 and 22, §"°C between -29%o and -25%o, and natural
8N between -7%o and 0%o.
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Blue trajectory: Particulate organic material with hyperbolic gradient from plant like over more microbial characteristics.

High variation of the OM content after P4 observed for both soils is probably an artefact of the ultrasonic dispersion.

Yellow trajectory : Mineral material depleted in OM. Absence of trend within the trajectory due to decreasing accuracy of

C/N and A'3C measurements at low OM content. High degree of similarity between soils

Green trajectory : clay (very fine silt) associated organic matter, increasing microbial character and increasing OM content

with decreasing size, high degree of similarity between soils

Red trajectory : Mineral-organic matter mix, strong and unidirectional gradients for C/N, C, N, OM in both soils from purely

organic material A1 to purely mineral material A6 and A7, but decidedly more microbial character in the Ebrach soil

Figure 4: Principal component analyses (PCA). PCA was performed for both sites
independently on fractions isolated from labelled and unlabelled soil samples. Fractions
were discriminated as a function of their C and N content, C/N ratio and the abundance of
BC, ABC. A) Correlation circle between the new components and the original variables. B)
Fougeres and C) Ebrach score plots for labelled soil fractions only (unlabelled plot are very
similar). Visualization of N tracer abundance (See equation A) within fractions was
performed by applying the relevant contour map as a background image. Interpolated
contour maps were obtained by kriging using a default linear variogram (slope=1, nuggets
effects =0) using the software "Surfer v. 7.02). Fractions are grouped for similarity based on
their level of affiliation with one of four clearly discernible trajectories (indicated by line
style) within the PCA plane. A synthetized representation of the PCA results as well as its
visual interpretation is given in Figs. 5 and 6.
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3.6. Principal component analysis

3.6.1.Gradients within the PCA plane

The two first principal components (PC) accounted for 88% of the total variance in
the samples (Fig. 4 and Table 4, PC1 66%, PC2: 22%). With respect to component
loadings (Table 4), two gradients set at ~45° from the PC1 and PC2 were identified
(Fig. 4A). The first gradient was characterised by a decreasing C/N ratio and
increasing 0 °C, and represented the degree of OM microbial processing from a
plant-like to a microbe-like pool of OM. The second gradient follows increasing
levels of C and N content and corresponds to the gradient of OM content within
fractions.

Table 4: Eigenvalues and percentage of explaindd
variance for the fraction datasets on OM quality

PC1 PC2
Eigenvalues 2.645 0.893
Variance (%) 66.13 22.32

Correlation coefficients (loading) between the original
reduced data and the two first components

PC1 PC2
C 0.948 -0.265
N 0.787 -0.599
C/N ratio 0.770 0.465
ABC -0.731 -0.497

PC: principal component.
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A) Trend observed in this study B) Trend expected with improved
fractionation scheme
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A\ Fine fractions:
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ﬂ direction of increasing density

Figure 5: Schematic representation of A) the PCA results and B) the change that could be
expected in the PCA plan after application of the improved PSDF fractionation procedure
suggested for future work in Fig. 6.

3.6.2.Plot of the isolated fractions in the PCA plane

Coordinates of the isolated fractions in the plane defined by the two first
components PC1 and PC2 were similar for both control and the label treatments.
Therefore only fractions isolated from labeled plots are displayed in Fig. 4 (Fougeres
on panel B and Ebrach on panel C). A schematic interpretation of fraction

distribution in the PCA plane is given in Fig. 5A.

In the PCA plane, fractions are separated along the two previously identified
gradients according to their OM characteristics. Their geometric arrangement can
be interpreted as indicating their proximity to either a plant or a microbe-like state
of OM and between a more organic-poor and a more organic rich state. These four
different states can be represented as the four sides of a parallelogram delimiting a
space where all possible OM combinations may be observed (Figs. S5A).
Consequently, fractions located within this space are characterized by intermediary
carbon content and must be interpreted as composite fractions® (defined as fractions
neither purely organic nor purely mineral made of heterogeneous elements that may
be aggregated or not).
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3.7 °N tracer distribution in soil fractions a decade after litter application
The ©N tracer was applied as a pulse of labelled litter on the top of the forest humus
layer. Its release into the first centimetres of mineral soil took several years as shown
by Zeller and Dambrine (2011). After a decade, it was mainly located in the two
lightest ADF fractions or in the coarse light fractions isolated by PSDF, revealing
that these fractions acted as recipient of litter residues at the decadal-timescale (Fig.
4), and how N cycling differed across fractions.

4. Discussion

4.1 Process dynamics as inferred from the combination of fractionation
procedures
The numerous trajectories and trends revealed by the principal component analysis
are explained in Figure 6 in a step-by-step fashion.

Fractions isolated from the ADF spread only along PC1 crossing the composite
domain (see Figs. 4, 5A) from the pole of unaltered fresh OM to the pole of
adsorbed microbial derived OM. This indicated that with increasing density the
level of microbial processing increased and the OM content decreased, and confirms

the aggregated nature of mid-density fractions (Fig. 5).

Fractions isolated from the PSDF followed a fundamentally different pattern and
were discriminated according to both principal components. Figs. 3 and 4 shows
that the three groups of PSDF fractions (i.e. coarse-dense, coarse-light and fine-
fractions) were well separated.

Coarse light fractions (upper right hand corner, Figs. 4, 5A) were characterised by
high positive scores on PC1 and PC2 that decreased with decreasing fraction size.
Fractions > 63pm (P1, P2, P3 and P4) are on the gradient of increasing degree of
OM microbial processing when they get finer. The application of ultrasound
dispersion to particles less than 63 pm induced an increase of OM content from P4
to P5 (see also Fig. 6 step 4). This process may have removed mineral matter loosely
attached to organic 63-20 pm particles or may have redistributed OM from finer
fractions, although several authors demonstrated ultrasonic dispersion has minor
effects on OM redistribution within fine fractions (IMorra et al., 1991; Oorts et al.,
2005; Schmidt et al., 1999a; Yang et al., 2009). The next finer coarse light fractions
(20-6 pm, P6) show less OM and more mineral matter. This increase of mineral
matter from P5 to P6 was also evident from visual observation and is likely to result
from an imperfect separation of organic matter from mineral particles during
suspension in water (see also Fig. 6 step 3). In theory, had the dispersion and the
separation of organic and mineral phases been ideal, coarse light fractions should
have been restricted to the pole of pure OM and evolved from a plant like to a more
microbe like signature without intruding the composite domain.
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Figure 6: Interpretative schemes of the PCA analysis presented Fig. 4. Meanings of arrows
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fractions must be composite” (i.e. made of heterogeneous elements aggregated or not). Thin
dashed red arrows highlight the component of OM processing that is being discussed.
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Coarse dense fractions (upper left hand corner, Figs. 4, 5A) were characterised by
high negative scores on PC1 and high positive scores on PC2. They were almost
exclusively composed by non-aggregated mineral particles, had very low OM
content and differed mainly from each other by the degree to which OM has
undergone microbial processing, which explains why they were aligned parallel to
the plant-microbe gradient on the adsorbed OM pole (Figs. 4, 5A). However,
decreasing particle size was not equivocally related to increasing degree of microbial
alteration. This could in theory result from a lack of analytical sensitivity at low OM
contents, but visual observations also suggested that some black carbon particle may
have interfered with the detection of consistent change related to decreasing particle
size. There have been reports of high density for black carbon particles (up to 2.4
g.cm™ according to Glaser et al. (2000), which would clearly make it impossible to
segregate dense black carbon from mineral matter of similar density. Moreover, the
imperfection of the density separation in water might be responsible for a
contamination of the mineral phase by organic materials, negligible in terms of
overall mass but significant in terms of OM content (see also Fig. 6 step 8).

Fine fractions (Aligned with PC2 in the centre. Figs. 4, 5A) were parallel with the
PC2 axis and are characterised by PC2 scores that decreased with decreasing size of
particles, indicating that OM content and the level of microbial processing increased
with decreasing particle size (from P13 going to P16). The fact that fine fractions
are located in the composite domain (see also Fig. 6 upper part) confirms that they
combine all small-scale organic or mineral debris that are generated by the ultra-
sonic dispersion. Increasing OM content with decreasing particle size may be
explained by (i) a lower efficiency of ultrasonic dispersion to detach OM patches
from small clay particles than from larger silt particles as suggested by Chenu and
Plante (2006), (ii) the accumulation of colloidal OM released by the previous
dispersion of coarser aggregates or (iii) may result from variations in settling
velocities as a result of small variations in density. The unavoidable violation of the
conditions for the application of Stokes law (spherical shape, uniform density) will
have introduced an error and will have enhanced the organic content of fine
fractions as the speed of sedimentation of light organic-rich particles is slower than
the one of heavy mineral grains, for a given diameter (see also Fig. 5 step 2).
Although the (P16) fraction <0.035um was relatively depleted in mineral matter, its
carbon content suggests that it might not be completely mineral free. Therefore P16
might not qualify as dissolved organic matter (DOM).

4.2. N tracer distribution and evaluation of the turnover of processes

captured by physical fractions
The superimposition of the N excess map to the PCA plane provides several

insights in the contrasted N cycling processes captured by individual fractions (Fig.
4).

Of particular interest are the coarse light PSDF fractions from P1 to P4 that
displayed contrasting levels of N incorporation. As they plot on the pole of pure
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OM, they keyed out as a functionally homogeneous group especially relevant to
capture such processes that are directly related to decomposer activity and can be
considered as controlling N cycling, with no influence from the mineral phases.
Thus the maximum of PN tracer was located within the 630-200pm fraction (P3) at
Fougeres but within the 200-63 pm fraction (P4) at Ebrach. This indicates that,
independent from the time elapsed since tracer application; the mesofauna
fragmentation and microbial transformation of the labelled litter was more advanced
at Ebrach than at Fougeres.

Contrastingly, mineral-rich fractions that are the coarse dense PSDF fractions and
the ADF fractions above 1.85 g.cm™, incorporated very little tracer-N a decade after
its application. This shows that they correspond to reservoirs of older organic N in
forest soil. They either cycled nitrogen very slowly, or did not come into contact
with the label on a decadal time scale, possibly because the label was preferentially
retained in the OM rich fractions. A distinction must be done between these
mineral-rich fractions isolated either by size or density regarding their relevance to
N cycling processes though. Coarse dense PSDF fractions consisting of individual
grains coated with adsorbed OM exhibited no real difference in term of N tracer
incorporation. This might be due to a level of tracer close to the detection limit of
the instrument, or to the fact that size separation of coarse dense fractions was
neither able nor expected to separate defined mineralogical fractions that would have
influenced the nitrogen dynamic. More interestingly, the (low) level of tracer
incorporation in ADF fractions progressively decreased as density increased. These
fractions thus appear to be particularly promising as tools for the investigation of
time-dependent N sequestration mechanisms (See Hatton et al., 2012 for example).

The absence of contrast in tracer enrichment in the finest fractions isolated by
PSDF probably resulted from the incomplete dispersion and separation procedure.
This confirmed the methodological artefacts already revealed by the location of the
fraction in the PCA plane and clearly demonstrated that fine particle size fractions
can not be treated as functional soil compartments regarding N and OM cycling.
They constitute a heterogeneous mixture of debris and leftovers of both mineral and
organic sorts and cannot be expected to exist as an identifiable fraction in natural
soil.
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4.3 Derivation of functional soil compartments (FSC's) among physical
fractions

These observations on OM characteristics and N cycling can be synthesized to
identify functional soil compartments (FSC)*, which we define as groups of
fractions for which organic matter transformation and decomposition processes are
controlled by fundamentally different process regimes (Table 5). In other words,
FSC’s* represent an extra level of organisation, encompassing physical fractions in
which the majority of constitutive elements (i.e. particles or aggregates) undergo the

same combination of decomposition processes.

Table 5: identification of functional soil compartment® (FSC's) among physical fractions

Represented

Associated processes

i i >
Soil subunit by FSC: and their timescale Remarks
Particulate  organic PSDF: (P1to P6) Yes  Progressive processing by mesofauna, =~ POM fractions isolated by PSDF represent a decomposition
matter (POM) and provides adhesive nuclei for aggregate gradient that can be seen as representing the litter - soil
ADF: (A1) formation organic matter transition. ADF with only one fraction can
Year to decade not characterize the dynamics in this cohort. Changes in
this fraction are independent from interactions with
minerals.
Aggregated stuctures ADF : (A2 to A5)  Yes Physical isolation of substrate from ADF is effective at isolating functional microstructures. The
decomposition actors and factors biogeochemical stability of individual aggregates, the
within defined micro-environments proportion of mineral materials and the microbial
(i.e. microbes, O, and H,O supply, etc) characteristics increase with increasing aggregate density.
Several decades
Coarse mineral grain Yes All processes that are controlled by Organic matter associated with the mineral grains isolated
coated with OM surface chemistry, including adsorption, by ADF had a greater microbial character than such as was
electron transfer, catalytic effects. isolated by PSDF.
and . .
Involved dissolved organic matter
ADF: (A6 to A7) generated in any stage of the dynamics
Several decades
Residuals PSDF: No  Does not represent specific soil process These fractions represent a mixture of mineral and organic

(P13 to P16)

materials that 1) were incompletely dispersed, that 2) could
not be separated by density in water and that 3) could not
be properly separated by size using the single density
assumption of Stoke’s law. These materials were not
necessarily joined or even co-localized in soil.

PSDF = Particle size density fractionation, ADF = Aggregate density fractionation

We identified three groups of physical fractions that could be regarded as FSC*.
They are listed below and on Figs. 4 and 5.

1. Free particulate organic matter (POM), where litter derived-N resides for about
one decade in forest ecosystems (A1, P1-6)

2. Non-aggregated mineral particles with adsorbed organic matter, location of N
cycling processes occurring on timescale longer than decades (A6-A7, P7-P12)

3. Aggregates, also determining N dynamics on pluridecadal time scales in soil

(A2-A5)

4.4. PSDF versus ADF procedures: recommendations

In addition to our goal of investigating the general usefulness of soil fractionation for
the isolation of ecologically relevant soil subunits, we examined how the process of
soil fractionation can be economised such that only meaningful fractions are being
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retrieved. Below we offer some considerations to help with the choice of
fractionation procedure.

As revealed previously, both ADF and PSDF successfully isolate the functional soil
compartment POM and non-aggregated mineral particles coated with OM. To help
with the decision for any of the two, we recommend favouring the fractionation
procedure that better mimics the natural processes. PDSF is better suited than ADF
to investigate the dynamic of POM, as POM sizes are directly related to the natural
fragmentation that occurs with the decomposition process. In the case of mineral
particles associated with adsorbed carbon, ADF isolated fewer of these fractions (i.e.
A6 and A7) than PSDF (i.e. P7-P12). Yet, since the mineralogy and the subsequent
adsorption capacity of a particle are more directly linked to its density than to its
size, the ADF must be considered to be more appropriate for the investigation of the
dynamics of adsorbed OM than the PSDF. Finally, only ADF enables the study of
aggregates.

As a conclusion, the two fractionation methods can not be considered alternatives;
they must be seen as complementary. However, we recognized 4 major
methodological issues of the PSDF procedure which need to be considered when
data are interpreted:

1) Density separation in water as performed in PSDF is not designed to
achieve strict separation of the mineral and organic phases and therefore
generates slight impurities. Coarse dense and coarse light fractions were
slightly polluted with residual POM and black carbon in one case, as well as
mineral grains in the other case. In the case of coarse light fractions the OC
pollution was negligible, though (See also Fig. 6 steps 3 and 8).

2) There is an absence of good separation within the fine fractions, which are
obviously composed of phases with contrasting density in contradiction with
the sedimentation separation methods which require a unique density for all
particles (Stokes’ Law) (See also Fig. 6 step 5).

3) Separating coarse dense fractions by size was not very informative.

4) Ultrasonic dispersion at the energy level chosen for this work (i.e. 320 J/ml
delivered over a 20 min period of time) does not achieve complete dispersion
at submicron scales, and was responsible for slight redistributions in the
finest coarse light fractions (i.e. P5, P6) (See also Fig. 6 step 4).

In response to this situation, we propose a PSDF fractionation protocol that reduces
the creation of ecologically irrelevant fractions. To do so, we recommend separating
the mineral from the organic phases directly after the dispersion procedures, prior to
size separations by wet sieving and sedimentation. To avoid interference of dense
organic phases (some forms of charcoal) we suggest to adjust the density of the
separating liquid to 2.4 g.cm™ (using a solution of sodium polytungstate) to exclude
all residual POM as well as a maximum of black carbon particles from the mineral
phase. Finally, we propose to abandon the size separation of the mineral fraction (d
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> 2.4 g.em™). In oxide rich soils, these fractions could eventually be pooled and
further separated by density at 2.65 g.cm™ to obtain reactive and less reactive
mineral fractions (Fig. 7). Ultrasonication, although unable to achieve complete
dispersion at the submicron scale is still extremely efficient at larger size scales and
should be kept for that reason. Finally, the size separation of light fraction <20 um
would be performed after density exclusion of dense fractions to limit the effects of
varying particle density during sedimentation. The characteristics of the fractions
recovered with this new procedure are displayed in Fig. 5B.
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Figure 7: Suggestion for the improvement of the PSDF fractionation scheme

Most contemporary PSDF procedures opt for a separation of the organic phase at
~1.6-1.8 g.cm™ after various degrees of dispersion (e.g. Bruun et al., 2008; Magid et
al., 2010; Paul et al., 2008; Shang and Tiessen, 2000; Sohi et al., 2001). In theory
this standard method allows the separation of the organic from the mineral phase in
most soils, however if applied in soils that contain substantial amounts of black
carbon particles and pedogenic oxides, it will not be possible to isolate confounding
effects of charcoal when interpreting the fractionation data.

All these issues are resolved with the proposed fractionation procedure (Fig. 7) while
keeping the advantages of the old methods.
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5. Conclusions

1) We set out to test whether physical fractionation would allow us to identify
functional subunits of the soil fabric and their associated process dynamics. We
demonstrated how physical fractions can be separated into well-defined functional
categories (Table 5) and we showed that both fractionation procedures brought
complementary information about SOM dynamics. PSDF fractionation was more
adapted to the investigation of the natural fragmentation of POM at decadal time
scale whereas ADF was more adapted to the study of adsorption and aggregations at
pluridecadal time scale. This suggests that SOM dynamics cannot be fully
understood when using a unique single step fractionation procedure.

2) We evidenced a few defects in the PSDF procedure that might be wide spread
among similar procedures, the most important one being that fine fractions isolated
after sonication can not be linked to any defined decomposition pathway or
stabilisation process. An improved PSDF fractionation procedure was proposed to
address most of the methodological issues observed.

3) Our work demonstrated that it is fundamentally possible to use physical
fractionation for the purpose of isolating organic matter of progressing
decomposition stage from soils. This applies to organic matter associated with
minerals as well as to particulate organic matter. Figure 7 illustrates how this
purpose can be achieved through the application of an optimised, combined
fractionation scheme.
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Mineral-organic associations act as mediators of litter-derived N flow to the mineral soil, but the time
scales and pathways involved are not well known. To close that gap, we took advantage of decade old
5N litter labeling experiments conducted in two European forests. We fractionated surface soils by den-
sity with limited disaggregating treatment and investigated organic matter (OM) characteristics using
813C, 8'°N and the C/N ratio. Mineral properties were studied by X-ray diffraction and selective dissolu-
tion of pedogenic oxides.

Three types of associations were isolated: plant debris with few trapped minerals (<1.65 g/cm?), aggre-
gates dominated by phyllosilicates (1.65-2.4 g/cm?), and single mineral grains and pedogenic oxides with
little OM (>2.4 g/cm?). A small proportion of '°N tracer was rapidly attached to single mineral grains,
while most of it moved from plant debris to aggregates of low density and progressively to aggregates
of higher density that contain a more microbially processed OM. After a decade, 60% of the '°N tracer
found in the investigated horizon was retained in aggregates, while plant debris still contained 40% of
the tracer.

We present a conceptual model of OM and N flow through soil mineral-organic associations, which
accounts for changes in density, dynamics and chemistry of the isolated structures. It suggests that
microbial reworking of OM entrapped within aggregates (1.65-2.4 g/cm®) causes the gradient of aggre-
gate packing and, further on, controls the flow of litter-derived N through aggregates. For associations
with denser material (>2.4 g/cm?), mineralogy determines the density of the association, the type of pat-
chy OM attached to mineral surfaces and controls the extent of litter-derived N incorporation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The supply of plant-available nitrogen (N) to non-fertilized
terrigenous ecosystems is thought to be controlled largely by
the depolymerization and mineralization of organic N stored in
litter and soil organic matter (SOM) (Schimel and Bennett,
2004). During microbial decomposition of litter in forest soils,
amino acids, NH; and NO; are produced. Both organic and
inorganic forms of N are plant-available (Hdussling et al., 1991;
Schimel and Bennett, 2004; Chapman et al., 2006), but are simul-
taneously subject to microbial immobilization and to stabilization
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0146-6380/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.orggeochem.2011.05.002

through sorption and the formation of mineral-organic associa-
tions. This association of organic N with minerals may be an
important mechanism to preserve N in forest soils over decades
to centuries. However, the pathways of N incorporation into
mineral-organic associations and the extent of protection that
they may experience within these associations still require
investigation.

There have been many studies of the fate of N in soils using rel-
atively high levels of either labeled or unlabeled inorganic N fertil-
izer. However, such studies often use unrealistic addition rates of
N, which can both put soils and the microbial community into a
state of disequilibrium, as well as cause changes in osmotic poten-
tial that would greatly affect soil responses. Moreover, experi-
ments using inorganic N are not well adapted to exploring the
fate of litter-derived N in non-fertilized soils. To date, few studies
have used '°N labeled litter, in spite of the fact that it is a sensitive
tool (Zeller et al., 2000; Blumfield et al., 2004; Tonon et al., 2007;
d’Annunzio et al., 2008).
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Experiments conducted by Zeller et al. (1998, 2000, 2001) in
two European forests showed that a large amount of the N released
from beech leaf litter was retained as organic N in the soil. Only 2%
of the litter-derived N had been taken up by trees after 4 years and
25% after 8 years (Fig. 1); whereas the rest was distributed as or-
ganic N within the top few centimetres of the soil profile (Matzner,
2004). This observation led us to hypothesize that interactions of
organic N with the mineral matrix may be responsible for the high
retention of N in soil.

Mineral-organic associations involve occlusion of N-organic
compounds into aggregates at the micrometer scale and interac-
tions with mineral surfaces at the nanometre scale (Jastrow,
1996; Chenu and Plante, 2006; Lehmann et al., 2007). They are be-
lieved to slow decomposition and mineralization processes by
making organic materials inaccessible to decomposers (Torn
et al., 1997, 2005; Mikutta et al., 2007; Kogel-Knabner et al.,
2008). Mineral-organic matter interactions are known to depend
on the surface chemistry of the minerals involved (Kleber et al.,
2005) and on the chemical nature of the organic matter (OM) in-
volved. Nitrogen rich microbial products appear to have a particu-
larly high affinity for mineral surfaces (Guggenberger et al., 1994,
1999; Guggenberger and Zech, 1999; Miltner and Zech, 1998;
Omoike and Chorover, 2006; Gougeon et al., 2003; Mikutta et al.,
2009). Although the transformation of OM appears critical for the
association with minerals and for the fate of N in soils, the extent
to which the composition of the mineral matrix or the chemistry of
OM constrains the dynamics of N association with minerals over
the years following litterfall is not well known.

Density fractionation is a procedure that has recently become
popular as a means to isolate and investigate mineral-organic
associations. Traditional density fractionation methods employ
disaggregating treatments, such as sonication, to allow individual
mineral grains to settle according to their specific density (Baisden
et al, 2002; Castanha et al., 2008; Basile-Doelsch et al., 2009;
Plante et al., 2010). A few studies have employed a different option
involving minimum energy inputs with the intention of avoiding
aggregate disruption (Golchin et al., 1994; Sollins et al., 2006,
2009; Prior et al., 2007). When no disaggregating treatment is
applied, the specific densities of the embedded mineral grains,
the mineral to organic ratio and the volume of voids within the
aggregate determine the density of individual mineral-organic
associations. This approach treats density isolates as functional soil
subunits and therefore is thought to isolate associations that are
more ecologically relevant than those obtained by traditional,
more disruptive techniques. The procedure is able to isolate
fractions with distinct carbon (C), N, lignin phenol and isotopic

P.-J. Hatton et al./Organic Geochemistry 42 (2012) 1489-1501

compositions indicating trends in the chemistry of mineral-associ-
ated OM with increasing density (Golchin et al., 1994; Sollins et al.,
2006, 2009; Prior et al., 2007). It further demonstrates mineralog-
ical changes among density fractions and shows that rates of
incorporation of 'C from thermonuclear bomb testing vary among
density fractions (Swanston et al., 2004; Sollins et al., 2006, 2009;
Prior et al., 2007; Torn et al., 2009). Such varying rates of '*C incor-
poration have often been interpreted as longer mean residence
time in higher density fractions, but it is not known whether
organic N is directly coupled to organic C and benefits from the
same degree of protection in these increasingly protective
mineral-organic associations. Additionally, the previous studies
all tracked the bomb 'C signal to infer turnover dynamics at
the timescale of half a century. The focus of our work is on N, which
is likely decoupled from C during OM decay, and on the decadal
timescale when initial processes of mineral-organic interactions
are expected to occur. In temperate ecosystems and at this
early phase of decomposition, a significant proportion of plant
residues is available to microbes as coarse decomposable frag-
ments (Balesdent, 1998; Sandermann and Amundson, 2005), with
potentially meaningful consequences for the formation of mineral-
organic associations.

Here, we investigate the pathways of litter-derived N through
various types of mineral-organic associations over the first decade
following litterfall (i) to determine its dynamics of incorporation
within Mineral-organic associations over time, (ii) to investigate
the role of microbial transformations of mineral-associated OM
for its dynamics and (iii) to assess the extent of protection of lit-
ter-derived N within mineral-organic associations. Our experi-
mental approach was to track a cohort of litter-derived '°N tracer
in decadal experiments conducted in two European forests, Ebrach
(Germany) and Fougeres (France), on its way through operationally
defined mineral-organic associations. Mineral-organic associa-
tions were isolated from the 0-2.5cm depth horizon 4 and
12 years after label application at Ebrach and after 8 years at Fou-
géres, using sequential density fractionation with no sonication.
The degree of microbial processing of OM was investigated using
the C/N ratio and the natural abundances of 5'3C and 8'°N (deter-
mined in control treatments), whereas minerals were character-
ized by X-ray diffraction and acid oxalate extraction. The
accessibility of litter-derived '°N tracer to decomposers with min-
eral-organic associations was quantified at Ebrach by potential net
mineralization. Assuming density fractions represent ecologically
meaningful soil isolates, we expected the tracer distribution to de-
pend on the presence of reactive minerals such as pedogenic oxi-
des and to be a function of the density of the isolated fractions.

Ebrach Fougeres
[ 4yrs [ 4yrs
Aboveground biomass . Syrs N 8yrs
Leaf litter
O-horizon F'
0-2.5 cm (A-horizon)
2.5-10 cm (A-horizon)
10-30 cm (A-horizon) ;‘
T v T r — T 7 T T T
0 10 20 30 40 50 0 10 20 30 40 50

Proportion of 5N tracer
initially applied (%)

Proportion of 5N tracer
initially applied (%)

Fig. 1. Distributions of '>N tracer derived from a labeled beech litter in the various compartments of the ecosystem of Ebrach and Fougéres, as a function of time. The
15N tracer in the above ground biomass consists of the label recovered in biomass of the tree growing close to the place where the labeled litter was deposited, and the

cumulative amount of >N tracer exported in its leaves.
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2. Materials and methods
2.1. Sites

Soils were collected from long term field experiments located at
Ebrach (Germany, 49°52'N, 10°27’E) and Fougéres (France,
48°23'N, 1°8'W) (Table 1). Both sites have been forested for centu-
ries. At present, they consist of even aged beech forests (Fagus sylv-
atica L.). Fougeéres is at an elevation of 150 m above sea level and
has a temperate oceanic climate with mean annual temperature
of 12.9 °C and mean annual precipitation of 870 mm. The soil is
an acidic (pHyzo = 3.8) glossalbic Cambisol (WRB, 2006) developed
from sandy granitic bedrock (Vire type) covered by thick non-car-
bonated aeolian loam. It was fertilized in April 1973 with 150 kg
P,0s/ha, 150 kg K,O/ha and 1500 kg CaO/ha and in May 1973
and 1974 with 100 kg N/ha (Nys, 1998; Legout et al., 2008). The
90 year old beech stand is interspersed with few oak trees (Quercus
robur L.) and a dense understory dominated by common ivy
(Hedera helix L.). Ebrach is 400 m above sea level and is character-
ized by a temperate continental climate with a mean annual tem-
perature of 7.5 °C and 750 mm of mean annual precipitation. The
soil is an acidic (pHpzo = 3.9) dystric Cambisol (WRB, 2006) devel-
oped from Triassic sandstones from the upper Keuper period (Kai-
ser et al., 2002). The 21 year old beech stand is dense without
understory vegetation (Zeller et al., 2001).

2.2. °N labeling and sample collection

At both sites, the label was applied as a single pulse of N en-
riched beech litter obtained by foliar application of urea to young
beech trees growing at Puvenelle forest, France (Zeller et al.,
1998). In February 1996 at Ebrach and in February 2000 at Fougé-
res, original undecomposed litters were removed and replaced by
the labeled beech leaves in an amount equal to the respective
mean annual leaf litter input and covered with a 2 cm mesh nylon
net (Zeller et al., 2001). Thus, at Ebrach, three plots of 1 m? received
250 g of >N labeled litter (at 2.5 At'>N%; Table 1). At Fougéres,
three plots of 5 m? received 270 g of '°N labeled litter per square
meter (at 2.1 At'>N%; Table 1). Leaves shed by the tree growing
on the labeled plot at the Ebrach site were collected and removed
each fall to avoid >N return to soil via litterfall and to ensure the
integrity of the >N pulse. Litterfall from the surrounding, unla-
beled trees was permitted to ensure a constant above ground input
during the time of the experiment. At Fougéres, the height of the
trees (25 m) made litter collection difficult, but patterns of wind
dispersal of litter were determined to be such that litter return
to the soil surface was negligible.

Table 1
Basic properties of Ebrach and Fougéres from Legout et al. (2008), Matzner (2004) and
Nys (1998). SOM = soil organic matter.

Ebrach Fougeéres
Mean annual temperature (°C) 7.9 129
Mean annual precipitation (mm year™') 750 868
PHi2o0 3.9 3.8
Clay (%) 142 22°
Effective CEC (mmol kg™) 87.8% 872
Base saturation (%) 34,52 26
Csoil (Mg gh) 45.9 79.5
Neoil (Mg goh) 20 47
C/Nsoit 23 16.8
Cieaf titter (Mg gfe;f Jitter) 484 477
Nieaf litter (Mg gfg?;f Jitter) 8.4 9.1
C/Niea titter 52 58

2 Values from depth 0-5 cm.

Soils were collected 4 and 12 years after tracer application at
Ebrach and after 8 years at Fougéres. The first 2.5 cm of the A hori-
zon were sampled and sieved to pass 2 mm. Observable roots were
removed. Soils were stored at + 4 °C. Soil moisture was measured
at + 105 °C.

2.3. Isolation of mineral-organic associations

Mineral-organic associations were isolated from the top 2.5 cm
of the A horizon, where most of the litter derived '°N was concen-
trated (Fig. 1), by sequential density fractionation. We followed the
method described by Sollins et al. (2006) and sequentially isolated
seven density fractions: <1.65; 1.65-1.85; 1.85-2.0; 2.0-2.2; 2.2-
2.4; 2.4-2.65 and >2.65g/cm>. As suggested by Kramer et al.
(2009), we used sodium polytungstate (SPT) with a low N concen-
tration (<0.001%) to reduce potential external '>N contamination.
Moist bulk soil samples were suspended in SPT solutions (1/3
s0il/SPT ratio) in 175 ml polycarbonate centrifuge tubes and sha-
ken initially for 2 h on a shaker table, before being centrifuged at
a relative centrifugal force of 2560g in a swinging bucket rotor
for 10 min. Density of the supernatant was checked using a
10 ml volumetric flask combined with a precision balance. After
adjusting density to target cutoffs (+0.01 g/cm?), floaters and
supernatant were aspirated down to the pellet using a vacuum sys-
tem. SPT solution adjusted to the next higher density in the se-
quence was then added to the remaining soil pellet, shaken for
1 h and the same procedure repeated again. The SPT was removed
from the isolated fractions using deionized water. The lightest frac-
tion was filtered (Whatman GF/F 0.7 um particle retention) and
subsequent ones were rinsed several times in polycarbonate cen-
trifuge bottles until a density <1.01 g/cm® was obtained. Once well
cleaned, sequentially isolated fractions were observed for physical
appearance, put in pre-weighted tins and oven dried for 2 days
at + 55 °C. Dried fractions were then weighed (+0.01 g) and ground
with a mortar and pestle to fine powder before further analyses. All
values are reported on an oven dried basis.

2.4. Structure and composition of mineral-organic associations

2.4.1. Physical appearance

Density fractions were visually observed with a stereo micro-
scope. Aliquots were immersed in Petri dishes (g: 4 cm) filled with
deionized water. Petri dishes were gently hand shaken to check for
the presence of different density phases. Visual description was
performed under a range of magnifications starting from 6x to
50x. Samples were checked for recognizable organic debris, black
carbon, aggregates, individual mineral particles (including oxides
and concretions) and experimental artifacts such as pieces of filter
fiber.

2.4.2. Organic matter

Total C, total N, 8'°N and 8'>C were determined in triplicate
using a 20-20 coupled continuous flow elemental analyzer-isotope
ratio mass spectrometer (EA-IRMS; PDZ Europa Ltd., Crewe, Chesh-
ire, England). The degree of microbial processing was determined
using 8'3C, 3'°N and C/N values as proxies (Baisden et al., 2002).
As these indicators are insufficient indicators individually (Bird
et al,, 2003; Kramer et al., 2003; Dijkstra et al., 2006, 2008; Huy-
gens et al., 2008), we considered the simultaneous enrichments
of '3C and 5'°N and the decline in the C/N ratio as an indication
of an increasing microbial character of OM.

2.4.3. Mineralogy

Mineralogy of the fractions was investigated in samples from
the unlabeled control plots. Oxalate extractable iron (Fe), alumin-
ium (Al) and silica (Si) were determined according to Blakemore
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et al. (1987) by shaking 1 g of soil for 4 h in the dark in 100 ml of
extracting solution (mixture of ammonium oxalate and oxalic acid,
0.2 M with respect to oxalate, with proportions adjusted to give pH
3). Fe, Al and Si concentrations in the supernatant were determined
by inductively coupled plasma atomic emission spectrometry (ICP-
AES).

Total “free” oxides were determined by the modified Holmgren
procedure (Holmgren, 1967). Fine ground soil (0.5 g) was placed in
a 250ml polypropylene bottle. Sodium citrate (50 ml 0.3 M
Na3CeH507 - 2 H0) and 1 g of sodium dithionite (Na,S,04) were
added and the suspension shaken for 16 h, the samples were floc-
culated with 0.1 M MgSO,, centrifuged and the supernatant dec-
anted. Fe, Al and Si concentrations in the supernatant were
determined by ICP-AES.

Bulk mineralogy was assessed by X-ray diffraction (XRD). An
aliquot (1.5 g) of soil was hand ground using mortar and pestle
to a mean particle size <200 pm. Ground samples were back loaded
into a 2.5 cm diameter circular cavity holder and run on a PANan-
alyticalX'Pert Pro Instrument using Co Ko radiation at 40 kV and
40 mA. Diffraction patterns were recorded by step scanning from
3-80° 20, with the sample spinning at 2 revolutions/s. Phase iden-
tification and peak area determinations were done using the X'pert
High Score plus software.

2.5. Tracking N derived from leaf litter

The stable isotope of nitrogen ('°N) was used to trace litter-de-
rived N. The concentration of >N derived from the labeled litter
("> Niracer) was computed as follows:

(AlSN(%)labeled — AISN(%)mnrml)
100

where A N(%)iapeted and A N(%)conror are the abundances of the '°N
isotope, expressed in percent, in labeled and control plots and
Nigpereq is the amount of N in the labeled plot. This equation was
applied at the scale of bulk soil and of density fractions.

An indicator of litter-derived N retention (litter-derived N reten-
tiONfrqcrioni)) Was computed to compare the contribution of any
fraction to total '°N tracer derived from the labeled leaf litter, with
total soil N:

15
Niracer =

% Nigbeled 1)

Litter-derived N retentionygction(

i>2.65
_ 15N[mcer_fraction(i) /Z:zl .65 ! SNtraCer_ﬁ‘acrion(i) (2>
- i>2.65
Nfrac[iun(i)/Z;il_%mecrionU)

Npractioniy and " Niacer fractionciy Stand for the concentration of N and
"> Nyrqcer in the individual fraction i.

2.6. N and N tracer accessibility to decomposers

The accessibility of N and >N tracer to decomposers was mea-
sured at Ebrach 4 and 12 years after litter application by potential
net mineralization, which is defined as the amount of inorganic N
and '°N tracer accumulated over 42 days of soil incubation in the
laboratory (1/5 soil/air ratio; 60% water holding capacity; 20 °C;
dark). After 42 days, 20 g of sieved soil samples were shaken in
100 ml of 1 M KCl for 1 h. Extracts were then analyzed for NO;
and NH; by continuous flow colorimetry (TRAACS, Bran and
Luebbe). The >N tracer was measured in triplicate by EA-IRMS
(Delta S, ThermoFinnigan, Bremen, Germany).

2.7. Recovery rates

Weighed C, N and >Ny .cer cOncentrations were summed across
all density fractions and compared to bulk soil concentration to

determine C, N and '®Ncer recoveries, as reported in following
equation:

i>2.65
i1 63X raction(i) X Miraction(i) 3)

Kbk _soit X Mulk_soit

X recovery =

where Xrecovery represents the recovery of C, N or 15N-tracer, where
Xfraction(iy aNd Xpuik_soit T€present the concentration of this element in
the fraction i and in the bulk soil, and where Myqctioni) and Mpui_soit
are masses of the fraction i and of bulk soil.

2.8. Statistics

Data are presented as means of three replicates with their stan-
dard errors. Comparisons between N and '’N tracer distributions
within density fractions were performed using a Student’s t-test,
after confirming normal distributions and homogeneity of vari-
ances. Distributions were considered significantly different when
the probability associated with the test was <0.05.

3. Results
3.1. Structure and composition of mineral-organic associations

3.1.1. Physical appearance

Microscopic observations confirmed that the physical appear-
ance of the same density fractions did not vary much between
the Ebrach and Fougeéres sites. The fraction <1.65 g/cm® was dom-
inated by free plant debris with minor encrustations of mineral
grains. Few microscopic glass fiber filter fragments were found in
this fraction but represented a negligible mass proportion. Frac-
tions 1.65-2.4 g/cm> mainly contained small size aggregates
(<1 mm) mixed with very few mineral grains. About 3% of items
in each fraction <2.4 g/cm® were visually identified as charcoal.
Charred particles were not observed in denser fractions. Fractions
>2.4 g/cm®> were largely composed of individual mineral grains.
Brown to red colored oxides and concretions were nearly exclu-
sively observed in fractions >2.65 g/cm® and accounted for less
than 10% of the material.

3.1.2. Organic matter

3.1.2.1. Dry weight, total C and N. Recoveries for mass, total C and
total N were computed to assess losses due to the fractionation
method and to check procedural accuracy. Light microscopy and
XRD were used to confirm that dried fractions were free of residual
tungsten compounds, thereby confirming that residual tungsten
salts did not bias recovered masses. Mass recovery was almost to-
tal for all fractionated samples (Table 2) thanks to the application
of a technique with minimum energy input. Recoveries rates were
93% and 89% of total soil C, and 93% and 91% of total soil N, at Eb-
rach and Fougeéres, respectively (Table 2). No significant differences
between the distributions of soil mass, total C and total N were ob-
served at Ebrach 4 and 12 years after labeling. Dry weight strongly
peaked in fraction 2.4-2.65 g/cm? with about 83% of total soil mass
in this fraction at Ebrach and 58% at Fougéres. Mass proportions in
other fractions ranged from 1-10% of dry weight. Good agreement
of soil mass distributions was also found between labeled and con-
trol soils (Table 2), and isolated fractions from labeled and control
soils had comparable C and N concentrations (Table 2, Fig. 2).
Although fractions <1.85 g/cm? comprised only a small proportion
of total soil weight, they accounted for most of soil OM at both
sites. Together they contained 64% and 61% of the total C as well
as 69% and 68% of the total N at Ebrach and Fougeéres, respectively.
Carbon and N concentrations decreased from the lightest fraction
to the fraction 2.2-2.4 g/cm? in both sites. In both sites, C and N
concentrations dropped by one order of magnitude in the fraction
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Fig. 2. Indicators of OM decomposition in sequentially isolated density fractions of Ebrach and Fougéres (n = 3). Filled symbols represent labeled treatments, open symbols

represent the controls.

2.4-2.65 g/cm®, which comprised the bulk of soil mass. The dens-
est fraction (>2.65 g/cm?) exhibited concentrations in C and N sim-
ilar to the fraction 2.4-2.65 g/cm®. Two exceptions appeared in this
consistent pattern between soils and treatments (Table 2), both at
Ebrach. The densest fraction of the control sample contained about
30 times more C and N than the densest fractions of the Ebrach la-
beled treatment. Carbon and N concentrations in the fraction 2.2-
2.4 g/cm® of the control were about half of those in the labeled
treatment.

3.1.2.2. Indicators of decomposition. Isolated fractions from labeled
and control soils exhibited similar patterns. C/N ratios decreased
and natural abundances in '°N increased with increasing density,
from plant-like to microbe-like values (C/N from 23 to 8 and
3'°N from ca —6%o to +2%.). The densest fraction from the Ebrach
control plot did not follow this pattern and exhibited a more
plant-like signature. In both sites, 3'C values increased from ca.
—28.4%o to ca. —26.0%c across the three lightest fractions, leveled
off in the fraction 2.4-2.65 g/cm?, and finally tended to slightly de-
crease (Fig. 2). The 3'3C value of the densest fraction at Ebrach con-
trol treatment was significantly enriched compared with the other

samples. The simultaneous changes in the C/N, 5'3C and '°N val-
ues indicate that fractions 1.65-2.65 g/cm> contain increasingly
microbially processed OM, whereas fractions denser than 2.65 g/
cm? consist of OM of mixed origin.

3.1.3. Mineralogy
3.1.3.1. X-ray diffraction. In both soils, XRD scans can be grouped
into three distinct categories (Fig. 3):

Fractions <2.4 g/cm® showed evidence for the presence of phyl-
losilicates, mainly visible through the {02,11} and {13,20} hk
reflections. The signals from the hkl 001 refracting planes ap-
peared to be obscured by an amorphous hump between 6° and
10° 20, which is particularly strong in the two lightest fractions
in both soils. While this broad feature disappeared after the first
two light fractions in the Fougéres fractions, it persisted through-
out all the five lighter fractions at Ebrach. The major difference in
phyllosilicate mineralogy between the two soils appeared to be
the lack of a kaolinite peak at Ebrach while this feature can be
readily observed at Fougeéres.

Fractions 2.4-2.6 g/cm?® appeared to be very similar between
the two soils in that they represented the maximum of alkali feld-
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Fig. 3. XRD analysis (cobalt radiation) of sequentially isolated density fractions (g/cm?). (a) XRD spectra of density fraction from Ebrach. A = alkali feldspar, Q = quartz,
Ch = chlorite, Mu = muscovite, Ho = hornblende, Py = pyroxene, S/V smectite/vermiculite, K = kaolinite, I =illite. The (02,11) and (13, 20) signals are hk reflections of
phyllosilicates. (b) Change of signal intensity as a function of fraction density at Ebrach. Density increases with distance from X-axis. Peak assignments as indicated in (a). (c)
XRD analysis (cobalt radiation) of density fractions (g/cm>) from Fougéres. A = alkali feldspar, Q = quartz, Ch = chlorite, Mu = muscovite, Ho = hornblende, Py = pyroxene, S/
V = smectite/vermiculite, K = kaolinite, I =illite. The [02, 11}; and [3, 20} signals are hk reflections of phyllosilicates. (d) Change of signal intensity as a function of fraction
density at Fougéres. Density increases with distance from X-axis. Peak assignments as indicated in Fig. 3b.

spar (2.5-2.6 g/cm?) signals as well as the highest quartz signal
intensity (Fig. 3: Fougéres d, Ebrach b). A difference between the
two sets of density fractions were the lower relative intensities
of quartz signals at Ebrach, possibly indicating a more advanced
stage of pedogenesis at the warmer and moister Fougéres site with
concomitant enrichment of resistant quartz grains.

Fractions > 2.65 g/cm? showed the presence of chlorite (approx-
imate density 2.6-3.4 g/cm>®), muscovite (2.8-2.9 g/cm®) and
pyroxene (3.2-3.6g/cm?). A significant contribution of quartz
(2.65 g/cm?) was also apparent in this fraction.

3.1.3.2. Selective dissolution of pedogenic oxides. In both soils, abso-
lute values of poorly crystalline pedogenic oxides were well below
the taxonomic reactivity threshold of 20 mg/g (Al, + 0.5Fe,) that
defines soil horizons whose properties are controlled by poorly
crystalline minerals (Shoji et al., 1996). When examining a metric
for weathering intensity (the Fe,/Feq activity ratio indicates the rel-
ative proportion of total iron oxides that can be considered poorly

crystalline, Table 3), we observed a clear trend towards more
unweathered minerals with increasing density in the Fougéres soil
but not at Ebrach, where pedogenic Fe oxides had similar activity
ratios in all density fractions.

In all 14 fractions investigated, C/Feq ratios (w/w) were much in
excess of the sorptive threshold of about 0.2 that indicates the
maximum sorptive capacity of Fe oxides according to Kaiser et al.
(2007) and Wagai and Mayer (2007). This leads us to infer that
even in the high density, strongly mineral enriched fractions of
the Fougeres and Ebrach topsoils, pedogenic oxides were not con-
trolling OM contents.

3.2. Labeled litter-derived "°N: location and accessibility

15N tracer provides a snapshot of the state of a single cohort of
litter-derived N, whereas the bulk N is the integrated state of N
from the succeeding litter-derived N inputs over time. As a conse-
quence, differences in ">Niqcr and total N distributions, expressed
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Contents of metallic elements in sequentially isolated fractions after oxalate and dithionite extractions. Dithionite extractions reveal both crystalline and poorly crystalline oxides,
whereas oxalate extracts only give poorly crystalline oxides. The Fe activity ratio (Fe,/Feq) indicates the relative proportion of poorly crystalline oxides. Al, + 0.5Feq distinguishes
subtypes of andic properties in andic taxonomy. C/Feq describes the sorptive capacity of iron oxides.

Study sites Density fractions Feq Al, Fe, Mn, Fe,/Feq Al,+0.5Fe, C/Feq
Mg Erraction” '

Ebrach <1.65 1.47 0.71 1.28 0.49 0.87 13 259.1
1.65-1.85 2.18 0.71 1.63 0.19 0.75 15 1171
1.85-2.0 1.57 0.89 1.82 0.19 1.16 1.8 127.7
2.0-2.2 1.51 0.45 0.83 0.16 0.55 0.9 85.7
2.2-24 191 0.62 0.97 0.35 0.51 1.1 27.6
2.4-2.65 0.24 0.09 0.18 0.06 0.75 0.2 3.7
>2.65 5.33 1.07 3.47 5.07 0.65 2.8 121

Fougeres <1.65 4.53 2.49 4.18 0.06 0.92 4.6 75.5
1.65-1.85 5.34 0.91 4.18 0.04 0.78 3.0 40.4
1.85-2.0 4.48 0.68 3.72 0.03 0.83 25 373
2.0-2.2 5.74 0.74 4.14 0.04 0.72 2.8 18.8
22-24 4.65 0.53 3.01 0.03 0.65 2.0 15.0
2.4-2.65 0.77 0.11 0.34 0.01 0.44 0.3 2.5
>2.65 4.85 0.30 1.61 0.11 0.33 1.1 0.9

by the litter-derived N retention factor (Eq. (2)), indicate where the
litter-derived N cohort is preferentially incorporated or retained
over time (Fig. 4).

In both soils, the annual amount of litter-derived N represents
approximately 0.4% of the total N in the observed horizons. Assum-
ing steady state, the turnover times in these two forest soils are in
the range of 250 years. A decade after litter application, the '°N tra-
cer can then be considered as a marker of young litter-derived N.

3.2.1. Ebrach

Four, 8 and 12 years after the labeled litter addition, 13%, 32%
and 15% of the !N tracer initially applied as labeled litter were
found in the first 2.5 cm of the A horizon (see Fig. 1 for 4 and 8
years). Recovery rates of the '°N tracer after density fractionation
were 98% and 87% after 4 and 12 years. The '°N tracer decreased
with increasing fraction density and somewhat more regularly
after 12 years than after 4 years. Four years after litter application,

57% and 40% of the label was found in fractions <1.65 g/cm® and in
fractions 1.65-2.4 g/cm?, respectively, while this relation had re-
verted to 41% of the label in fractions <1.65 g/cm® and 56% in frac-
tions 1.65-2.4 g/cm® after 12 years. This indicates that the label
moved from fractions <1.65 g/cm? to fractions 1.65-2.4 g/cm?.
Fractions >2.4 g/cm® only account for a small, but stable part of lit-
ter-derived N incorporation, even though significant differences
appeared in the last density fraction between the two dates.

Fig. 4 shows the extent to which the patterns of bulk N and >N
distributions differed over time and informs on the state of the tra-
cer cohort. Twelve years after litter application, the proportion of
15N tracer equaled the proportion of total N in fractions 1.65-
2.0 g/cm®, while fractions 2.0-2.4 g/cm? contributed statistically
less in 'N tracer compared to total N. This indicates that the
1.65-2.0 g/cm® fractions incorporated litter-derived N more rap-
idly than the 2.0-2.4 g/cm® fractions. Indicators of litter-derived
N retention illustrate the enrichment of fractions 1.65-2.0 g/cm?
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Fig. 4. Bulk N and '°N tracer distributions through the sequence of density fractions at Ebrach and Fougeéres. Dark bars represent the bulk N and light ones the '°N tracer
(n = 3). Indicators of litter-derived N retention are defined as the proportion of tracer divided by the proportion of total N (Eq. (2)). Values above 1 signify a preferential
incorporation and values below 1 signify a relative depletion in '°N tracer, a, b and c represent statistical differences (t-test at 95%): two identical letters indicate that the
marked distributions are equivalent, while two different letters indicate that the two distributions are different.
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in '°N tracer over the course of the experiment and the depletion in
fractions 2.0-2.4 g/cm®. Altogether, the comparison of '°N tracer
and total N revealed time lags for the tracer to enter mineral-or-
ganic associations of density 1.65-2.4 g/cm® within the same soil
horizon.

In parallel, the potential net mineralization of the '°N tracer
represented 2.5% of the total '°N tracer 4 years after litter applica-
tion, while only 0.8% of the bulk N was mineralized (Table 2).
Twelve years after litter application, the part of bulk N that has
been mineralized did not vary, but the fraction of '°N tracer miner-
alized significantly decreased, to only account for 0.5% of the total
tracer found in the investigated soil horizon. This indicates that lit-
ter-derived N becomes less accessible to decomposers with time.

3.2.2. Fougéres

Eight years after labeling, 11% of the total N tracer applied as
labeled litter was found in the sampled horizon (Fig. 1). Recovery
rates after density fractionation for the >N tracer were comparable
to the recoveries measured at Ebrach (Table 2).

The amount of '°N tracer decreased with increasing fraction
density in a way very similar to what was observed at Ebrach
12 years after litter application (Fig. 4). Fractions <1.65 g/cm? con-
tained 39% of the label, while fractions 1.65-2.4 g/cm® comprised
60%. The amount of tracer found in fractions >2.4 g/cm® was negli-
gible. After 8 years, the distribution of >N tracer was shifted to-
wards the fractions with densities <1.85 g/cm® compared to the
distribution of bulk N as revealed by the indicator of litter-derived
N retention.

4. Discussion

4.1. Assignment of different density fractions to mineral-organic
association types

Materials isolated at a density <1.65 g/cm® consist of coarse
plant fragments with traces of trapped minerals. The plant debris
nature of the fraction <1.65 g/cm® was confirmed by visual obser-
vations and isotopic patterns from both sites. C/N ratios lower than
those of unaltered beech leaves (Table 1) suggested that plant deb-
ris in the lightest fractions were already affected by decay and col-
onized by microorganisms (Rovira and Vallejo, 2003; Derrien et al.,
2006; Watteau et al., 2006; Zeller and Dambrine, 2011). Visual
examination, XRD analyses and acid oxalate extraction indicated
that the mineral components in this fraction consisted of trapped
individual quartz and feldspar grains, some phyllosilicates and
non-crystalline oxides precipitated on OM.

Microscopic observations indicated that materials with a den-
sity between 1.65 g/cm? and 2.4 g/cm? consist of OM sorbed or en-
trapped within microaggregates. XRD scans did not reveal much
change in the composition of the mineral phase in this density re-
gion dominated by phyllosilicates. Carbon and nitrogen contents
revealed that the increase in density results from the increasing
contribution of minerals over organic materials. The indicators of
microbial transformation indicated that the properties of mineral
associated OM change from plant-like to microbial-like with
increasing density, which is consistent with previous observations
(Golchin et al., 1994; Prior et al., 2007; Sollins et al., 2006, 2009).
Increasing contributions of adhesive microbial metabolites can be
expected to influence aggregate density by forming more densely
packed and less porous aggregates, as illustrated in the aggregate
compartment of Fig. 5.

Visual characterization indicated that materials isolated in frac-
tions >2.4 g/cm® mainly consist of single mineral grains with little
OM attached. XRD and acid oxalate analyses revealed two distinct
types of mineral-organic associations. The fractions 2.4-2.65 g/

cm?® consist of well crystallized primary minerals, mainly quartz
and alkali feldspars, known to have a low OM binding potential
(Basile-Doelsch et al., 2005, 2007). The indicators of microbial
decomposition revealed microbial characteristics in the small
amount of OM attached to minerals, suggesting that microbial
fragments or extracellular products sustain the association be-
tween the two phases. This could be explained either by adhesive
properties of microbial products or by an active attachment of
microbial cells. Quartz and feldspars dominated fractions >2.65
g/cm?, but more reactive minerals were also found. These reactive
minerals consisted of iron-containing mafic minerals, concretions
of pedogenic oxides and some admixtures of felsic primary miner-
als partially covered by oxide coatings. (Felsic is a term used to re-
fer to silicate minerals enriched in the lighter elements such as
oxygen, aluminium, sodium and potassium; mafic is an adjective
describing silicate minerals rich in magnesium and iron.) Organic
matter properties in this fraction were less indicative of microbial
processing, suggesting that organic materials interact with the
mineral surfaces regardless of their plant or microbial origin. This
could result from either the strong sorptive capacities of hydroxyl-
ated oxide surfaces or the cementing effects of oxide concretions.

Overall, the relatively gentle nature of the separation process
also preserves microaggregates from disruption, suggesting that
the relative proportions of particulate organic debris in the lighter
fractions and single mineral grains in denser fractions are not arti-
ficially increased (Kaiser and Guggenberger, 2007; Castanha et al.,
2008; Wagai et al., 2009; Wilson et al., 2009).

4.2. Dynamics of N transfer through time and space

Earlier results published by Zeller et al. (2000) showed that
15N tracer losses from labeled leaf litters were correlated to litter
mass loss, and that incorporation of litter-derived N into the bulk
mineral soil is initially delayed until faunal activity in the O hori-
zon has modified litter materials in a way that they are able to
cross a mobility threshold. In this study, we observed that, after
a decade, most of the litter-derived N had left the O horizon and
had either migrated to deeper soil depths or been reincorporated
by the vegetation (Fig. 1). Still, a relatively large proportion of
the litter-derived N was retained in the thin layer of mineral soil
immediately adjacent to the O horizon.

In the 0-2.5 cm depth layer, tracing of the '°N label indicated
that most of the litter-derived N enters mineral soil as plant frag-
ments and, over the years, moves from plant debris to aggregates
during the first decade after litterfall.

After a decade, plant debris still contains a considerable amount
of litter-derived N (~40%), but most of the label has moved into
aggregates (~60%); from aggregates of low density (1.65-2.0 g/
cm?) to aggregates of higher density (2.0-2.4 g/cm®) that contain
a more microbially processed OM. Because our investigations did
not reveal much change in the mineral composition, the stage of
microbial transformation of occluded OM and the aggregate
porosity appeared as the most significant factors constraining the
dynamics of N association with aggregates.

With little litter-derived N incorporated over the course of the
experiment, single mineral grains did not appear to be quantita-
tively important for the retention of litter-derived N. However,
their levels of incorporation remained somewhat constant, sug-
gesting that litter-derived N was quickly attached and efficiently
retained or actively replaced. This leads us to suggest that litter-de-
rived N is adsorbed by reactive mineral surfaces that are specific to
dense minerals. Those mineral surfaces could stabilize the pulse of
soluble small labeled organic compounds and mineral '>NH; that
is released during the initial phase of litter breakdown.

In parallel to the progressive association of litter to minerals,
assessments of net mineralization revealed that litter becomes less
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The soil matrix
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Fig. 5. Conceptual model relating properties of mineral-organic associations to their density and illustrating how these properties control the distribution of >N tracer
derived from a leaf litter in the various associations a decade after application. (1) Plant fragments enter the soil as plant debris that are progressively decomposed and
incorporated into aggregates. The aggregate compartment contains an illustration of change in density induced by transformation of the OM entrapped in the aggregate over
time. (2) During decomposition the mineralization and transformation of the occluded plant material into microbial metabolites eventually causes the disintegration of the
low density aggregate. (3) The released smaller aggregates are tight associations between microbial OM and mineral particles. They consequently exhibit a higher proportion
of mineral materials and a lower proportion of pores, which progressively elevates the density of the resulting microaggregate compared to the source aggregate. (4) Single
mineral grains with little OM attached composed the densest fractions. Felsic minerals are coated with microbial OM; mafic primary minerals and pedogenic oxides adsorb
OM independently of their plant or microbial origin via their hydroxylated surfaces. Felsic is a term used to refer to silicate minerals enriched in the lighter elements such as
oxygen, aluminium, sodium and potassium; mafic is an adjective describing silicate minerals enriched in magnesium and iron.

accessible to decomposers. This may suggest that mineral-organic
associations efficiently protect litter-derived N from microbial
activity.

The patterns of tracer distribution did not vary much between
the Ebrach and Fougeres sites, 12 and 8 years after litter applica-
tion, respectively, although they are different soils with contrasted
structures, bedrock and OM composition, developed under differ-
ent climatic conditions. This suggests that litter-derived N follows
the same pathways in two different European forested sites. We
can therefore expect that the pathways of litter-derived N, which
we observed in our soils, may be generalized for temperate soils
that evolved under a similar weathering regime. As the duration
of the experiment was longer at Ebrach than at Fougéres, and as lit-
ter-derived N mean residence time is shorter at Ebrach than at Fou-
géres (2.78 years versus 3.45 years) (Zeller et al., 2000; d’Annunzio
et al., 2008), we expected the decomposition of the labeled litter to
be at a less advanced stage at Fougeéres than at Ebrach. The com-
parison of the indicators of litter-derived N retention (Eq. (2),
Fig. 4), which allows for a more direct account of the tracer
distribution, reveals slight differences. Aggregates of high density
(2.0-2.4 g/cm?) isolated at Fougéres were depleted in '°N tracer
compared to what was observed at Ebrach. This further supports
the assumption that the extent of OM decay is a major factor con-
trolling interaction between OM and minerals into aggregated
structures.

Finally, the present study demonstrated time lags for the trans-
fer of litter-derived N from organic to mineral layers of the soil
(vertical delays, Fig. 1) and from plant debris to mineral-organic
associations (horizontal delays, Fig. 4). These time lags could ex-

plain the delayed responses previously observed in ecological pro-
cesses (Dorr et al., 2010). Moreover, litter-derived N cannot come
in contact with occluded surfaces, which induces a spatial hetero-
geneity of litter-derived N localization through soil microstruc-
tures. Time lags and spatial heterogeneity prevent the accurate
calculation of mean residence times of litter-derived N in density
fractions (Derrien and Amelung, 2011).

4.3. Conceptual model of OM and N flow through soil mineral-organic
associations

Soil is a structured natural body where organic and mineral
phases are intimately associated in dynamic aggregates of various
sizes, forming an interconnected fabric (Fig. 5). Any attempt to de-
scribe the flux of N or C from surface litters into the mineral soil
must therefore account for the fact that decomposing OM will con-
tinuously be incorporated into and released from dynamic min-
eral-organic associations, especially in the biologically active
topsoil. We propose here a conceptual model describing the time
dependent dynamics of litter-derived N incorporation into the
structural elements of mineral soil. We postulate that physico-
chemical properties of mineral-organic associations isolated by
density fractionation explain the dynamics of litter-derived N
through the density sequence.

4.3.1. Determinants for initial interaction of litter-derived components
with mineral particles

When litter decays over time and is increasingly processed by
decomposers, litter-derived components become associated with
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minerals, and so become incorporated into fractions >1.65 g/cm?>.
We distinguish between three mechanisms for the incorporation
of litter-derived compounds into associations with abiotic soil con-
stituents: (i) incorporation by entering the aggregate structures
through natural pores, (ii) sorptive interactions of small mobile
compounds (soluble molecules and nutrients like NH;) with any
responsive surface and (iii) associations that are created in the
course of aggregate turnover and recombination by decomposers.
In the following passages we discuss potential controls on each
of the proposed mechanisms of OM-aggregate interaction, espe-
cially how the intensity of each mechanism may change over time
and how the parameters controlling interactions are also responsi-
ble for the density of the mineral-organic associations in which the
litter material is finally retained.

As decomposition proceeds, plant debris is broken down into
smaller pieces by the macro- and microfauna. Smaller compounds
are progressively produced, enabling the incorporation into the
pore system of aggregates (Smucker et al., 2007). Amphiphilic
molecular size fragments or NH; released towards the end of the
decomposition chain are highly mobile and may penetrate the pore
systems of aggregates but also engage in sorptive interactions with
suitable and accessible mineral surfaces.

Litter-derived material may also become incorporated into
some newly formed aggregates due to decomposer action promot-
ing aggregate breakdown and formation. The probability of an
aggregate to be broken down partly depends on the nature of the
occluded OM (Oades and Waters, 1991; Christensen, 2001; Plante
and McGill, 2002; de Gryze et al., 2006). For example, associations
between adhesive microbial products and minerals (isolated in
aggregates of high densities) are thought to be bound by stronger
forces than associations between hydrophobic plant materials
and mineral particles (aggregates of low densities). This would ren-
der plant material rich aggregates more susceptible to physical dis-
ruption (de Gryze et al., 2006). As a result, the free plant material
has a greater probability to be recombined with some components
originating from plant aggregates than with components derived
from an aggregate dominated by microbial metabolites.

4.3.2. Transfer of litter-derived components from low density
aggregates into high density aggregates as a consequence of
progressive OM decay

Over time, decomposition of litter residues occluded in aggre-
gates impacts the density of the mineral-organic association in
two ways. It causes a decline in the proportion of unaltered, low
density plant material entrapped in aggregates (Table 2), thereby
increasing overall aggregate density (Oades and Waters, 1991; Gol-
chin et al., 1994; Six et al., 2002). Concomitantly, the macroscopic
structure of plant debris eventually breaks apart, causing the disin-
tegration of the aggregate. At the same time, there is a production
of microbial metabolites and their subsequent deposition on min-
eral particles in mineral-organic contact zones (Fig. 5, aggregate
compartment). The released smaller fragments of the original
aggregate are tight associations between microbial OM and min-
eral particles and consequently show a high proportion of mineral
materials and a low proportion of pores. This renders them denser
than their precursors and elevates the resulting microaggregate
density into the higher range of aggregate density.

5. Conclusions

We posit that our investigations of the pathways of labeled lit-
ter-derived N from the organic surface horizon to mineral-organic
associations over a decade closed a gap between short term labo-
ratory and field investigations of bomb derived '“C abundance.
Specifically, we showed that:

e Sequential density fractionation without sonication isolates
mineral-organic associations that differ in their physico-chem-
ical properties and dynamics of litter-derived N incorporation.
Because of the presence of aggregated structures, this method
cannot be considered as a peeling off of organic layers of differ-
ent composition as proposed by Sollins et al. (2006, 2009), but is
better seen as a means to separate soil microstructures with
distinct structural and functional properties. This means that
the multilayer model for the nanoscale arrangement of organic
molecules on mineral surfaces (Kleber et al., 2007) is not suited
to interpret the features and properties of the much larger,
micron-sized aggregated structures in density fractions.

o A small proportion of the litter-derived N rapidly comes in asso-

ciation with single mineral particles. Most decaying plant resi-

dues enter the soil as coarse fragments, then pass through
aggregates of low density and through aggregates of progres-
sively higher density that contain OM in an increasingly micro-
bially-processed state. Exceptions are soluble compounds,
which can theoretically come in direct contact with all porous
soil structures. The progression from plant debris to aggregates
induces increasing time lags prior to N reaching the dense min-
eral-organic associations and, in turn, partly explains why such

a large amount of >N tracer is still found in the first 2.5 cm of

the two studied forest mineral soils a decade after application.

Litter-derived N is increasingly protected from decomposition

during the first decade of litter decay. The pattern of label incor-

poration suggests that mineral-organic associations mediate the
retention and flow of litter-derived N through the soil system.
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Abstract

We captured the transfers of C¥N beech leaf fragments through density-isolated
soil organo-mineral associations over a year of laboratory incubation. Although there
was more residual ®Nicer than ®Cuueer, their distributions and kinetics were similar.
They both moved from plant debris to aggregates and, to a lesser extent, mineral
grains. This indicates that our previously published conceptual model for litter-N
flows through density-isolated soil organo-mineral associations also applies for
litter-C. ®Crucer/*Nuaeer revealed patterns that were invisible at the fraction-scale,
indicative of the fine-scale partitioning of microbial activities with an increasing
BNuwer immobilization in aggregates of increasing density and a clear “Ciueer
accumulation in mineral grains. These fine-scale discrepancies further indicate that
density fractions physically isolated contrasted microbial activities along with
changes in soil organo-mineral structure.

Keywords
Soil organic matter/ *C»N/ density fraction /leaf/ dynamic/ transfer

Manuscript

Forest soils receive significant amounts of organic matter (OM) via leaf litters
(Zeller et al. 2000). Most of these inputs are rapidly lost by the soil system via
mineralization, but a small fraction gets stabilized for longer period of time and
accumulates over the years in organo-mineral assemblages to finally account for 60%
to 90% of soil carbon (C) and nitrogen (N) (Basile-Doelsch et al. 2007; Hatton et al.
2012b; Mikutta et al. 2009; Sollins et al. 2009; Sollins et al. 2006). Physical
fractionation procedures have been operationally defined to study soil OM dynamics
through time and space (von Liitzow et al. 2007). Recently, Moni et al. (2012)
demonstrated that sequential density fractionation should be preferred to particle-
size fractionation for studying mineral-attached OM. By using this method, we
earlier tracked the incorporation of a N label over a decade after its application as
N-beech leaf litter into density-isolated soil organo-mineral associations isolated
from a forest surface soil (Hatton et al. 2012b). We conceptualized the flow of
residual litter-derived organic nitrogen through aggregates of increasing density as
controlled by the microbial reworking of OM, while both microbial transformations
and mineral reactivity would control the flow of residual litter-N through mineral

grains (Figure 1).
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Figure 1: Simplified conceptual model relating properties of mineral-organic associations to
their density and illustrating how these properties control the distribution of 15N tracer
derived from a leaf litter in the various organo-mineral associations a decade after
application (reprinted from (Hatton et al. 2012b). (1) Leaf litter enters the soil as plant
debris progressively decomposed and incorporated into aggregates. Microbial
transformations eventually cause the disintegration of (2) low density aggregate into (3)
smaller aggregates richer in microbial OM with a higher proportion of mineral materials
and a lower proportion of pores. (4) Mineral grains with little OM attached composed the
densest fractions. Felsic minerals are coated with microbial OM; mafic primary minerals
and pedogenic oxides adsorb OM independently of their plant or microbial origin via their
hydroxylated surfaces.

Previous studies showed that litter-derived C and N are rapidly decoupled through
processes such as C mineralization and microbial N immobilization (Bird et al.
2008; Bird & Torn 2006; Fahey et al. 2011; Trinsoutrot et al. 2000). However,
short-term distributions and kinetics of residual litter-C and =N through particle-
size and water-stable aggregate fractions have been showed to remain similar (Aita
et al. 1997; Angers et al. 1997), suggesting that residual litter-C and —N similarly
flow through the soil system. Based upon these findings, we hypothesized that
residual litter-C and —N similarly flows through density-isolated organo-mineral
associations.
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This study aims at capturing the flows of C and N deriving from leaf litters through
distinct soil organo-mineral associations to test the Hatton’s model for litter-C
(Hatton et al. 2012b). The same surface soil than previously studied (0-2.5cm
depth) was collected in November 2009 (Ebrach, 49°52'N, 10°27’E), mixed and
sieved to pass a 2mm sieve. Observable roots were removed. The soil was pre
incubated for 15 days at 20°C (dark; 1:3 soil to air ratio) prior amendment with
finely ground BCPN beech leaves (3.27-8.10% excess) obtained at the CEA
Cadarache (France) from 10 year-old trees grown in a chamber. "CO, was provided
continuously from April to May and as pulse from June to September. *N-urea was
regularly vaporized from April to September (Zeller et al. 1998). NanoSIMS images
showed that leaves are homogeneously labeled (Figure 2): *C and *N isotopes were
distributed similarly to their counterpart C and “N. BCPN leaf fragments were
added in proportions similar to mean annual N inputs: 15ugn.gwi’, what
corresponded to 1.1mgc.gwi". Amended soils were thoroughly homogenised prior
incubation at 20°C (dark; 1:3 soil to air ratio; 50% water holding capacity). Samples
were regularly aerated and collected after 42, 92, 184 and 365 days and frozen at -
20°C.
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Figure 2: NanoSIMS images of *C*N senescent beech leaves mounted onto a gold foil.
NanoSIMS images were acquired using a Cs+ primary ion beam (1.5pA) of a NanoSIMS 50
(Cameca) at the LMCM, Museum National d’'Histoire Naturelle of Paris, France. Images
and data were processed using the L'IMAGE® software (developed by L. Nittler, Carnegie
Institution, Washington DC, USA) accordingly to Remusat et al. (2012). Cts: counts; SE
secondary ions.
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Soil organo-mineral associations were sequentially isolated by density according to
Hatton et al. (2012b). Plant debris were isolated <1.65 g cm-3; plant aggregates
between 1.65-1.85 g cm-3; microbial aggregates between 1.85-2.4 g cm-3; mineral
grains >2.4 g cm-3. Composition in C, ®C, N and "N was determined in
triplicates using an elemental analyzer (CE instruments, NA 1500 type II) coupled
to isotope ratio mass spectrometery (Finnigan, Delta S) at the Technical Platform of
Functional Ecology (OC 081), INRA-Nancy, France. Quantities of *C and ®N
tracers were calculated as proportions of C and N by subtracting the abundances in
BC and PN isotopes of the labeled and reference treatments (Hatton et al. 2012b).
Comparisons between tracer distributions were performed using Student’s 7-tests
with a statistical significance threshold at p<.05, after confirming normal
distributions and homogeneity of variances.

Table 1: Dry weight, C and N properties of different soil fractions isolated from a surface
soil before beech leaf litter amendment (control) and after 42, 92, 184 and 365 days of
laboratory incubation (n=3). SD means standard deviation. The composition of the density
fractions is from Hatton et al. (2012b). Carbon and nitrogen distributions through the set of
density fractions are expressed as percent of total recovered after density fractionation (Sum

of fractions).

Treatment Incubation Fraction Carbon Nitrogen
. - 3 o Dry weight mg Distribution mg Distribution
days Density (g cm™) Composition %) 'soil SD ) 'soil SD %)
0 Bulk soil 272 05 1.66  0.04
] <1.65 Plant debris 2.1 8.0 0.1 34 0 031 0.01 23 1
’g 1.65-1.85 Plant aggregates 1.1 55 0.0 23 0 025  0.02 19 1
© 1.85-2.4 Microbial aggregates 10.2 78 04 33 1 0.60  0.01 45 1
>2.4 Mineral grains 86.8 25 00 10 0 0.19  0.02 14 2
Sum of fractions 100.3 238 04 135 0.03
42 Bulk soil 27.0 03 1.58  0.19
92 Bulk soil 272 04 1.64  0.07
<1.65 Plant debris 35 11.1 0.1 42 0 036  0.01 25 1
1.65-1.85 Plant aggregates 1.9 53 0.1 20 0 030 0.01 21 0
1.85-2.4 Microbial aggregates 9.3 73 0.1 28 0 0.61 0.02 42 1
>2.4 Mineral grains 85.1 24 0.1 9 0 0.19  0.01 13 1
= Sum of fractions 99.8 262 0.2 146  0.02
£
;}% 184 Bulk soil 27.1 1.5 1.59  0.02
o]
= <1.65 Plant debris 34 104 0.1 41 0 033 0.00 24 0
k! 1.65-1.85 Plant aggregates 2.0 54 00 21 0 027  0.00 20 0
;o 1.85-2.4 Microbial aggregates 9.6 67 0.5 26 2 0.55 0.02 41 2
3 >2.4 Mineral grains 86.3 27 0.0 11 0 0.19  0.01 14 1
a Sum of fractions 101.4 252 05 133 0.02
365 Bulk soil 270 12 1.58  0.01
<1.65 Plant debris 25 9.6 0.0 39 0 031 0.1 24 1
1.65-1.85 Plant aggregates 1.7 49 0.1 20 0 024  0.01 18 1
1.85-2.4 Microbial aggregates 6.9 71 04 29 2 0.56  0.01 44 1
>2.4 Mineral grains 88.5 3.1 0.1 13 0 0.19 0.01 14 1
Sum of fractions 99.6 247 04 129 0.02
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Soil fractions isolated from control and treatments overtime were globally
comparable (Table 1). Recovery rates after density fractionation were 100+0%,
92+4% and 81+4% of total dry weight, C and N for both control and treatments
overtime. Plant debris only accounted for 2.9+0.7% of the total soil mass.
Unsurprisingly, C and N contents measured from the soils amended with leaf litters
were higher than in the control and regularly decreased overtime as reported by Aita
et al. (1997) and Trinsoutrot et al. (2000). Plant aggregates accounted for 1.7+0.4%,
21+1% and 20£2% of total soil mass, C and N, against 9+1%, 29+2% and 43+2% for
microbial aggregates. Mineral grains represented more than 85% of total soil weight,
but only accounted for about 11+1% and 13+1% of total C and N.
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Figure 3: Distributions of residual *Ccer (left) and Niaeer (right) through density-isolated
soil organo-mineral associations after 92, 184 and 365 days of laboratory incubation (n=3).
Tracer distributions through the set of density fractions are expressed as percent of total
recovered after density fractionation. Letters represent statistical differences (z-test; 95%
confidence level): identical letters indicate a statistical equivalence, while different letters
indicate a significant difference. The composition of the density fractions is from Hatton et
al. (2012b): plant debris were isolated <1.65 g cm-3, plant aggregates between 1.65-1.85 g
cm-3, mineral aggregates between 1.85-2.4 g cm-3 and mineral grains >2.4 g cm-3.

BClacer recovered from the initially applied regularly decreased overtime, while no
significant losses of *Nicr were observed (Table 2). Despite there was more residual
BNisacer than BCracer, Figure 3 shows that they share similar distributions and kinetics
throughout the density fractions. Both tracers decreased with increasing fraction
density. Although plant debris remained the largest pools of residual litter-**C and -
BN at all sampling dates, the residual tracers found in plant debris significantly
decreased overtime. Concomitantly, residual tracers statistically increased in all
denser fractions overtime. Residual tracers found in aggregates increased overtime
from 38% to 48% and 48 to 55% of residual *C and "N tracers, while only small
amounts were rapidly and increasingly attached to mineral grains overtime (Table 2).
As earlier showed with other fractionation procedures (Aita et al. 1997; Angers et al.
1997), our results indicate that residual litter-*C and -"N progressively moved from
plant debris to aggregates and, to a lesser extent, mineral grains. Time lags for litter-
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BC and -PN transfers tended to increase with organo-mineral density. Overall, these
results validate the Hatton’s model for the transfer of both litter-derived C and N
through density-isolated organo-mineral associations (Hatton et al. 2012b).

Much less residual ®Niaer was found in plant debris after 92 days of incubation than
after 4 years in the field (Hatton et al. 2012b), while N distributions found after
one year of incubation were very similar to what was observed after 12 years under
natural conditions. This reveals that relatively large proportions of tracers were
rapidly found in association with aggregates and, to a lesser extent, mineral grains
when using ground materials. This illustrates how the lab incubation of ground
materials accelerated the transfers of litter-derived materials in soils, notably by
skipping the processes of litter fragmentation and enhancing the microorganisms’
activities through a more favourable temperature (20°C in lab instead of a mean
annual temperature of 7.5°C in the field).

Table 2: Beech leaf litter *Cacer and ®Nicer through soil fractions after 42, 92, 184 and 365

days of laboratory incubation (n=3). SD means standard deviation. The composition of the

density fractions is from Hatton et al. (2012b).

Treatment Incubation Fraction BCacer "Nigacer BCrracer / "Nieer
days  Density (g cm™) Composition pgg'soil SD  pgglsoil SD Mean SD

42 Bulk soil 41.3 1.4 1.25  0.03 33 1

92 Bulk soil 354 1.2 125  0.02 28 1

<1.65 Plant debris 19.3 0.1 0.51  0.01 38 0

1.65-1.85 Plant aggregates 7.5 0.0 0.26  0.00 28 0

1.85-2.4 Micobial aggregates 5.6 0.1 025 0.01 22 0

>2.4 Mineral grains 1.8 0.0 0.05  0.00 38 0

‘g Sum of fractions 34.1 0.2 1.07  0.01 32 0
Z

2 184 Bulk soil 31.5 1.8 1.25  0.02 25 2

= <1.65 Plant debris 156 02 0.45  0.00 35 0

4 1.65-1.85 Plant aggregates 7.8 0.1 0.28  0.01 28 0

:o 1.85-2.4 Micobial aggregates 6.0 0.3 027  0.01 22 0

§ >2.4 Mineral grains 1.8 0.0 0.05  0.00 40 0

2a] Sum of fractions 31.2 0.3 1.05 0.0l 30 0

365 Bulk soil 30.3 1.7 1.25  0.02 24 2

<1.65 Plant debris 13.1 0.1 0.42  0.00 32 0

1.65-1.85 Plant aggregates 7.7 0.0 0.29  0.00 27 0

1.85-2.4 Micobial aggregates 5.6 0.2 0.28  0.00 20 0

>2.4 Mineral grains 2.6 0.0 0.06  0.00 47 0

Sum of fractions 29.0 0.3 1.04  0.01 28 0

Although residual ®Ciucer and “Nyeer distributions were globally similar at the
fraction-scale, Cacer/*Niracer revealed finer-scale decoupling indicative of contrasted
microbial activities between aggregates and mineral grains (Table 2). Aggregates
became progressively richer in “Nieer than in ®Ciueer with time and density, while
mineral grains became progressively richer in 13Ctracer. Indeed, their "*Crucer/* Nracer

were significantly higher than for the leaf fragments initially applied (36) and
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regularly increased overtime from 38 to 47. This not only reveals that two contrasted
mechanisms of attachment operate in aggregates and mineral grains, but also
indicates that microorganisms have transformed the leaf fragments. Hatton et al.
(2012¢) reported similar transformations after glycine additions and showed that
tracers were spatially decoupled at a nano-scale as a result of microbial
transformations. The extent of decoupling increased along with aggregate density,
where microorganisms have been showed to increasingly contribute to SOM
stabilization (Hatton et al. 2012¢). This in agreement with observations by
Trinsoutrot et al. (2000) to suggest that microorganisms are responsive for “Nircer
immobilization in aggregates. Conversely, the accumulation of “Ciue-rich
compounds in mineral grains reveals the spatial partitioning of different microbial
activities that may be related to preferential habitats for soil microorganisms (Hatton
et al. 2012a; Hatton et al. 2012¢). Overall our results confirmed that density
fractionation isolates ecologically contrasted soil organo-mineral associations from
which ecological interpretations can be derived. They further provide converging
evidences supporting earlier thoughts that the stage of microbial transformation of
the soil OM is a key controlling factor constraining the dynamics of litter-derived
materials association with soil organo-mineral associations (Sollins et al., 2009;
Hatton et al., 2012b).

By studying C and “N dynamics through soil organo-mineral associations, we
showed that residual litter-"*Cracer and —"*Niacer Were similarly transferred from plant
debris to aggregates and, to a lesser extent, mineral grains. Such observations
validate the Hatton’s model for the transfer of both litter-derived C and N through
density-isolated organo-mineral associations (Hatton et al. 2012b). Further on,
BClracer/ " Nuacer revealed finer-scale decoupling between residual ®C and ®N tracers
supporting earlier observations that two contrasted mechanisms of attachment
operate in aggregates and mineral grains in link with contrasted microbial activities
(Hatton et al. 2012c). Overall, microbial transformations appeared as key-
controlling factors for transfers between ecologically contrasted soil entities.
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A multi-scale approach to determine accurate elemental and
isotopic ratios by nano-scale secondary ion mass spectrometry
imaging

Pierre-Joseph Hatton'*, Laurent Remusat?, Bernd Zeller' and Delphine Derrien'
"INRA, Laboratoire de Biogéochimie des Ecosystémes Forestiers, UR 1138, INRA Nancy, 54280 Champenoux, France

2Laboratoire de Minéralogie et Cosmochimie du Muséum, UMR 7202 CNRS/MNHN, Muséum National d’Histoire Naturelle, case
postale 52, 57 rue Cuvier, 75231 Paris Cedex 05, France

RATIONALE: Nano-scale secondary ion mass spectrometry (NanoSIMS) is still hampered by a lack of appropriate
calibration method for the quantification of elemental and isotopic ratios in heterogeneous materials such as soil samples.
The potential of *C-">N-labeled density fractions of soil to calibrate the C/N, *C/**C and >N /"N ratios provided by
NanoSIMS was evaluated.

METHODS: The sFatial organization of soil particles found at the macro- and micro-scales were compared. The C/N,
13C/12C and N /™N ratios measured at the macroscopic scale from different density fractions using an elemental ana-
lyzer coupled to an isotope ratio mass spectrometer (EA/IRMS) were compared with the corresponding micro-scale
NanoSIMS measurements. When the macro- and micro-scales patterns were similar, macroscopic scale measurements
obtained by EA/IRMS and the corresponding NanoSIMS C/N and *N/'N ratios averaged per fraction were used
to obtain correction equations. The correction method using the internal calibration procedure was compared with the
traditional one using a single organic standard.

RESULTS: It was demonstrated that the correction method using an internal calibration procedure was applicable for
NanoSIMS images acquired on more than 500 pm? per fraction and provided more accurate C/N and '*N/**N ratios
than the traditional correction method.

CONCLUSIONS: As long as the NanoSIMS sampling was representative of the macroscopic properties, the correction
method using an internal calibration procedure allowed better quantification of the isotope tracers and characterization
of the C/N ratios. This method not only produced qualitative images, but also accurate quantitative parameters from
which ecological interpretations can be derived. Copyright © 2012 John Wiley & Sons, Ltd.

Knowledge of the distribution of organic materials in the
soil matrix is mandatory to understand the processes that
rule the quantity, quality and turnover of organic matter
attached to minerals."”! By using ion microprobes instru-
ments based on secondary ion mass spectrometry, Cliff and
co-workers®®! and Madsen and colleagues®®! revealed
process heterogeneities in soil systems that were invisible at
the macroscopic scale and pointed out the necessity to explore
the conditions controlling processes at the scale of tens to
hundreds of microns. However, until recently, such fine-scale
characterization of organo-mineral assemblages has been
hampered by the lack of an appropriate standardization
method.

Nano-scale secondary ion mass spectrometry (NanoSIMS)
is the most recent generation of ion probes used to tackle
this scientific challenge: it can generate quantitative maps of
elements and isotopes from the outer hundreds nm of a
sample with a lateral spatial resolution below 100 nm. This
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technique has been used to study the surface distribution
and composition of organic and inorganic materials in many
fields of research such as cosmochemistry, biology, biogeo-
chemistry, semiconductor and surface-science.*? In soil
systems, the conjunction of stable isotope labeling and
NanoSIMS has also been used to track isotope tracers, to
locate microorganisms,"®! to study nutrient uptake in the
rhizosphere,"* and to study the fate of amino acids through
several structures of soil."*' However, instrumental fractiona-
tion, contrasting ionizing properties'® and the high heteroge-
neity of the soil matrix — resulting from the high complexity
of both organic materials and minerals that are assembled
in many different combinations — induce significant bias in
the determination of elemental ratios that prevents them
from being used for ecological purposes. Carbon-to-nitrogen
(C/N) ratios directly obtained by NanoSIMS are not accurate
and, although highly valuable, they cannot be used to study
the chemical forms in which the isotopic tracer is found. To
overcome such a limitation, Remusat and co-authors!'”! char-
acterized the molecular composition of isotopically labeled
organic matter localized using NanoSIMS with additional
scanning transmission X-ray microscopy (STXM) coupled
to near edge X-ray absorption fine structure spectroscopy
(NEXAFS). They demonstrated that this combination of

Rapid Commun. Mass Spectrom. 2012, 26, 1363-1371
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techniques promised great advances in the understanding of
the processes that rule organic matter dynamics, but also
pointed out how challenging it might be. As an alternative,
the NanoSIMS determination of accurate C/N ratios would
provide a less precise but much simpler characterization of
the organic matter forms in which the label ends up.

Obtaining accurate quantitative information on elemental
and isotopic compositions with NanoSIMS is still a problem.
Usually, the raw data are corrected using terrestrial stan-
dards, such as graphite or kerogen. However, they are quite
different from soil samples in several aspects: (1) their matrix
is purely organic, contrary to organo-mineral soil particles,
and (2) they are homogeneous whereas soil is highly hetero-
geneous. These two facts can induce different matrix effects
and different ion yields. In addition, (3) their elemental and
isotopic compositions are often not comparable with what is
found in mineral-organic soils. These differences may signifi-
cantly bias the accuracy of the measured elemental and
isotopic ratios. A large set of standards of comparable material
types,I"®! e.g. organic, mineral or organo-mineral assemblages,
with similar elemental and isotopic compositions!™!! would
ideally be required for the calibration of the NanoSIMS results,
but these are not yet available.

In this paper, we describe a multi-scale approach that
overcomes the bias resulting from the complexity of the soil
samples matrix. We used the opportunity offered by a panel
of C-"N labeled soil fractions that differ in structure and
composition" to provide the means for an internal calibra-
tion of NanoSIMS results. We consider that a similar range
of heterogeneity for elemental and isotopic ratios is displayed
at the macroscopic scale between several density fractions
and at the micro-scale within few (or even a single) soil
particle(s) of a given density fraction. Thus, the density
fractions would be composed of several types of soil particles
that cover a large range of elemental and isotopic ratios and
the proportion of each type would, in turn, explain the
difference between the fractions (Fig. 1). To calibrate the
NanoSIMS measurements, we further assume that a set of
NanoSIMS images acquired on an aliquot of each fraction

Soil organo-mineral fractions

Type 1

m_ N
| A" A®
Hn
L
A B

Figure 1. The soil organo-mineral fractions separated by den-
sity are heterogeneous at the nanometre scale. They are made
of various types of microstructures that cover a large range of
elemental and isotopic ratios. We consider that (1) a similar range
of heterogeneity for elemental and isotopic ratios is displayed at
the macroscopic scale between several density fractions and at
the micro-scale within few (or even a single) soil particle(s) of
a given density fraction; (2) the type of microstructure that
dominates a given fraction defines its chemical composition at
the macroscopic scale. Geometric forms represent different types
of soil microstructures. Squares, triangles and circles dominate
organo-mineral fractions of type I, IT and III, respectively.

Type Il Type 111

completely spans the range of the nano-scale variability and
that the average value obtained on this set of images is
representative of macroscopic measurements. To test the
hypothesis supporting this NanoSIMS correction method,
we compare (1) the aggregated or non-aggregated organiza-
tion of soil particles found at the macro- and micro-scales
and (2) the C/N, ®C/™C and ""N/"N ratios measured at
the macroscopic scale from different density fractions using
an elemental analyzer coupled to isotope ratio mass
spectrometry (EA/IRMS) with the corresponding micro-scale
NanoSIMS measurements obtained for each fraction. When
the macro- and micro-scale patterns are similar, we compute
a correction equation for the NanoSIMS data by fitting
elemental and isotopic ratios determined by NanoSIMS with
data measured by EA/IRMS. We compare the correction
method using the internal calibration procedure with that
using a single standard (here the type III kerogen) and finally
present its application for investigating nano-scale elemental
and isotopic heterogeneity.

EXPERIMENTAL

Soil and labeling experiment

The soil is an acidic (pHppo=3.9) dystric Cambisol (sand:
80%; loam: 13%; clay: 7%) collected in November 2009 at
Ebrach, Germany (49°52'N, 10°27’E). It has been described
by Hatton and co-authors.!"” The first 2.5 cm of the A-horizon
were sampled on a surface area of 2 m?, mixed and sieved to
pass 2 mm. Observable roots were removed. The collected soil
has a total C content of 28.7 + 0.5 mg.g ™" and a total N content
of 1.85+0.04 mg.g™".

The soils were pre-incubated for 2 weeks prior to being
amended with 80 pg of uniformly 13 C-15N-labeled glycine
(98-99% excess; Sigma-Aldrich, Saint Quentin Fallavier, France)
per gram of soil, which corresponds to the natural annual input
in nitrogen. Glycine was added in solution to set the moisture
content at half of the water-holding capacity (21%). The
amended soil was thoroughly mixed by hand and sieved twice
to ensure a homogeneous mixing. It was incubated in the dark
at 20 °C for 8 h before freezing at —20 °C to stop the microbial
activity. The moisture content was determined at 105 °C. All
values are stated on an oven-dried basis.

Isolation of soil fractions

The soil was sequentially separated by density to isolate soil
fractions that differ in structure, organic matter composition
and dynamics. Based on a previous study in which we
described a set of seven physically and functionally different
density fractions isolated from the same so0il, " we selected
and isolated five fractions: 1.65-1.85; 1.85-2.0; 2.2-2.4; 2.4—
2.65 and >2.65 g.cm™. Briefly, the 1.65-1.85 g.cm™ fraction
consisted of aggregates dominated by organic matter. The
fractions between 1.85 and 2.4 g.cm™ mainly consisted of
aggregates dominated by phyllosilicates. The extent of
microbial transformation of the mineral-associated organic
matter increased with density. The 2.4-2.65 g.cm™ fraction
was dominated by quartz and feldspar covered by little
microbial organic matter whereas the fraction >2.65 g.cm™
was dominated by quartz and oxides covered by little plant
and microbial organic materials. After being isolated and

wileyonlinelibrary.com/journal/rem  Copyright © 2012 John Wiley & Sons, Ltd.
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rinsed, the density fractions were frozen at —20 °C and freeze-
dried. The recovery rates after density fractionation were 99%,
76% and 68% of dry weight, total C and total N, respectively.

Nano-scale characterization

The nano-scale characterization referred to the submicron
mapping of individual or clustered NanoSIMS pixels from
maximum one individual soil particle. The NanoSIMS ana-
lyses were performed as follows.

An aliquot of each selected density fraction was deposited
onto a clean gold foil without the use of any chemical or
epoxy resin to avoid contamination. Soil particles adsorbed
by electrostatic forces onto the holder were then coated with
20 nm of gold to ensure charge compensation. Images of
mounted soil particles and corresponding data were acquired
using a NanoSIMS 50 (Cameca, Gennevilliers, France) at the
LMCM, Museum National d’Histoire Naturelle of Paris,
France. Samples were first presputtered with a high Cs*
current (120 pA) for 10 to 25 min (depending on the surface
analyzed) to remove surface contamination and the gold
coating, and to implant Cs* into the surface of the sample
until a sputtering steady state was reached. Areas between
144 and 1600 pm? were then scanned with a low primary
current of Cs™ ions (1.5 pA) to ensure a spatial resolution of
ca. 80 nm. The resolutions of the images were 128 x 128 pixels
or 256 x 256 pixels wide with a raster speed of 2 ms.pixel™.
Secondary ion images of '*C-, ¥C-, '°07, C™N~ and
12CN" were simultaneously recorded with a high mass
resolution to resolve potential mass interferences (10 000 mass
resolving power for “°CN). Forty to fifty frames of secondary
ion images were accumulated per imaged areas. The '°O~
maps were used as a proxy for mineral surfaces.!"”) The instru-
mental stability for elemental and isotopic ratios was checked
using an organic type III kerogen (reference standard)
analyzed several times a day (n >2). The images and data
were processed using the LIMAGE® software (developed by
L. Nittler, Carnegie Institution, Washington DC, USA) and
corrected for detector dead time (44 ns, set electronically)
and secondary ion images drift in X and Y positions.

Micro-scale characterization

The micro-scale characterization referred to the NanoSIMS and
secondary electron mapping of soil particles from a given den-
sity fraction.

The NanoSIMS data were obtained as described above. The
NanoSIMS data acquired from more than one NanoSIMS
image were averaged considering all the measurements as a
unique sampling. The aggregated or non-aggregated organi-
zation of the soil particles was assessed using the secondary
electron detector of the NanoSIMS instrument and, when
possible, environmental scanning electronic microscopy
(SEM) at the LMCM. Individual particles were defined as
nonaggregated, while assemblages of several individual par-
ticles were defined as aggregated.

Macro-scale characterization

The macro-scale characterization referred to EA-IRMS data
and visual observations of the density fractions (=1 mm).
Total C, total N, *C/'>C and '>N/™N were measured in
triplicate using an elemental analyzer (NA 1500 type II,

CE Instruments, Rodano, Italy) coupled to a Finnigan, Delta S
isotope ratio mass spectrometer (Thermo Scientific, Bremen,
Germany) at the Technical Platform of Functional Ecology
(OC 081) at INRA Forest Ecology and Ecophysiology Unit,
INRA Nancy, France. *C/"C and N/™N ratios were
expressed as & values relative to the Vienna PeeDee Belemnite
(VPDB) standard®! and the atmospheric N, standard,?!!
respectively.

Soil fractions were visually checked for aggregated and
non-aggregated particles using a polarizing microscope
(Leica DM LP, Rueil-Malmaison, France) with low magnifica-
tion ranges.”!

Calculations

The C/N, ¥C/C and "®N/™N NanoSIMS ratios averaged
per fraction were calculated using, for each ratio, the sum of
counts (of >C, ¥C, etc...) of all the images of a given
fraction. The error for each region of interest (ROI) was calcu-
lated by propagating errors on counting statistics and the
uncertainty associated with the instrumental fractionation
according to Remusat et 1.7

Isotopic anomalies were defined as follows: the isotopic
ratio must be three times its associated error above the isoto-
pic composition of the whole image.!'”)

Ranomaly > Rimage +3x Oanomaly 1

where Ranomaly is the isotopic ratio of a ROI, Rimage is the
isotopic ratio of the whole image and Ganomaly is the error
associated with the Ranomaly Isotopic anomalies are defined
on ROI surfaces larger than 0.3 um?, i.e. about 30 times the
surface corresponding to the spatial resolution (<100 nm).

Statistics

Comparison between NanoSIMS and EA/IRMS measure-
ments was performed using Pearson correlation analysis.
We considered that the average values from all NanoSIMS
images acquired for a given fraction could be fitted to the
EA/IRMS value of the corresponding fraction to obtain a
correction equation when the Pearson correlation coefficient
(R) was higher than 0.8.

For correction methods, the maximum deviation to refer-
ence EA/IRMS measurements was computed as follows:

Maximum Deviation = max;

(RNannSIMS corrected — RLA—II{MS) /REA-IRMS

where Rgarvs and Ryanosivs corrected Stand for the referen(czg
EA-IRMS ratios and the corresponding corrected NanoSIMS
value, respectively; max; is the maximum deviation deter-
mined from the corrected values (;),

The error associated with elemental and isotopic ratios
obtained by the correction method using the internal calibra-
tion procedure, GrNanoSIMS corrected, Was computed as follows:

Maximum Deviation
O RNanoSIMS corrected — 100

X (RNanosIMS corrected @ X CRNanoSIMS uncorrected )

)

where a is the slope of the calibration equation and
ORNanoSIMS uncorrected is the error associated with RNanoSH\/IS uncorrected*
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Figure 2. (a) NanoSIMS secondary electron (SE) images and the corresponding
%0, 12C, “C*N~ and *C/2)C"N™ images from three organo-mineral density
fractions of soil. *C~/"2C"N"~ images illustrate the high variability of mineral-
associated organic materials through three different types of organo-mineral
associations. Square, triangle and circle indicate areas representative of each soil
fraction and refer to Fig. 1. (b) NanoSIMS images of C/N and ""N/"N ratios
corrected using the internal calibration method. '°N anomalies are circled in
red in C/N maps and quantified in & values (%o).
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RESULTS AND DISCUSSION

Multi-scale analyses of heterogeneity
Nano-scale complexity

The NanoSIMS images showed that the organo-mineral
assemblages were highly heterogeneous at the nano-scale
with, for example, several types of organic materials covering
alarge range of C/N ratios (lower part of Fig. 2(a)). Nitrogen-
rich regions represented in blue with uncorrected
12C~/C"*N" ratios <1 were found throughout all the parti-
cles imaged without distinguishable spatial gradient.
Nitrogen-poor regions represented in green, yellow and red
with uncorrected >C7/*C'"*N~ ratios >2 were much less
abundant. They were found without apparent pattern of spa-
tial distribution. Figure 2(a) shows two clear N-poor regions
at the surface of particles isolated from the lightest (3.1 pm?)
and the densest fraction (0.3 um?). The average uncorrected
12C~/12C™N" ratios measured on the whole images resulted

from the relative proportions of each organic material. The
C/N ratios of the soil particles reported in Fig. 2(a) were
0.84 for the NanoSIMS image of the 1.65-1.85 g.cm™ fraction,
0.33 for the image of the 2.2-2.4 g.cm™ fraction and 0.71 for
the image of the fraction >2.65 g.cm™.

Comparison of micro- and macro-scale characterizations of the
density fractions

Optical microscope observations indicated that the soil frac-
tions <2.4 g.cm™ were dominated by aggregated particles
and that non-aggregated particles progressively became more
abundant with increasing density (Fig. 3). In contrast, >99%
of soil particles from the two fractions >2.4 g.cm™ are non-
aggregated particles (Table 1). Sizing down to the micro-scale,
the secondary electron images indicated that the proportion
of aggregated particles decreased with density from 99% in
the lightest fraction to <1% in the densest fraction (Table 1).
Despite small discrepancies between the observations

Soil fractions

>2.65 g cir

Imm X v Imm

10um LW 10um

Figure 3. Aggregated or non-aggregated organization of soil particles isolated
from three density fractions of soil observed at the macro-scale with a polarizing
microscope and at the micro-scale using scanning electron microscopy (SEM).

Table 1. Aggregated or non-aggregated organization of soil particles isolated from five types of organo-mineral density
fractions investigated at both the macro- and the micro-scales. Aggregated and non-aggregated particles are visually identi-
fied using a polarization microscope at the macro-scale and a scanning electron microscope or NanoSIMS at the micro-scale.
At the micro-scale, the investigated surfaces are quantified by NanoSIMS using 'O as proxy for the soil particles; propor-
tions are computed from NanoSIMS images acquired in each fraction

Samples Organization of the soil particules

At the macro-scale using a polarization At the micro-scale combining scanning

microscope electron microscopy and NanoSIMS 50
Density fractions  Surface area  Aggregated =~ Non-aggregated  Surface area Aggregated Non-aggregated
g.cm™> cm? % %o pm? % %
1.65-1.85 9.2 89 1 1127 >99 <1
1.85-2.0 9.6 83 17 306 >99 <1
2.2-2.4 10.1 57 43 528 41 59
2.4-2.65 8.7 <1 >99 522 30 70
>2.65 105 <1 >99 1313 <1 >99

Rapid Commun. Mass Spectrom. 2012, 26, 13631371 ~ Copyright © 2012 John Wiley & Sons, Ltd.  wileyonlinelibrary.com/journal/rcm
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performed at the two scales, they both revealed a progressive
shift in particle organization with increasing density,
from aggregated organization in the light fractions to non-
aggregated organization in the densest fractions

The carbon and nitrogen concentrations measured at the
macroscopic scale decreased with increasing density until
the densest fraction, in which they increased slightly. This
was consistent with the NanoSIMS measurements averaged
per fraction, revealing that the surface covered by organic
materials decreased with increasing density (Table 2). The
C/N ratios measured at the macroscopic scale by EA/IRMS
decreased from 19.8 to 10.8 with increasing density until the
density cut off at 2.4 g.cm'3, and then slightly increased again
to 14.0. The uncorrected "*C™/"?C'*N" ratios obtained with
NanoSIMS for the same fractions also decreased with fraction
density. They were correlated to the larger scale measure-
ments obtained by EA/IRMS (R=0.85) and even more
(R >0.99) when excluding the fraction 1.85-2.0 g.cm™ that
was less imaged than the other fractions (306 um? — see
Table 1). The uncorrected **C~/*>C'*N" ratios determined by
NanoSIMS were much lower at between 0 and 1.1. This was
attributed to the lower emissivity of C~ than of CN~.110¢]
The NanoSIMS uncorrected *C”N~/"?C*N~ ratios deter-
mined from the set of density fractions followed the same
trend as the corresponding EA/IRMS measurements, with
correlation coefficients of 0.76 and 0.84 when excluding the
less imaged fraction (1.85-2.0 g.cm™ - see Table 1). The
13C/12C ratios measured by EA/IRMS did not vary for the
fractions <2.4 g.cm™ where they were 1.100%, but increased
slightly with increasing density in the two fractions >2.4 g.cm™
(Table 2). The uncorrected '*C/'>C” ratios measured with
NanoSIMS were not correlated with larger-scale EA/IRMS
measurements (R=0.15) and became weakly correlated when
excluding the less imaged fraction (R=0.57). This is probably
due to (1) the small range of variations in the bulk *C/"C
variations among the different fractions compared with the
uncertainty of the NanoSIMS measurement (Table 2) or the result
of (2) the occurrence of small patches of the **C label too hetero-
geneously distributed to be confidently sampled by the set of
images that we have acquired.

Our results showed that the particles organization, organic
matter contents, C/N and >N/N ratios exhibited consistent
patterns with increasing density at both macro- and micro-
scales as long as the surface imaged exceeded 500 um? (i.e.
for the fractions 1.65-1.85 g.cm™ and >2.2 g.cm™). This
supported the hypothesis that the set of NanoSIMS images
acquired on more than 500 pum” per fraction encompassed
all the nano-scale heterogeneity and that the images were
comparable with the larger-scale EA/IRMS measurements
(Fig. 1), making the internal calibration relevant. Conversely,
the '*C"/'2C" ratios measured by NanoSIMS did not meet
this requirement for applying the internal calibration method.

12015/
REEN- §I5N
SD % SD

%

0" as a proxy for the soil particles
8°C
%  SD

for OM. Isotopic ratios are also expressed as & values relative to the VPDB and the atmospheric N, standard. 7.d.: not determined; SD: standard deviation
SD

3) and the micro-scale by NanoSIMS (>500 pm?

1.07 0.00 1.049 0.006 —66.7 5.7 0.458 0.002247.0 6.5

0.31 0.00 1.068 0.006 —49.5 5.5 0.463 0.001259.5 3.4
0.38 0.00 1.054 0.011 —62.3 9.8 0.390 0.001 60.5 4.0

0.41 0.00 1.043 0.020 —71.5 17.6 0.417 0.002133.5 6.5
0.61 0.01 1.061 0.026 —55.9 23.2 0.468 0.002273.8 5.1

475 0.00 1.092 0.000 —28.7 0.1 0.376 0.000 22.9 0.1

At the micro-scale using NanoSIMS 50 (>500 pm?)
120- 260N 1B3C /120
SD

16
2

100
46
57
31

oM
covering
31°N rate
%0  SD %
3.7 0.2

Elemental and isotopic ratios
sl3C 15 /14N
SD % SD
—9.3 0.4 0.454 0.004 2345 11.2

%00

13C /120
SD

SD

At the macro-scale using EA-IRMS (n>3)
C/N

22 02 0.2 00115 0.8 1.104 0.000 —17.2 0.2 0.400 0.002 89.3 6.1

51 0.0 04 0.014.0 0.8 1.113 0.000

831 03 7.7 0.2109 0.2 1.099 0.002 —22.0 1.3 0.411 0.003 117.7 8.4

762.1 0.0 114 0.0 66.7 0.0 1.095 0.000 —25.2 0.1 0.369 0.000

mg.g SD mg.g SD

-3

NanoSIMS data correction

1.65-1.85 227.1 0.3 11.5 0.3 19.8 0.4 1.099 0.000 —21.9 0.0 0.430 0.001 170.6 2.2
1.85-2.0 158.617.1 10.7 0.1 14.8 1.4 1.100 0.000 —20.9 0.1 0.423 0.001 149.6 2.5

Densities
m
n.d
2.2-24
2.4-2.65

>2.65

The correction equations for the internal calibration method
were obtained by fitting uncorrected ?C~/"™C"N~ and
12C15N/12CN™ ratios measured by NanoSIMS on more
than 500 pm? per fraction to the corresponding reference
EA/IRMS values. The correction equations for the classical
method using a single standard, here a type III kerogen, were
obtained by multiplying the uncorrected *C~/**C'*N~ and

per flrzaction). The NanoSIMS measurements are not corrected. Organic matter (OM) covering rates are measured by NanoSIMS using
o

Table 2. Elemental and isotopic compositions of five density fractions investigated at both the macro-scale by EA-IRMS (n

Samples
Kerogen III
Soil fractions

and

I m——
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12C1N/12CMN" ratios measured by NanoSIMS by the ratio
of EA/IRMS to reference NanoSIMS measurements from
the standard. Table 3 reports the correction equations and the
corresponding maximum deviations to reference EA-IRMS
measurements (Eqn. (2)).

Evaluation of the correction methods

The maximum deviations (Eqn. (2)) associated with C/N
and N/'™N ratios corrected using the internal calibration
method were 1.2% and 3.5%, respectively, in the composi-
tion ranges displayed in the soil samples used for the
calibration (Table 3). The maximum deviations obtained
with the type III kerogen correction were larger: 50.9% for
the C/N ratios and 6.9% for the '’N/"N ratios.

The C/N ratios corrected with the type III kerogen were
about five units lower than the reference EA/IRMS values
(Fig. 4). The C/N ratios corrected with the internal calibration
were in much better agreement with the EA/IRMS values
(Fig. 4). The soil samples and the type III kerogen differed
by their matrix, e.g. organo-mineral vs. purely organic.
Earlier reports!®! suggested that the intimate interaction
of organics and minerals affected the ?C~ and *°CN~ emissiv-
ities and the resulting elemental ratios. The underestimated
values obtained with the type III kerogen correction might
also be due to (1) the fact that the C/N ratio of the kerogen
standard was not in the range commonly observed in soil

but much higher, or (2), to a lesser extent, the contribution
of a N-rich contaminant, such as adsorbed N, from the
atmosphere, occurring at the surface of the samples. This
contribution was taken into account by the internal calibra-
tion method.

The type III kerogen correction for '"N/'N ratios was,
again, less accurate than the internal calibration correction
(Fig. 4), but the maximum deviation of 6.9% indicated that
the correction with the type III kerogen was more accurate
for N/MN ratios than for C/N ratios. This might be
explained by the similar emissivity of the C'*N~ and
12C15N" species and by the high levels of isotopic enrichment
found through the panel of fractions.

Examples of applications

The correction equations were applied to the NanoSIMS
images obtained to quantitatively evaluate the nano-scale
elemental and isotopic heterogeneity of the organic forms
found at the surface of the soil samples (Fig. 2(b)). Most of
the organics appear in dark blue and show values of between
6 and 19. The few pale blue spots are indicative of material
with a C/N ratio close to 30 whereas the C/N ratios of the
two N-poor regions identified in yellow-red exhibit C/N
values of 52.4+0.6 and 80.5+£1.0. As the scale of investiga-
tion was between the molecular and the cellular scale, the

Table 3. Calibration equations for NanoSIMS determination of C/N and "’N/"N ratios and the corresponding maximum
deviations to reference EA/IRMS values. Equations are the regression coordinates between the uncorrected NanoSIMS
measurements and the reference EA/IRMS measurements. Uncorrected NanoSIMS values of a given region of interest are
noted x, while the corresponding NanoSIMS values after correction are noted y. Maximum deviations are expressed in

percentages
Correction method Ratio Calibration equation Maximum deviation (%)
Internal calibration C/N y=12.759x +6.151 12
PN/MN y=0.5384x +0.0019 3.5
Type III kerogen C/N y=14.049x 50.9
PN/MN y=0.9812x 6.9
7
0 /‘/ ///
60 7 0.0048 7
2 2
// //
.
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Figure 4. C/N and '"N/MN ratios obtained by NanoSIMS after correction with the
organic type III kerogen and with the internal correction method compared with refer-
ence C/N and '"N/™N ratios obtained by EA-IRMS (n=3). The dark triangles are the
ratios of each organo-mineral density fraction corrected with the internal correction
method; the light dots are the ratios of each organo-mineral density fraction corrected
with the organic type III kerogen; the dashed line is the 1:1 line; the diamonds are

the type III kerogen.
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C/N ratios differentiated classes of compounds based on
their relative richness in C compared with N. Thus, low
C/N ratios indicated N-rich compounds, such as peptides,
amino acids and amino sugars, whereas high C/N ratios indi-
cated C-rich compounds, such as carbohydrates, lipids and
phenolics. The NanoSIMS images showed that N-rich organic
materials were much more abundant than the N-poor ones at
the surface of the soil particles. They were both found
throughout the surface of all soil particles with clear agglom-
eration sites, but without any apparent spatial gradient, as
also shown by earlier NanoSIMS observations.131517] By
applying the correction method based on an internal calibration
procedure, it appeared that the predominant N-rich regions
have C/N ratios <19, suggesting that amide-containing
compounds dominated at the surface of the organo-mineral
assemblages. In agreement with earlier STXM-NEXAFS
studies,”***! these observations provided pieces of evidence
that peptide-like compounds dominated the mineral-attached
organic matter.?*?7!

The lower part of Fig. 2(b) points to two significant '°N
anomalies defined according to Eqn. (1) and illustrates how
sparsely the label was spatially distributed throughout the
soil particles. After correction of the NanoSIMS data, it was
found that the spot of glycine-derived N found in the
1.65-1.85 g.c > fraction had a 3N value of 525+ 20%o and
was located in a region with a C/N ratio of 25+0.3. In the
>2.65 g.cm™ fraction, the 8'°N value of the label spot was
611 +23%o and it was found in a region with a C/N ratio of
81+1. This indicated that the N tracer derived from the
labeled glycine ended up in diverse soil organic matter forms
and suggested that very different mechanisms were operative
in the association of the newly incorporated N with organo-
mineral assemblages in a very short timescale.

CONCLUSIONS AND RECOMMENDATIONS

Our results supported our initial assumption that the macro-
scale differences found through the set of density fractions
were also found when sizing down to the micro-scale within
each individual density fractions. The consistency of the
patterns in particles organization and in chemical composi-
tion displayed with increasing density between macro-scale
measurements and averaged micrometric analyses improved
when the surface investigated increased to better embrace the
spatial and chemical complexity of the mineral-associated
organic matter.

In the absence of elaborated organo-mineral standards that
cover the range of elemental and isotopic ratios found in soils,
our internal calibration correction based on the multi-scales
approach provided more accurate C/N and >N /"N ratios —
in the composition ranges displayed in the soil samples used
for the calibration — than the classical correction method using
a single standard. By improving the determination of the C/N
ratio, the internal calibration method provided much better
identification of the organic matter forms within the soil
matrix, possibly further improving the understanding of the
processes that rule the stabilization of the soil organic matter.

Such an approach might be of primary interest for Nano-
SIMS users studying heterogeneous organo-mineral materials
who wish to improve the quantitative determination of elemen-
tal and isotopic ratios at the nano-scale. The mandatory

condition is that the investigated material exhibits some
contrasted macroscopic features that could be also detected at
the micro-scale by averaging a defined number of NanoSIMS
images. The density fractionation separated organo-mineral
associations in a way that is suitable for the internal calibration,
but we expect other means of separating the fractions, such as
the particle-size fractionation, to also meet these requirements.
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ABSTRACT: Direct observations of processes occurring at the mineral-organic interface G : 12C14N
are increasingly seen as relevant for the cycling of both natural soil organic matter and
organic contaminants in soils and sediments. Advanced analytical tools with the capability
to visualize and characterize organic matter at the submicrometer scale, such as Nano
Secondary Ion Mass Spectrometry (NanoSIMS) and Scanning Transmission X-ray
Microscopy (STXM) coupled to Near Edge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS), may be combined to locate and characterize mineral-associated organic
matter. Taking advantage of samples collected from a decadal "N litter labeling
experiment in a temperate forest, we demonstrate the potential of NanoSIMS to image
intact soil particles and to detect spots of isotopic enrichment even at low levels of N
application. We show how microsites of isotopic enrichment detected by NanoSIMS can
be speciated by STXM-NEXAFS performed on the same particle. Finally, by showing how
>N enrichment at one microsite could be linked to the presence of microbial metabolites,
we emphasize the potential of this combined imaging and spectroscopic approach to link microenvironment with geochemical
process and/or location with ecological function.

H INTRODUCTION The development of micrometer to nanoscale techniques
The spatial distribution of organic matter (OM) within the soil now opens the gate to elemental, isotopic, and molecular
characterization at the required scale to shed new light on
organo/mineral associations. Nano Secondary Ion Mass
Spectrometry (NanoSIMS) provides elemental and isotopic
maps of OM at the surface of mineral particles with a spatial

matrix has major consequences for its accessibility to
decomposers." When mineral particles entrap or come in
close association with OM, they build physical barriers that
prevent decomposer organisms and exoenzymes from accessing

OM and decrease the in situ supply of gas, water, and nutrients. resolution less than 100 nm®™'* and perrrlliltfmtracking of
A useful simplification divides the processes of mineral-organic isotopically labeled substrates added to the soil. In contrast
interaction into two major categories. Organic matter can a) to bulk isotopic measurements by conventional techniques,
become occluded by aggregated soil structures and/or b) be NanoSIMS allows the visualization of the spread and dilution
engaged in fine scale interactions with mineral surfaces through level of the label into the soil matrix. Previous NanoSIMS
the activity of microorganisms® and a variety of sorption studies in soil science have been performed on samples
mechanisms.>* To date, investigations into the fate of mineral embedded in epoxy and further polished to create surfaces
associated organic materials are restricted to procedures of bulk without topography. However, studies on undisturbed micro-
analysis performed on operationally defined physical fractions. aggregates mounted without carbon-based chemicals are
They are expected to isolate mineral-organic associations of mandatory for applications that are focused on questions of
given characteristics, such as an increasing radiocarbon age and OM turnover and contaminant degradation.

an increasing proportion of microbially processed organic Scanning X-ray Transmission Microscopy in combination
matter in fractions of increasing density.>”’ Nevertheless, all with Near Edge X-ray Absorption Fine Structure spectroscopy
physical fractionation techniques in use today involve some

level of interference with the spatial integrity of soil Received: October 24, 2011

microenvironments, while there is an increasing awareness of Revised: ~ February 13, 2012

a strong dependence of geochemical process intensity on the Accepted: February 24, 2012

physical structure of the mineral matrix. Published: February 24, 2012
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(STXM/NEXAFS) can determine the speciation of OM at the
nanoscale.”™'® Because STXM and NanoSIMS operate at
similar scales, they should theoretically provide complementary
information about organic matter in soil microstructures,
provided that samples have (i) intact spatial structure and are
(ii) unaffected by embedding organic resins. Initial attempts
toward this goal have recently been reported for tiny
(micrometer-size) grains recovered from the coma of comet
Wild 2 by the Stardust mission.'” Our objective with this study
is to demonstrate the potential and the limitation of NanoSIMS
imaging for (1) tracking OM and labeled residues within soil
microaggregates deposited on a clean surface, without any
epoxy resin. We further use STXM/NEXAFS to (2) assess the
nature of this labeled OM and (3) evaluate the information
NanoSIMS can provide on the distribution of a '*N-label within
microaggregates. Our conceptual approach was to take
advantage of the availability of physical soil separates collected
from a forest soil in which "*N-labeled litter had been applied
12 years before sampling.

B EXPERIMENTAL METHODS

The soil was isolated from forest topsoil located at Ebrach in
Germany (49°52" N, 10°27" E). It is classified (World
Reference Base) as an acidic dystric Cambisol with a sandy
loam texture.”® "N labeled leaves were deposited 12 years
before sampling (initial A'*N of incubated leaves was 2.48%,
corresponding to 8N ~ 5785%o relative to the atmospheric
N, standard). Physical fractions were obtained by density
fractionation in order to isolate microaggregates. Organic
matter within individual fractions was found to vary in the
degree of microbial processing and carbon content:>' micro-
structures from the 1.8—2.0 g cm™ density fraction are more
plant-like (C/N = 16, 6"°C = —27%o relative to PDB) and
contain 210 mg C/g of fraction, those found in the 2.2—2.4 g
cm™ density fractions show a more microbial-like signature
(C/N =11.5, 53 C = —26%o) with a C content of 38 mg C/g of
fraction. "*N tracer applied a decade before sampling was found
in both fractions: 6'°N values were 25.2 + 0.5%o in the 1.8—2.0
g cm™ density and 25.6 + 0.2%o in the 2.2—2.4 g cm™ density
fraction, whereas 6N of unlabeled aggregates was —3.6 +
0.1%o in the lighter fraction and —0.3 + 0.1%o in the denser.
More details and interpretation for the recovery of *N label in
the microaggregates are available in ref 21.

An aliquot of each density fraction was deposited onto clean
Si;N, windows without the use of any fixative; particles are held
in place by plain electrostatic forces. When samples were jointly
studied with STXM-NEXAFS and NanoSIMS, they were first
imaged by STXM-NEXAFS, because NanoSIMS beam damage
is much more severe than that associated with STXM-
NEXAFS.

STXM-NEXAFS analyses were performed at beamline 5.3.2
at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory, Berkeley, USA. Images were obtained by
collecting stacks in the X-rays energy region of 278 to 330 eV
for carbon NEXAFS and in the region of 390 to 440 eV for
nitrogen NEXAFS. We omitted particles exhibiting an optical
density greater than 2.0 at any energy between 278 eV and 290
eV, ie. the main energy range of our carbon K-edge spectra.
Those particles were considered to be nontransparent to X-
rays, with an effective thickness larger than 150 nm; the
thickness limit depends on energy and will be greater at higher
energies. Data were processed with the software package

3944

aXis2000 to generate STXM images and NEXAFS spectra for
selected regions of interest.””

NanoSIMS imaging was performed at MNHN Paris, France.
Prior to NanoSIMS analysis, samples were gold coated (20 nm)
to improve lateral charge compensation. Imaging was
performed using a primary Cs* beam with a current set to
0.6 pA (using D1-3) to achieve an actual analytical spatial
resolution of less than 100 nm. The primary beam stepped over
the sample in a 256 X 256 pixel raster with a speed set at 2 ms/
pixel. Secondary ions images of 2¢c-, B¢, ¥0~, CN-, and
Y’CN~ were simultaneously collected by electron multipliers.
The images cover areas from 64 to 225 um® The secondary
mass spectrometer was tuned for ~6800 mass resolving power
(Cameca definition for NanoSIMS) to resolve isobaric
interferences (like at mass 27 between '*C'*N and “C"N).
Secondary electrons were also simultaneously collected in order
to image the sample while we collect secondary ions. Several
frames were collected and stacked to increase counting rate and
reduce statistical error. Instrumental fractionation was corrected
for isotopic ratios using terrestrial type III kerogen, an organic
standard with properties similar to the unlabeled soil OM (6"°N
= 3.7 £ 0.2%o). Data were processed as quantitative isotopic
ratio images and were corrected for instrumental bias including
image drift from layer to layer (due to drift in the location of
the ion beam from frame to frame). §*C maps did not reveal
any significant enrichment over natural abundance, confirming
that the method used in this study did not generate procedural
isotope enrichment in our images. Prior to each image
acquisition, the sample surface was presputtered using a high
current beam (around 70 pA) to remove surface contamination
and gold coating and to reach sputtering steady state. As a
result, several 100s of nanometers are removed before the
analysis. This means that a preexisting thin coating of the
particle would be only visible at its edge, the center of the
particle representing regions that are several 100s of nm below
the surface of the microaggregates.

Detailed procedure for soil fractionation, sample preparation,
technical settings for each technique, and statistics are
described in the Supporting Information.

B RESULTS AND DISCUSSION

1. NanoSIMS Investigation of Soil Microaggregates
Deposited on a Si;N, Window. Figure 1 shows a
microaggregate of approximately 10 by 3 um size that
originated from a physical fraction dominated by plant-like
organic materials.*' In this image, '*C and 26CN are considered
to represent OM, whereas 'S0 signals are assigned to
phyllosilicates, primary silicate minerals, or pedogenic oxides,
'80 yield being higher in mineral than in organic matrices. N is
detected as the molecular CN™ ion due to much lower yield in
N~ compared to CN~ under the Cs beam.**** As expected the
OM appears to be heterogeneously distributed: it occurs as a
very thin coating or as patches in subsurface layers, possibly in
protective pores. Nitrogen and carbon locations differ
significantly, indicating a variable OM composition (see Figure
S1). Carbon is distributed in patches all over the particle, while
N is found in some patches and forms a discontinuous rim
around the particle.

We need to consider possible sources of analytical bias to
discuss the C and N distributions. Microaggregate roughness
can be a potential source of bias because sample topography
affects the NanoSIMS yield for '>C~ and 2CN~ ions,

dx.doi.org/10.1021/es203745k | Environ. Sci. Technol. 2012, 46, 3943-3949
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Figure 1. NanoSIMS images of a soil microaggregate, indicating the location of 12¢, 26CN, and '*O along the particle, whose shape is shown by
secondary electrons. Maps of §"3C and §'°N are also represented. '*N-rich hot spots can be distinguished with 6'°N significantly above the natural
abundance; §°N = 573 + 175%o, 382 + 85%o, and 467 + 130%o (2 sigma errors) for a, b, and , respectively. A mask was applied to these images by
taking into account only the area of the particle with >C~ and **CN~ counts above an arbitrary threshold. Then, black regions correspond to the
location of the Si;N, window (on the sides) or to an area where we cannot get reliable data. 5(in %) = (Ryympte/Rytandard — 1) X 1000. R stands for

isotopic ratio.

preventing us from obtaining accurate C/N ratios.”> However,
on the X-Y profile (Figure S1) we find no correlation between
the amplitude of secondary electrons (indicative of the
topography) and 2C~ and 2°CN~ signals. This allows us to
exclude an influence of sample roughness on the distribution of
N and C.

There is also the possibility that the *CN~ signal at the
edges of the particle may be an artifact produced by the N-rich
window. Scattering effects or wrong definition of the region of
interest (ROI) may result in a fake rim. The X-Y profile
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through this particle (see Figure S1) proves that the *CN~
signal at the rim matches with the edge of the particle
(indicated by the secondary electron signal) and that the CN~
signal is more intense at the particle rim than on the Si;N,
window. Scattering of the primary Cs beam”**’ could skew the
location of N rich areas in our configuration. When primary Cs
ions hit the side of a particle, some may be deviated to the
SizN, window and sputter it, potentially leading to of the
appearance of a fake N-rich layer around the particle. This
effect is nevertheless small if the particle is constituted by light
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Figure 2. Example of the combined study of a soil aggregate by NanoSIMS (A and B) and STXM/NEXAFS (C and D). "*0 image (A) can be used
to map the inorganic part of the whole particle. OM, represented by ?C and **CN, occurs only as a rim around the particle (B). Color scale for A
and B is similar to Figure 1. (C) is an image of C and N as revealed by STXM imaging, the regions where the sample was too thick to get NEXAFS
spectra or was free of organic matter appear in gray. In (D), the carbon-NEXAFS spectra of the three areas defined in panels B and C are compared
with a black carbon spectra obtained from ref 28. Area (1) is identified by C-NEXAFS as black carbon; this is consistent with a strong '>C™ signal on

the NanoSIMS image. See text for peak identification.

elements, inducing a small scattering effect because they absorb
Cs ions more easily. We believe that we can rule out this effect
here because 1) on the secondary electron image (Figure 1),
the microaggregate is rather flat with a roughness smaller than
its lateral extension, and it should not be thicker than a couple
of micrometers and is composed of light elements (silicates and
OM); such particles are not expected to induce significant
scattering; 2) The *CN rich rim is discontinuous, like on the
top side of the particle: the CN™ coating is absent, whereas the
aspect of the particle is similar to other side regions; there is no
reason scattering would not happen in this region in contrast to
the rest of the edge of the particle, the primary beam in the
NanoSIMS being quasi-perpendicular to the surface. On the
other hand, it seems possible that an OM coating could have
been cut off in some places during sample preparation. In
addition, in another imaging study not involving STXM
imaging, we have deposited similar soil microaggregates on
cleaned N-free gold foil and the same N-rich rim could also be
observed (see an example in Figure S2). Finally, redeposition of
N-rich material around the particle during the Cs sputtering can
be excluded here because it would occur outside the imaged
area where the Cs beam does not raster.

‘We conclude that the observation of a N-rich coating, in this
case, is not biased and reflects the actual occurrence of OM
containing more N-rich moieties than most of the OM of this
microaggregate. This N-rich OM also seems to occur in one
area in the middle of grain in a pore (as revealed by a hole in
80~ image) that could have been connected to the outer part
of the microaggregate. Clear determination of the origin of this
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OM is, however, hampered by the lack of information at the
molecular scale.

2. NanoSIMS Characterization of OM Containing a °N
Tracer. The amount of N tracer was low in our samples
collected from a decadal, in situ labeling experiment: the
microaggregates contained about 10 mg-g™' N, with “N
representing only 0.3705% of the total N (very close to
0.3655%, the mean natural abundance of *N). Nevertheless,
NanoSIMS successfully detected several cases of “N-enriched
OM among 20 studied particles (Figure 1): the 6"N map
indicates three locations of "*N rich organic materials (see the
SI and Figure S3 for a description of the statistics used to
identify "*N-rich hotspots). In spite of the small size of these
regions of interest (around 400 nm wide), the degree of
isotopic enrichment is significant even when considerable
natural variability is assumed, with "N up to 500%o whereas
natural OM is around 6N = —2%o. The occurrence of such
enriched *N spots is not compatible with an intense microbial
recycling of labeled residues over the 12 year incubation; an
intense recycling would have diluted the isotopic signal and
spread it over the soil components. As a result, the spots of *N-
rich organic matter are either unaltered residues of the original
labeled litter incubated for 12 years or stabilized products of the
recycling of this litter. Unfortunately, C/N ratios determined by
NanoSIMS in the course of this study are not accurate enough
to distinguish between any of the two hypotheses.

A molecular investigation at a similar scale is desirable to
assess the fate of the organic label in such a long-term
experiment. Characterization at the molecular level is usually
achieved by using NMR or GC-MS, but these techniques do
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Figure 3. Joined NanoSIMS/STXM study of a soil aggregate with a N hot spot. (A): 2°CN image. (B): §"°N image of the same grain. A mask was
applied on these images with a similar fashion as Figure 2. The point (1) indicates a "*N-rich hot spot, 5"*N = 213 + 132%o. STXM C and N imaging
is reported in (C). Carbon-NEXAFS (panel D) shows that the litter-derived-'*N (region 1) would be involved in microbial OM as indicated by the
comparison with forest litter from ref 30 and microbe cell from ref 31. See text for peak identification.

not provide information about the spatial distribution of
molecular moieties at the micrometer scale.

3. Combined Investigation of Labeled Soil Micro-
aggregates by STXM and NanoSIMS. Figure 2 shows
images successively acquired on both STXM and NanoSIMS
for a five micrometer-wide microaggregate from the fraction
characterized by microbial organic matter.”’ On NanoSIMS
images, OM appears only as a thick coating around a side of the
particle (Figure 2B), while STXM mapping detects OM within
a larger zone (Figure 2C). This illustrates that NanoSIMS and
STXM do not image the sample in the same way. NanoSIMS,
as a surface technique, can only probe the (sub)surface over a
few tens of nm, whereas STXM is a transmission technique that
averages information over the entire thickness of the sample.
While OM located on the back of the sample will be invisible
for NanoSIMS, it contributes to the signal obtained by STXM.
For this reason, comparisons between STXM and NanoSIMS
images need to account for the fact that the STXM/NEXAFS
signal may indicate the presence of more organic species than
are present in the thin surface layer probed by NanoSIMS.
Only areas with concomitant NanoSIMS and STXM signals
(like areas 1 and 2 in Figure 2) should be taken into account for
joined interpretations. Area 1 is identified by both techniques as
being composed of a type of OM that differs from the rest of
the organic coating around the aggregate. On NanoSIMS
images, this area appears to be very C-rich and could
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correspond to carbonized OM. The C-NEXAFS spectrum
extracted for this area reveals a broad and strong absorption
band around 285.2 eV produced by aromatic C and a second
distinct peak at 288.5 eV in the carboxylic region. The
dominance of the aromatic peak is suggestive of black carbon
(BC), and, in fact the major features of this spectrum can be
well reproduced by a 58% and 44% linear combination of two
reference char spectra, Fescue grass charred at 300 and 700 °C
respectively.”® In the o* and postedge normalization range,
>290.5 eV, the shape of the two spectra remain similar although
the absolute intensity is different. As this range is very sensitive
to normalization and thickness effects, the fact that the lower
energy resonances can be well matched by sample BC spectra
remains strong evidence for the carbon in the particle being
derived from BC. In contrast, the rest of the OM of this
particle, as sampled in areas 2 and 3, shows a smaller peak of
aromatic material (285.2 eV) and noticeable resonances at
288.5 eV and 289.3 eV. The region 2 spectrum has the same
overall shape of standard spectrum of Tall Fescue grass®
despite a slight shift to lower energy by 0.14 eV. Even without
this shift, the very high degree of similarity implies a potential
plant material origin of this spectrum. The region 3 spectrum
shows the same features as the region 2 spectrum with
additional intensity at 287.2 eV. Solomon et al.' assigned the
287.3 region to aliphatic carbon. Similarly, Brandes et al.'®
identified the aliphatic region as 287.1 to 287.4 eV. The
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increased intensity in this region of the #3 spectrum indicates a
greater concentration of aliphatic carbon.

Figure 3 shows the images we successively obtained by both
techniques on a particle with a "*N rich hot spot (Figure 3,
region 1). This particle was from a density fraction enriched
with microbial products.”’ The '*N-rich hot spot has a "N
value of 213 & 132%o (2 sigma). According to NanoSIMS and
STXM investigations, it is located in a N-poor region (see
panels A and C). The feature in the C-NEXAFS spectrum
extracted from this area has a relatively broad absorbance band,
ranging from 287.8 eV to 288.9 ev, centered at 288.3 eV, and
peaking at 288.5 eV. The 288.7 eV to 288.8 eV range is taken
by Kinyangi et al.'” to indicate carboxyl-C with amide type
features resonating at the lower energy side of this range at
2882.* The broad nature of this feature in the sample
spectrum combined with the lack of large resonances in the
aromatic (285.2 eV) region or other prominent features makes
the most likely interpretation of this peak to be a mixture of
carbon containing a large fraction of carboxylic/amide
functional groups consistent with a mixture of proteins,
amino-sugars, and acid containing polysaccharides. The N
rich hot spot is more consistent with microbial body material
and/or exopolysaccacarides than it is with fresh plant litter
material as seen in Figure 2 or in ref 30 (see the comparison in
Figure 3). This is also supported by the comparison with data
acquired on pure microbial cells.>’ These results are consistent
with the hypothesis that the potential "N enrichment in this
location originates from microbial metabolites produced from
the decomposition of the '*N-rich litter rather than a fragment
of the litter itself.

It should be cautionary noted that fine scale mixing between
several organic pools (like a little amount of labeled plant
material embedded in a larger unlabeled blob of microbial
material) may remain an issue. A greater number of
observations at the nanoscale would help to establish a more
robust assessment. If confirmed, such visual observations would
represent a great step forward for the soil science community.
They would illustrate that microbial processing of litter-'*N
favors its retention in soil through to interactions with mineral
surfaces and prevents it from being continuously cycled and
eventually diluted, released, and lost as inorganic *N.

4. Technical Challenges To Combine STXM and
NanoSIMS. Several technical constraints, sometimes hard to
reconcile, arise if the exact same spot on a given specimen has
to be examined with STXM and NanoSIMS.

1) The samples must be mounted in the same fashion for
STXM and NanoSIMS analysis. Most STXM holders
contain either N (Si;N, window) or C (TEM Cu grid
with C lacey) and may introduce unwanted bias for
NanoSIMS N and C imaging (ion scattering, background
contribution).

The regions of interest (ROI) have to be large enough
(about 500 nm in diameter) to achieve decent counting
statistics with NanoSIMS; this is easier to do for large
particles. At the same time, particles have to be
transparent to X-rays, ie. with an effective thickness
smaller than 150 nm, to be studied by STXM.
Consequently, flat particles are the best targets for joint
STXM/NanoSIMS studies — with resulting issues in
terms of biased sample populations.

Charging of quartz grains during NanoSIMS imaging, in
spite of gold coating, is an issue, resulting in a dramatic

2)

3)
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decrease of signal intensity. This is usually addressed by
flooding the sample with electrons for charge compensa-
tion using a device called “electron gun”. Because the
electrons produced by the electron gun dazzle the
detector for secondary electrons, the electron gun would
have prevented us from acquiring the secondary electron
images that were needed to overlap images obtained
from STXM and NanoSIMS and to assess analytical bias.
We decided to favor the secondary electron images and
to mask, on our images, the very few regions showing
obvious charging. As a consequence, there is no
information at the location of charging, while the
information for the rest of the image is deemed suitable
for interpretation. When mineral grains are significantly
coated by organic material, charging effects can be
neglected (see Figure 1). As a result, only regions free of
organic material appear to undergo charging; there is no
significant loss of information about the OM at the
surface of a microaggregate if charging obscures only the
inorganic component.

5. Environmental Implications. Our study has demon-
strated the feasibility of NanoSIMS investigations on isolated
soil microstructures deposited on a clean surface. We have
shown how NanoSIMS identifies organic and mineral
components in microaggregates and detects the occurrence of
local concentration of any isotopic label even in the case of
weakly labeled samples. The observation of some label-rich hot
spots in our long-term experiment shows that labeled organic
matter in soil can be preserved over a long period.

STXM-NEXAFS combined with NanoSIMS generates more
robust conclusions than NanoSIMS imaging alone. Joint
STXM/NEXAFS analysis requires a significant amount of
analytical time on both instruments. When implemented, the
combination of methods offers a means to test hypothesis
arising from bulk scale studies by visualizing the suspected
process. The really unique set of results from such a
combination, in addition to small-scale textural observation
using SEM and TEM, opens a new window of opportunities for
geochemical and ecological processes research at the
submicrometer scale.
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Soil sample preparation

The labeled forest soil sample was collected from an acidic dystric Cambisol with a sandy loam texture located
at the Ebrach site in Germany (49°52’ N, 10°27’ E). It is a long-term labeling experiment conducted in situ.
Site characteristics, labeling and sampling procedures are described in details Hatton et al. (2011). Shortly,
the label was applied as a single pulse of highly 15N-enriched beech litter (§15N=5785%o) in February 1996,
the label litter being obtained by two foliar applications of urea to young beech trees in another forest in 1994
and 1995 [1]. The soil sample was collected twelve years after tracer application, from the 0-2.5cm of the A-
horizon, sieved to pass 2 mm and stored at +4°C. Following a method described by [2], it was further
fractionated according to density using a sequential fractionation method in sodium polytungstate (SPT).
Moist bulk soil samples were suspended in SPT solutions and shaken for 2 h, before being centrifuged at
2560g for 10 min. After adjusting density to target cutoffs (+0.01 g/cm3), the supernatant was aspirated using
a vacuum system. The SPT solution was then adjusted to the next higher density in the sequence and the
same procedure repeated again with the remaining soil pellet. The SPT was removed from the isolated
fractions using deionized water and the fractions were oven dried for 2 days at + 55°C. Some particles from
the 1.8-2.0 and 2.2-2.4 g.cm-3 density fractions have been imaged by both STXM-NEXAFS and
NanoSIMS techniques. The organic matter in the first density fraction is expected to consist in plant residues
aggregated with mineral particles whereas it has a dominant microbial signature in the heavier density
fraction [3]. Samples were then mounted on standard Si3N4 windows (obtained from Silson Ltd., England)
for STXM and NanoSIMS analysis. Prior to NanoSIMS analysis, the Si3N4 windows were gold coated (20
nm thick) to improve lateral dispersion of charges.

NanoSIMS settings

Isotopic and chemical images were acquired on the Cameca (Gennevilliers, France) NanoSIMS 50 installed
at the Museum of Natural History (MNHN) in Paris, France. This instrument allows the simultaneous
collection of 5 isotopes with a high spatial resolution and high mass resolution. A primary Cs+ beam was
used, with a current set to 0.6 pA to achieve an actual analytical spatial resolution of less than 100 nm. The
primary beam stepped over the sample in a 256 x 256 pixel raster with a speed set at 2 ms/pixel. Secondary
ions images of 12C -,13C -, 180 -, 26CN — and 27CN - were simultaneously collected by electron
multipliers with a dead time of 44 ns. Due to the poor yield of N- under the Cs+ primary beam, nitrogen is
detected combined with C as the molecular ion CN- [4, 5]. The images cover areas from 64 to 225 pm?. The
secondary mass spectrometer was tuned for ~6800 mass resolving power (defined as the ratio AM/M) to
resolve isobaric interferences (particularly at mass 27 between 12C15N and 13C14N). Samples were also
imaged simultaneously by secondary electrons allowing us to have an electron image of the sample while we
collect secondary ions. Several frames were collected and stacked to reach enough counting rate for descent
statistics. Instrumental fractionations were corrected thanks to a terrestrial type 3 kerogen. Prior to each
image, a high Cs+ current (around 70 pA) was used to presputter the surface of the sample in order to remove
the gold coating and surface contaminants and to reach sputtering steady state.

Data were processed as quantitative isotopic ratio images using I'image software, developed by L. Nittler
(Carnegie Institution of Washington), and were corrected for detector dead time and image drift from layer
to layer (due to drift in the location of the ion beam from frame to frame).

Error calculations and statistics used

Errors reported in this study are based on counting statistics [6]. Assuming Poison counting statistics, the
standard deviation (cion) for the number of ions in one pixel (or one region of interest) is given by cion=VN;
N being the total ion counts collected at the location of this pixel (or region of interest). The standard
deviation of any isotopic (or elemental) ratio is calculated by propagating the errors on each ion counts based
on Taylor series expansion. During the session, the standard is measured several times. This allows us to
determine an instrumental fractionation with an uncertainty. This uncertainty is based on the external
reproducibility (achieved on the standard) that corresponds to the standard deviation of several measurements
done at several locations. This uncertainty is propagated in the calculation of the final standard deviation

143



oratio of the isotopic ratio. The reported errors are 2 sigma errors (i.e. 2xoratio), corresponding to a 95%
interval of confidence in a Gaussian distribution.

A significant isotopic anomaly is defined by a ratio RROI (that can be expressed in & unit) significantly
different than the average value, i.e. with an error oratio much smaller than the difference between these
values. This means that we need to take in account not only the ratio or delta image (for instance figure 1) but
also the image of the errors on this ratio. For an easier determination of isotopic anomalies (positive in the
case of enrichments and negative in the case of depletion), we can define for each pixel a parameter Xpixel =
|Rpixel-Rimage|/ opixel. Rpixel is the ratio calculated for the considered pixel, Rimage is the same ratio
calculated for the whole image and opixel is the standard deviation of the ratio calculated for the considered
pixel. Using the image of X (figure S3), it is easy to locate pixels with Rpixel>Rimagex3opixel, which we
considered as significantly above the average value and so corresponding to positive anomaly. As shown in
figure S3, some pixels can exhibit a Xpixel>3, but if they do not define a region of interest (ROI) with a
significant size (set arbitrary to 300nm, about three times the spatial resolution), they are rejected. All the hot
spots that we have defined in this study had to fill two criteria that can be observed in figure S3: showing a
hot spot larger than 300 nm in both the & and the X images.

Synchrotron near edge X-ray absorption fine structure (NEXAFS) spectroscopy settings

Synchrotron X-ray spectromicroscopic analysis was conducted at scanning transmission X-ray microscope
(STXM) endstation of beamline 5.3.2.2 of the Advanced Light Source of Lawrence Berkeley National
Laboratory (beamline 5.3.2). Detailed operation principles of STXM/NEXAFS are published elsewhere [7-
9] and will be described here only briefly. Except when mentioned, we disregarded particles with optical
density greater than 2.0 at any energy between 278 ¢V and 290eV, i.e. the main energy range of our carbon
K-edge spectra. This limited particle selection to those smaller than approximately five microns. We collected
stacks in the region of 278 eV to 330 eV for carbon NEXAFS and in the region of 390 eV to 440 eV for
nitrogen NEXAFS. NEXAFS stack alignment and analyses, alignment of background and edge maps of
other elements were done using the Zimba alignment module of the software package aXis2000 [8]. Pre-
edge subtraction and post-edge normalization was done using Athena [10-12]. Carbon spectra were
smoothed using two iterations of the Athena interpolative smoothing algorithm.
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Figure S1: Line profiles through the particle imaged in figure 1 following the arrow. On this plot, we see the variations,
along the particle, of the 12C, 26CN and 180 count rate, showing different distribution of these elements. O is related to
inorganic mineral whereas C and CN indicate the location of organic material, but with variable composition. SE stands
for secondary electrons, which reflects the particle topography.
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Figure S2: Line profiles through a microaggregate sitting on clean gold foil, from another study. The foil is N-free, so
contribution from the background on the signal is excluded. We can see on this picture the same feature observed in figure
1 with a N-rich rim. The variable quality of the OM is also evidence by the comparison of linescans for C and CN.

Figure S3: Isotopic ratio and corresponding X images for the particle of figure 1. On this picture we clearly see the benefit
to use X to define ROI containing labeled material.
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Abstract

Soil microorganisms are increasingly seen as important drivers for the stable
association of organic matter (OM) with soil assemblages, but the way they act
remains largely misunderstood. Here, we investigate the attachment of fresh
microbial products with several stable organo-mineral assemblages. A surface acidic
Cambisol was amended with uniformly “C*N labeled glycine and incubated for 8
hours with g-irradiated and non-sterile soils. Soil organo-mineral associations were
jointly isolated by K,SO, extraction and sequential density fractionation. Labels
were tracked using elemental analyzer coupled to isotope ratio mass spectrometry
and nano-scale secondary ions mass spectrometry (NanoSIMS). After 8 hours of
incubation, 13% and 21% of the glycine *C and “N initially applied were associated
to the soil, but only 7.0% and 7.2% withstood the density fractionation procedure
and were considered as stabilised. Comparison between g-irradiated and non-sterile
soils revealed that more than 90% and 85% of the stabilized glycine-derived *C and
N were found in microbial products, with a higher occurrence in aggregates than in
plant debris and mineral grains. NanoSIMS images showed that these stabilized
microbial products are principally not confined to the microbial cells, but evenly
spread at the surface of the mineral-attached OM as extracellular products. Our
results suggest that they are stabilized through physico-chemical interactions most
likely mediated by the reactivity of the underlying minerals. However, their spatial
distribution appears intimately related to soil ecological properties therein the
preferential microbial habitats seem to lead to the specific partitioning of the
microbial products throughout the entire soil matrix.

Keywords
Density/ Microorganism/ NanoSIMS/ Soil/ Stabilization/ *C*N
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1. Introduction

Organic matter (OM) entering the soil system is principally fated to rapid
mineralization through the activity of living organisms. A small proportion,
however, remains for a longer period of time as a result of complex interactions with
its environment (Schmidt ez a/., 2011). Organo-mineral assemblages appear to be
important in the processes that rule quantity, quality and turnover of OM (Koegel-
Knabner ez al., 2008; Young and Crawford, 2004), but the mechanisms by which
organic and minerals get associated remain poorly understood. Soil microorganisms
are increasingly seen as important drivers for the build up of such interactions
(Sollins ez al., 2009), but the way they act remains largely misunderstood.

In natural ecosystems, the initiation of stabilization processes expands over months
to decades (Bird ez a/, 2008; Hatton ef al., 2012b; Mueller ez al., 2009; Zeller ez al.,
2001; Zeller ez al., 2000). As a result, chemically simple substrates have long been
used to accelerate the processing of organics by microbes and investigate their effect
(van Hees ef a/, 2005). Previous works showed that microbial transformation of
added amino acids occurs within few hours thanks to extremely rapid microbial
responses (Jones and Murphy, 2007). Although the fates of these products have
been investigated already (Andresen e al, 2008; Derrien ef al., 2007; Jones and
Hodge, 1999; Knowles ez al,, 2010; Vieuble-Gonod ez al., 2006; Webster ez al.,
1997), there is relatively little information on the extent to which microbially-
processed materials contribute to the overall formation of organo-mineral
associations.

The search for the drivers involved in the attachment of organics with stable organo-
mineral associations is also a matter of spatial scale, so each technological progress
refining the scale of investigation promises advances in their understanding
(Herrmann ez al., 2007b; Young ez al., 2008). Lehman and co-authors (2006; 2007;
2008) were among the first to address spatial and chemical complexity of the soil
mineral-associated OM at submicron scales. Using scanning transmission X-ray
microscopy (STXM) coupled with near edge X-ray absorption fine structure
spectroscopy (NEXAFS), they showed that microbial OM forms may dominate at
soil surfaces. Remusat and colleagues (2012) combined STXM-NEXAFS with the
nano-scale secondary ion mass spectrometry (NanoSIMS) for its ability to locate
isotopically labeled substrates in soil (Herrmann ez al., 2007b). They demonstrated
the strength of such a combination by elucidating the chemical composition of
mineral-associated OM containing residues of *N-labeled beech litter, 12 years after
application. Their work reveals that litter-derived "N may be found as microbial
products, but also that this powerful combination of complementary techniques
faces practical limitations, as it is not suited for the investigation of large number of
samples. Thousands of pm? of soil surfaces have been examined by Herrmann ez 4/.
(2007a), Mueller ez al. (2011) and Hatton ez a/. (2012¢) using the NanoSIMS in
conjunction with stable isotope labeling. The two latter groups imaged the rapid
spatial decoupling of *C and “N deriving from “C"N amino acids at the surface of
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natural soil structures. This confirms that easily accessible substrates are rapidly
utilized by living microorganisms under natural conditions (Jones and Murphy,
2007), as also observed in microbial cultures by Popa e a/ (2007) and Finzi-Hart ez
al (2009). However, the processes by which the microbially-processed materials
become associated with soil organo-mineral assemblages remains poorly understood.

This study aims at capturing how microbial OM becomes associated with soil
organo-mineral assemblages. To facilitate microbial processes, we incubated labile
BCPN glycine with a biologically active surface soil (Zeller and Dambrine, 2011).
The amended soil was incubated for 8 hours in the laboratory. The amount of
glycine BC and ®N associated to the soil was determined after K,SO4 extraction.
We used non-sterile and y-irradiated modalities to verify our working hypothesis,
that the glycine would be transformed into microbial products, and to further
investigate how the microbial processing is a premise for association with protective
organo-mineral assemblages. The amount of glycine *C and N attached to the
different types of soil organo-mineral associations was determined after density
fractionation. Fractions were analyzed for C/N, C/"C and ®N/*N ratios using an
elemental analyzer coupled with isotope ratio mass spectrometry (EA-IRMS). An
aliquot of the five most contrasted organo-mineral density fractions was randomly
isolated and examined by NanoSIMS to elucidate the spatial distribution of the
glycine-derived *C and N and the C/N ratios of the area in which they end up.

2. Material and methods

2.1. Soll

Site and soil were early described by Hatton ez a/. (2012b). Biologically very active
(Zeller and Dambrine, 2011), the soil is an (pHm=3.9) dystric Cambisol (sand:
80%; loam: 13%; clay: 7%) collected in November 2009 at Ebrach (Germany;
49°52'N, 10°27’E) from a site forested for centuries and covered with an even-aged
beech forest for the last 23 years. The first 2.5 cm of the A-horizon was sampled on
a surface of 2 m% mixed and sieved to pass a 2mm sieve. Observable roots were
removed. The moisture content was determined at 105°C.

2.2. Experimental setup

The soil was pre-incubated in the dark at 20°C for 15 days with a 1:3 soil to air ratio
to reach a biological steady state before substrate addition. The soil was further
treated under sterile and non-sterile conditions. Following McNamara ez a/. (2003),
who demonstrated that the y-irradiation should be preferred to other sterilization
methods to preserve the soil physico-chemical properties, we sterilized our moist
soils by y-irradiation with a resultant dose of 40kGy (2kGy.h™ for 20 hours; CEA of
Cadarache, France). Comparison between the sterile and non-sterile treatments was
assumed to inform on the degree of microbial processing of glycine by living
microorganisms in non-sterile conditions (Berns ez a/., 2008).
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Sterile and non-sterile treatments were amended with 80ug.gsoil-1 of uniformly
BCBN glycine (98-99% excess; Sigma-Aldrich, France), which corresponded to 25.1
ngC.g i and 14.8 pg®N.g 1. Glycine was added in solution to set the moisture
content at half of the water holding capacity (21%). The amended soils were
thoroughly mixed by hand and sieved twice to ensure homogeneity. Harvested soils
were frozen at -20°C. The colonization of sterilized soil by microorganisms was
avoided by working under sterilized conditions: use of UV irradiated materials,
manipulation under laminar-flux hood and filtration of the labeled glycine using a
syringe with a polycarbonate filter at 0.22um to retain cell-size structures.
Treatments were then incubated in the same conditions than the pre-incubation
(20°C; dark; 1:3 soil to air ratio). The duration of the incubation was set to 8 hours
to reduce the risks of contamination of the sterile treatment, which efficiency was
checked for bacteria and fungi on PDA (potato dextrose agar) and TSB (tryptic soy
broth) media (n=5, dilution factors: 1 and 107%).

2.3. Isolation of soil fractions

The soluble glycine residues were isolated using K>SO, extraction: the incubated soil
was shaken for 1 hour with 0.025M K,SO, (1:5 soil to solution ratio) and filtered
(Whatman N°2). Extracted soil and solution were frozen at -20°C before freeze-
drying.

In parallel, the incubated soil was submitted to sequential density fractionation, as
the procedure is able to isolate structurally and functionally different organo-mineral
associations (Hatton es al, 2012b). Mineral-attached OM isolated by this
fractionation procedure is theoretically tightly bound since it withstands the high
ionic force of the density liquid, sodium polytungstate (SPT0; TC-Tungsten,
Germany). This procedure was performed according to Hatton ez a/ (2012b) with a
centrifugation kept <2000g to preserve microbial cells. Plant debris were isolated in
the fraction <1.65g cm™; plant aggregates in the fraction 1.65-1.85g cm’;
microbial aggregates in the fractions 1.85-2.0 g cm?, 2.0-2.2 g cm™ and 2.2-2.4 ¢
cm™; mineral grains with litle OM attached in the fractions >2.4 g cm™. Plant
aggregates consisted of poorly altered plant debris aggregated with phyllosilicates
minerals. Fractions 1.85-2.4 g cm™ were dominated by phyllosilicates. The mineral-
associated OM was increasingly microbially-processed with increasing density.
Fraction 2.4-2.65 g cm™ was mainly made by quartz and feldspar covered by little
microbial OM. Fraction >2.65 g cm™ was dominated by quartz and oxides covered
by little plant and microbial OM. After being isolated and properly rinsed, density

fractions were frozen at -20°C and freeze-dried.
2.4. Quantitative determination of glycine-derived **C and N

2.4.1. Macro-scale characterization
Soil fractions were analyzed in three replicates for C, N, *C/”C and “N/"N using
an elemental analyzer (CE instruments, NA 1500 type II) coupled to an isotope
ratio mass spectrometer (Finnigan, Delta S) at the Technical Platform of Functional
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Ecology (OC 081) at INRA Forest Ecology and Ecophysiology Unit, INRA Nancy,
France. For each fraction, the amount of PC tracer was computed as a proportion of
C by subtracting the abundances in “C isotopes of the labeled and reference
treatments. The amount of "N tracer was calculated accordingly. *C and “N
enrichments were also expressed in 8 units relative to the Vienna PeeDee Belemnite
standard (Craig, 1957) and the atmospheric N, standard (Mariotti, 1983),

respectively.

2.4.2. Submicron-scale characterization

NanoSIMS imaging was performed on five density fractions selected out of the
seven for their contrasting physico-chemical properties: plant aggregates isolated at
1.65-1.85 g cm™; microbial aggregates isolated at 1.85-2.0 g cm™ and 2.2-2.4 g cm™;
mineral grains isolated at 2.4-2.65 g cm™ and >2.65 g cm™. Aliquots of each fraction
were deposited onto a clean gold foil and coated with 20 nm of gold to ensure
charge compensation. A total of 25 particles of soil were analyzed using a
NanoSIMS 50 (Cameca) at the LMCM, Museum d’Histoire Naturelle of Paris,
France, according to Hatton ez a/. (2012c). Samples were presputtered with a Cs*
current of 120pA for 10 to 25 minutes depending on the surface analyzed. Areas of
144 to 1600 pm* were scanned with a Cs* current of 1.5pA. Images were obtained at
128 x 128 pixels or 256 x 256 pixels wide with a raster speed of 2 ms.pixel™.
Secondary ion images of C-, *C’, O, »C"N- and “C"N" were simultaneously
recorded with ca. 10,000 mass resolving power for CN. Forty to fifty frames of
secondary ion images were accumulated per imaged area. The instrumental stability
was checked using an organic type III kerogen analyzed at least twice a day.
NanoSIMS images were processed using the LIMAGE® software (developed by L.
Nittler, Carnegie Institution, Washington DC, USA) and corrected for detector
dead time (44 ns, set electronically) and secondary ion images drift in X and Y
positions. C/N and “N/MN ratios were corrected using the internal calibration
method developed on these samples, while “C/*?C ratios were corrected using the
type III kerogen method (Hatton ef al, 2012¢). '*O" and *C maps were used as
proxies for particles and mineral-attached OM. The aggregated and non-aggregated
organization of the soil particles were determined using the secondary electrons
detector of the NanoSIMS or, when possible, the environmental scanning electronic
microscope (SEM) of the LMCM, MNHN Paris, France. Isotopic anomalies are
defined as three times above the isotopic composition of the image where they are
found (Remusat ez al., 2012).

2.5. Statistics
The correlation between data was tested using Pearson correlation analysis. Further
comparisons were performed using a Student’s s~test once normal distributions and
homogeneity of variances have been checked. Distributions were considered
significantly different when the probability p associated to the test was <.05.
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3. Results
3.1. Macroscopic measurements

3.1.1.Soluble and non-soluble K,SO, fractions

Recovery rates after K,SO4 extraction were 97+5%, 101£3% and 99+2% for dry
weight, total C and total N, respectively. 86+6% and 98+8% of the “C and N
initially applied were found eight hours after glycine additions. The fraction soluble
to K5SO, only represented 4+1% and 6+1% of the total C and N (Table 1), but
contained 66% and 70% of the *C and N initially applied. Its ®Ciacer/**Niracer mass
ratio of 1.8+0.2 was not statistically different from the one of the glycine initially
applied (PC/*N=1.7). Contrastingly, the *Cuacer/*Niacer ratio of the KoSOy extracted
soil equalled 1.4+0.1, what is significantly lower than the one of the glycine initially
applied.

3.1.2.Density fractions

Recovery rates after density fractionation were 99+3%, 76+5% and 68+4% of dry
weight, total C and total N for both sterile and non-sterile treatments (Table 1). No
significant differences between the distributions of soil mass (R>0.99), total C
(R=0.99) and total N (R>0.93) were observed among the control, the sterile and
non-sterile treatments. Dry weight strongly peaked in fraction 2.4-2.65 g cm™ with
86% of the total soil dry weight. Other fractions represented 1% to 6% of the total
soil dry weight. Density-isolated plant debris accounted for 2.8+0.7% of the total dry
weight, aggregates (1.65-2.4 g cm™) for 7.7+0.6% and mineral grains with little OM
(>2.4 g cm™) for 89.5+1.4%. Total C and total N both decreased from the lightest
fraction to the fraction 2.2-2.4 g cm?, slightly increased in the fraction 2.4-2.65 g
cm™ and dropped by one order of magnitude in the densest fraction. Density-
isolated plant debris (<1.65 g cm™) accounted for 41+7% and 26x6% of the total C
and N, aggregates (1.65-2.4 g cm™) for 51+1% and 61+2% and mineral grains with
little OM (2.4 g cm™) for 8+1% and 13+1%. The similarities found between the
two treatments for soil mass, C and N distributions indicated that the physico-
chemical properties of the soil fractions were not affected much by y-irradiation.

Quantities and distributions of *C and N tracers differed between sterile and non-
sterile treatments. Under sterile conditions, 0.68+0.03% and 1.11+0.01% of the *C
and N initially applied were recovered from density fractionation (Table 1). Table
1 shows that 42% and 50% of the associated glycine-derived *C and N were found
in plant debris (<1.65 g cm™), 30% and 40% in aggregates (1.65-2.4 g cm™) and 28%
and 10% in mineral grains (>2.4 g cm™). The ®Cacer/”*Niacer ratios measured in plant
debris and aggregates were between 0.1 and 0.9, which is significantly lower than
that of the glycine initially applied (z-test, p<.05). The ®Cacer/*Niacer ratios regularly
decreased with aggregate density. The ®Cruce/ Nirucer ratios of 2.2 and 2.9 measured
in mineral grains, were significantly higher than the applied glycine (#test, p<.05).
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Under non-sterile conditions, 7.0£0.1% and 7.2+0.0% of the ®C and “N initially
applied were recovered from density fractionation (Table 1). 20% and 26% of the
associated glycine-derived C and N were found in plant debris (<1.65 g cm™),
63% and 65% in aggregates (1.65-2.4 g cm™) and 17% and 9% in mineral grains
(>2.4 g cm™®). The BCuue/Nuwer ratios measured in aggregates decreased with
increasing density from 1.8+0.0 to 1.1+0.1. They did not statistically differ from the
glycine initially applied, except in the microbial aggregates of density 2.2-2.4 g cm™
(#-test, p<.05). Plant debris showed a “Ciucer/*Nucer ratio of 1.3+0.1 significantly
lower than the glycine (z-test, p<.05), whereas the Cuuce/Nuacer ratio of 22.8
measured in mineral grains (>2.4 g cm™) was significantly higher (#test, p<.05).

3.2. NanoSIMS analyses

Table 2 reports the characteristics of the soil particles imaged by NanoSIMS. The
proportion of aggregated particles decreased with density from 99% in the lightest
fractions to <1% in the densest fraction, as previously shown by Hatton et al
(2012c). Using C as a proxy for OM, we observed that the surface area covered by
OM decreased with increasing fraction density. Eighty-three percent of the total
surfaces covered by C” were found on aggregated particles, against 17% on non-
aggregated ones. The C/N ratios varied from 9.3+0.1 to 21.2+0.2 on aggregated soil
particles and from 7.8+0.1 to 20.8+0.2 on non-aggregated soil particles. This
indicates that OM forms found at the surface of all types organo-mineral
assemblages are relatively rich in N. Figure 1 shows the predominance of relatively
N-rich materials, but also the presence of sparser well-defined regions richer in C,
which corroborated the observations of Lehman ez a/. (2008). Both C-rich and N-
rich regions were found throughout the surface of soil particles isolated from all the
density fractions imaged, and without any distinguishable spatial gradient.

Table 3 reports the characteristics of the ®C and "N isotopic anomalies identified
with NanoSIMS. Eight hours after the C"N glycine application, discrete *N and
BC isotopic anomalies were found throughout the surface of soil particles. The N
anomalies were much more abundant than C ones at the surface of the particles
imaged: 28 N anomalies were identified against only five for the *C (Figures 1 and
2). They were both found in clear agglomeration sites of 0.3pm? to 3.4pm? (median
size = 0.6 pm?) and without any apparent spatial gradient. 82% of the surfaces
covered by these glycine-derived tracers were found onto aggregated particles,
against 18% onto non-aggregated ones. "N and PC isotopic anomalies were
spatially decoupled except at four loci found at the surface of one micro-aggregated
particle isolated from density fraction 1.85-2.0 g cm™ (Figure 2). The glycine-
derived N covered 0.7% of the soil particle surfaces imaged and 3.0% of the surface
covered by OM. Twenty-eight "N anomalies were spread across twelve particles
varying on spatial organization and density (Table 3). Twenty were found onto
particles lighter than 2.4 g cm™, and exhibited a micro-aggregated organization. Five
N anomalies were found on particles isolated from density 2.4-2.65 g cm™: two at
the surface of a micro-aggregate and three at the surface of a non-aggregated
particle. Finally, three ®N anomalies were found in density fraction >2.65 g cm™, on
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non-aggregated particles. In density fractions <2.65 g cm™, the "N anomalies
showed low C/N ratios ranging from 7.0+0.1 to 25.10.3 with 95% comprised in
between 7.0 and 16.5, without any differences between the C/N ratios of "N
anomalies measured on aggregated and non-aggregated particles. Conversely, the
three "N anomalies identified among the density fraction >2.65 g cm™ were in areas
with much more contrasted C/N ratios: 8.620.1, 21.6+0.3, 80.5+1.0 and 161.4+10.2.

The glycine-derived “C covered 0.1% of the surface of the soil particles imaged and
0.6% of the surface covered by OM. The five °C isotopic anomalies were found on
two microaggregated particles isolated from the density fraction 1.85-2.0 g cm™
(Table 3; Figure 2). They showed C/N ratios of between 10.1+0.1 and 12.2+0.1. No
correlation was found between the size of the spots where glycine-derived “C and
BN were found, their C/N ratios or their isotopic composition, indicating that the
chemical composition of the sites of association were not related to size or isotopic
composition.
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Table 1: Dry weight, elemental and isotopic composition of soil fractions incubated for 8h with *C"N labeled glycine (n=3). Dry weight and

elemental composition were determined for both sterile and non-sterile treatments. The sterilization was obtained by g-irradiation (40kGy). The
composition of the density fractions is from Hatton ez al. (2012b). SD stands for standard deviation; — for non determined.

Soil fractions

Elemental composition

Isotopic composition

Non sterile treatment

Sterile treatment

Description Composition  Dry weight Carbon Nitrogen BC e Nier Coce! "Nuseer " *Crncer *Nirer P Concel "Niser
% of -+ ocoil ! -+ acoil ! o % initially o % initially § o % initially o 1 % initially .
recovered SD mg.gsoil’ SD  mg.gsoil" SD ME.Eriction SD applicd SD  pggmcn SD applied SD Mean SD HE Liacion  SD applicd SD PE-Licson  SD applicd Mean SD
Bulk soil - - - 28.7 1 1.85 0 21.6 1.6 86.2 6 14.5 1.2 98 8 1.5 0.1 245 0.8 97.8 3.1 1453 0.92 98.3 6.2 1.5 0.1
K;SO, fractions
Soil extract - - - 27.5 0 1.74 0 5.1 0.8 203 3 4.2 0.4 283 3 1.4 0.1 - - . - - - - - - -
Soluble to K>SOy - - - 1.2 0 0.11 0 16.5 0.2 65.9 1 10.3 0.3 69.7 2 1.8 0.2 - - - - - - - - - -
Density fractions
(g-em™)
<1.65 Plant debris 2.8 0.7 8.1 0.0 033 0.03 15.4 1.1 1.4 0.1 12.0 0.4 1.9 0.1 1.3 0.1 3.1 0.8 0.28 0.07 3.61 0.06 0.56  0.01 0.9 0.1
1.65-1.85 Plant aggregates 1.8 0.0 4.2 0.0 022 0.01 21.0 0.2 1.6 0.0 12.0 0.1 1.5 0.0 1.8 0.0 1.4 0.3 0.11 0.02 1.54 0.02 0.19  0.00 0.9 0.1
1.852.0 Microbial L9 ol 3203 021 000 164 16 13 o0l 97 00 13 00 L7 02 07 02 006 00l 086 005 012 001 038 0.0
aggregates
Microbial
2.0-2.2 22 0.3 2.8 0.0 021 0.01 11.7 0.9 1.1 0.1 72 0.1 1.2 0.0 1.6 0.1 0.4 0.3 0.04 0.03 0.58 0.05 0.09 0.01 0.7 0.0
aggregates
Microbial
22-2.4 1.7 0.2 1.5 0.0 0.13  0.01 6.1 0.8 0.4 0.1 55 0.5 0.7 0.1 1.1 0.1 0.0 0.0 0.00 0.00 0.32 0.28 0.04  0.03 0.1 0.0
aggregates
2.4-2.65 Mineral grains 86.2 35 1.9 0.2 0.16  0.02 0.3 0.0 1.1 0.0 0.1 0.0 0.6 0.1 3.0 0.2 0.0 0.0 0.18 0.02 0.02 0.00 0.10  0.01 29 0.1
>2.65 Mineral grains 33 34 0.0 0.0 0.00  0.00 1.4 0.0 0.1 0.0 0.5 0.0 0.0 0.0 2.8 0.0 0.4 0.0 0.01 0.00 0.16 0.01 0.01 0.00 22 0.0
Sum of fractions - 21.8 1.7 1.25  0.01 1.8 0.0 7.0 0.1 1.1 0.0 72 0.0 1.7 0.2 0.2 0.0 0.68 0.03 0.16 0.00 1.11 0.01 1.0 0.2
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Table 2: Description of density-isolated soil particles imaged by NanoSIMS. The aggregated
or non-aggregated organization of the soil particles was visually determined using secondary
electrons images. The denomination of particles was the same as in Table 3. The C/N ratios
and the d®N of the whole particle were obtained using the internal calibration method,
while the d*C of the particle was determined using type III kerogen (Hatton ez al., 2012c).
The surface area of each particle was computed using ®O" as a proxy; the organic matter
(OM) covering rate of each soil particle was computed using >C" as proxy for the mineral-
attached OM.

Density fractions Isotopic anomalies
°C N -
3 Particles where = = % of total % of total surface
gem anomalies are found ~ 8(%0)  SD (%) SD SD 2 0 °
anomaties are foun (%) (%) pm surface imaged covered by OM
1.65-1.85 Ay 202 14 8.6 0.1 0.5 0.01 0.06
Ay 1409 29 16.1 03 0.4 0.01 0.04
1056 25  13.1 02 04 0.01 0.05
Ay 525 20 251 03 0.9 0.02 0.10
941 23 7.0 0.1 3.1 0.08 0.34
1329 28 7.0 0.1 0.6 0.02 0.07
833 22 8.5 0.1 0.5 0.01 0.06
1.85-2.0 B, 202 14 9.8 0.1 0.6 0.02 0.07
By 130 10 613 19 113 0.1 0.9 0.02 0.10
121 18 527 18 122 0.1 0.4 0.01 0.04
111 7 614 19 111 0.1 2.0 0.05 0.22
66 11 512 18 10.1 0.1 1.2 0.03 0.13
) 88 29 11.3 0.1 0.7 0.02 0.08
513 18 9.9 0.1 2.8 0.07 0.31
638 20 109 0.1 3.4 0.09 0.37
B, 308 16 83 0.1 0.9 0.02 0.10
By 290 15 112 0.1 0.9 0.02 0.10
2224 Cm 148 14 166 02 0.4 0.01 0.04
Cy 270 15 136 02 04 0.01 0.04
190 14 133 02 04 0.01 0.04
Cy 202 14 9.9 0.1 0.6 0.02 0.07
2.4-2.65 D, 226 15 103 0.1 0.9 0.02 0.09
Dy 799 22 9.1 0.1 1.7 0.04 0.18
Dy 266 15 8.4 0.1 0.4 0.01 0.05
D, 187 14 100 0.1 1.0 0.03 0.11
270 15 118 0.1 0.7 0.02 0.08
>2.65 En 611 23 80.5 60 03 0.01 0.04
799 22 1614 102 04 0.01 0.04
Ey 414 17 216 03 0.6 0.02 0.07
Total

Non-aggregated 0 7 4.7 0.12 0.51
Aggregated 1+4* 17+4* 235 0.62 2.56
Sum 5 28 28.2 0.74 3.08
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Table 3: Characterization of the ®C and N isotopic anomalies identified on particles
characterized in Table 2. Their C/N ratios and the dN were obtained using the internal
calibration method (Hatton e# al., 2012c), while the d*C was determined using type III
kerogen. The surface areas occupied by the isotopic anomalies are computed using *O" and
12C- as proxies for soil particles and their mineral-attached OM, respectively. * indicates the
sites where glycine-derived *C and *N were both found (See Figure 2).

Density fractions

Soil particles

Spatial organization ~ Denomination =C “N C/N Surface area  OM covering rate
gem? Agngi:iiZ;ted Non- 8(%0) SD  8(%) SD SD pm? % of surface area

1.65-1.85 Aggregated A, -18 1 130 14 206 02 916 42
Aggregated Ay -26 3 348 16 212 03 139 53

Aggregated Am 33 3 194 14 169 02 59 51
1.85-2.0 Aggregated B, 31 3 111 1399 o1 71 46
Aggregated By 25 3 338 16 105 0.1 61 47

Aggregated B -15 4 205 14 100 0.1 112 45
Aggregated By -31 10 239 15 102 0.1 33 36
Aggregated By -17 13 178 14 102 0.1 23 32

22-24 Non-Aggregated C, -14 14 111 13 8.0 0.1 151 9
Non-Aggregated Cy -41 14 88 13 9.5 0.1 76 20

Non-Aggregated Cm 221 13 89 13 9.1 0.1 71 21

Aggregated Cy -41 8 82 13 144 02 26 15

Aggregated Cy -10 14 84 13 180 02 20 21

Aggregated Cyy -18 3 108 13 114 0.1 143 38

Aggregated Conr 27 16 81 13 93 01 41 3

2.4-2.65 Non-Aggregated D, -9 20 150 14 95 0.1 144 9
Non-Aggregated Dy -17 19 332 16 89 0.1 96 14

Non-Aggregated Dy -8 16 108 13 146 02 139 5

Aggregated Dy -36 4 102 13 119 0.1 143 52

>2.65 Non-Aggregated E, 2 14 324 16 10.1 0.1 260 5
Non-Aggregated Ey 0 17 183 14 78 0.1 339 12

Non-Aggregated Em -9 11 374 16 152 02 130 4

Non-Aggregated Ew -10 16 550 19 109 0.1 224 2

Non-Aggregated Ey -20 7 256 15 208 03 258 8

Non-Aggregated Ey; -26 15 522 18 153 02 115 5

Total Non-Aggregated 2004 83
Aggregated 1792 17
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Figure 1: NanoSIMS images of isotopic anomalies identified at the surface of soil particles
isolated from five contrasted density fractions. Soil particles were imaged by secondary
electrons. The dashed line squares indicate what was imaged by NanoSIMS. The images are
ordered by density and refer to A1, Bur, Civ, Dir and Ey in Table 2 and Table 3. The isotopic
anomalies are circled in red: their C/N and d™N values are obtained using the internal
calibration method, whilst d**C values are determined using type III kerogen (Hatton et al.,
2012c¢).
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Figure 2: NanoSIMS images of spatially coupled *C ad N coupled isotopic anomalies. The
soil particle was imaged using secondary electrons and referred as By in Table 2 and Table 3.
The isotopic anomalies are circled in red: their C/N and d"*N values were obtained using the

internal calibration method, while d®C values were determined using type III kerogen
(Hatton ez al., 2012c).

4., Discussion

4.1. The extent of glycine *C and **N stabilization
Previous studies examined the fate of glycine within the soil matrix (Jones and
Hodge, 1999; Vieuble-Gonod e al., 2006; Webster e al., 1997), but its partitioning
through the soil OM pools remains not fully explored. Figure 3 distinguishes
between (1) the soluble fraction corresponding to what was soluble to 0.025M
K»S0O4; (2) the fraction tightly attached to soil corresponding to what was recovered
after density fractionation and (3) the fraction loosely attached to soil corresponds to
the difference between the soil extracted with K,SO, and the fraction tightly
attached. Eight hours after ®C*N glycine addition, 7.0% and 7.2% of the glycine-
derived ®C and N are already tightly attached to organo-mineral associations.
Following Sollins ez al. (2009; 2006), this fraction may be considered as more
relevant in term of stabilization than the loosely attached glycine-derived “C and

ISN‘
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Figure 3: Distribution of glycine-derived *C and N expressed as percent of initially
applied. Soluble *C and "N tracers were determined from the fraction soluble to 0.025M
K>SO.. Tightly associated glycine-derived *C and N were determined from the soil
recovered after sequential density fractionation, whereas loosely associated glycine-derived
BC and ®N correspond to the difference with the soil extracted using 0.025M K,SO..

Mineralization and losses correspond to what was not recovered.

Tightly attached
to soil

4.2. Quantification of the microbial stabilization of glycine **C and **N
Figure 3 reports that 14% of the glycine C was mineralized eight hours after
addition to soil, indicating the rapid microbial mineralization of the glycine substrate
as earlier described by many other studies (Derrien ez a/., 2007; Henry and Jefferies,
2003; Jones and Murphy, 2007; Webster ez al., 1997). This was further confirmed by
the large decoupling of the glycine *C and N observed through the set of density
fractions (Table 1) and on NanoSIMS images (Figure 1). Our study quantitatively
determined the contribution of living microorganisms to stabilized glycine-derived
BC and ®N by comparing the amounts of tracers found in the sterile and non-sterile

treatments reported in Table 1.
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Figure 4: Partition of the glycine *C (left) and N (right) stabilized through the activity of
living microorganisms (biotic association - grey) or abiotic processes (black) over the set of
density fractions. Abiotic processes were estimated from the quantities of glycine-derived
BC and ®N found in sterile conditions (n=3), while the contribution of living
microorganisms was determined by difference to what was found without sterilization. Sum
of fractions stands for the weighted sum of the density fractions expressed per gram of soil.
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Eight hours after the glycine addition, we found that 90% and 85% of the total
stabilized *C and PN tracers were attached via the activity of living microorganisms
(Table 1, Figure 4). Their contribution to the stabilization of the glycine derived C
and N varied through the set of density fractions. Aggregates showed the highest
contribution of living microorganisms, which regularly increased with increasing
aggregate density from 93+2% to 99+3% for the glycine-derived C and 87+1% to
95+5% for the glycine-derived N. Plant debris and mineral grain fractions showed
a slightly lower contribution of living microorganisms, accounting for 68% to 85% of
the tight association of glycine-derived *C and “N. Moreover, the small proportion
of stabilized *C and "N tracers attached in sterile conditions in these same fractions
was found to be altered glycine residues: Ciacer/”Niracer mass ratios (T'able 1) were
significantly different from the C/N mass ratio of the glycine initially applied
(C/N=1.0 in sterile conditions versus 1.7 for glycine). The alteration of glycine in
the y-irradiated soil might be explained by resilient enzymatic activities and, to a
lesser extent, free radicals formed through radiolysis of water in the presence of
molecular oxygen (McNamara ez al., 2003). This indicates that only a very small
amount of unaltered glycine may have been stabilized in the non-sterile soils. This
turther reveals that soil microorganisms directly and indirectly rule most of the
stabilization of the glycine-derived ®C and "N in the non-sterile soil, which
validates the use of glycine to study microbial processes involved in the build up of

stable OM.
4.3. Stabilized microbial products

4.3.1. Are they extra- or intra- cellular products?

The stabilized microbial products containing the *C and “N tracers were formed
through extracellular lysis of glycine and the intracellular biosynthesis of new
microbial products, possibly secreted out of the microbial cells (Geisseler ez al., 2009,
2010; Knowles ez al, 2010). NanoSIMS imaging revealed that the “C and “N
tracers were found as relatively abundant extracellular products. “N anomalies
always show a strong isotopic enrichment. Given that the probability to find many
inorganic ®N exactly at the same locates is low considering the small amount of
labeled glycine initially applied (<1% of the total N found in the bulk sample), the
N anomalies determined by NanoSIMS are more likely to be found as organic N.
Together, BC and N tracers occupied thousands times more surfaces (Table 3)
than the total soil surface occupied by soil microbes: *C and N anomalies in this
study cover 7.4:10° of the soil surfaces imaged (Table 3) against 1:10° for living
microorganisms as proposed by Young and Crawford (2004). The latter number
may be questioned even in the extremely favorable conditions of our incubation.
Even if few species have been described to respond in such a short period (Bowen
and Rovira, 1976; Lee ez al., 2011; Murase e al., 2012), the microbial growth usually
takes more than a day and could not explain a microbial blow of a 10* magnitude
(Darrah, 1991; Sato, 1987). Moreover, no microbial cells were identified at the
surface of soil particles NanoSIMS imaged. This was not surprising given that soil
microbes are expected to cover about 1:10° of the total soil surface (Young and
Crawford, 2004) and that we only imaged 3796pm? of soil particles with a spatial
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resolution <0.01um? To statistically ensure the observation of microbial cell, we
would have needed to image at least 10° um? of soil surfaces. Though unlikely, it
cannot be excluded that the sites of joined *C and N association are microbial cells
(Figure 2) for two reasons. First, they are found in well-defined clusters consistent in
size and C: N ratio with microbial cells (Franklin and Mills, 2003; Nunan ef 4/,
2003; Young, 2006). Second, the ability to identify microbial cells was compromised
by the fact that SEM images were acquired after the destructive NanoSIMS
imaging. Overall, our observations suggest that the *C and “N tracers were rather
found as extracellular microbial products than confined in microbial cells.

4.3.2. Stable attachment
Although the mechanisms of attachment for microbial cells are reasonably well
known (Chenu and Stotsky, 2002; Young et al., 2006), the mechanisms and controls
of the attachment of their extracellular products has received much less
consideration. They have been considered as self-assembled within the soil matrix
(Kleber ez al., 2007; Mikutta e al., 2011; Rillig ez al., 2007), but this as never been

validated at scales relevant to organo-mineral interactions.
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Figure 5: Comparison of the C/N ratios recorded from the isotopic anomalies and from the
whole particles in which they were found. The dashed line represents the 1:1 line.

The similar behaviours of the ®Chiucer/**Niacer ratios recorded throughout the set of
density fractions under sterile and non-sterile conditions (R>0.98; Table 1) might
indicate that microbial products interact with distinct organo-mineral associations
following similar mechanisms of association in both sterile and non-sterile
conditions. It appears that the concentrations in C and N tracers determined at
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the macro-scale (Table 1) were highly correlated with the OM covering rates
determined by NanoSIMS at the submicron-scale (R20.85; Table 2), suggesting
that the extent of glycine *C and "N stabilization varied with the surface coverage
of mineral-associated OM. NanoSIMS images obtained from the non-sterile
treatment further showed that the newly formed microbial products were found on
clear agglomeration sites throughout the surfaces of mineral-attached OM from
distinct organo-mineral associations, without apparent spatial gradient (Figure 1;
Figure 2). Figure 5 shows that glycine ®C and N were localized in organic areas
with low and homogeneous C/N ratios, between 7.0 and 25, compared with the
C/N ratios of the particles in which they were found (Table 2 and 3). The only
exceptions were observed in the densest fraction, where the attachment occurred on
OM much richer in C than the bulk particle. This fraction differed from the others
by the presence of reactive minerals, such as pedogenic oxides, that have been
previously described as adsorbing distinct OM types (Hatton ez a/, 2012b). The
highly heterogeneous C/N ratios recorded on the three sites with glycine "N
association may reflect the heterogeneous nature of the mineral-attached OM found
in this fraction (Hatton ez al, 2012a). We concluded that the chemistry of surface
OM constituting the soil assemblages does not exert a primary control for the spatial
distribution of glycine-derived ®*C and “N. Our results rather suggest that the
reactivity of the underlying minerals control attachment and distribution of the
microbial products.

4.3.3. Linking soil OM stabilization and ecology

Soil ecology may explain such distributions of the "N and ¥C tracers through the
soil assemblages, as well as the extent to which living microorganisms contribute to
their stabilization (Figure 4). Table 1 and Table 3 report macro- and submicron-
scale evidences that the stabilized glycine *N and C were quantitatively retained
more in light and, to a lesser extent, dense aggregated soil structures, suggesting that
the spatial organization of the organo-mineral assemblages favor the build up of
stable OM. In an earlier study (Hatton ez al, 2012b), we suggested that the
microorganisms inhabiting the lightest aggregates were more easily supplied with
organic resources, water and gas than in densest ones because of their changing
physico-chemical properties: as the aggregate density increases, OM quantitatively
decreases and qualitatively shifts from plant to microbial origin and porosity
decreases. The distribution and microbial stabilization efficiency of the glycine PC
and ®N reported in the present study (Figure 4) are in agreement with the
increasing contribution of microbial biomasses to the total carbon attached to soil
organo-mineral associations of increasing density (Hatton ez a/., 2012a), to suggest
that microorganisms preferentially inhabit in dense organo-mineral associations.
This supports our previous conceptual model and highlights the strong
interconnection among soil OM stabilization and microbial ecology.

The contrasted occurrences of ®C and N anomalies identified by NanoSIMS
(Table 3) may be attributed to the fact that extracellular microbial products rich in C
are more likely found surrounding microorganisms found on soil surfaces than the

N-rich ones (Foster, 1988; Young ez a/, 2008). In the acidic conditions of the
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studied soil (pH=3.9), the C-rich products of the microbial activity, such as
exopolysaccharides, may develop electrostatic interactions with positively charged
organo-mineral assemblages (Mikutta ez a/, 2011; Omoike and Chorover, 2006),
while the positive charge of some N-rich products, such as ammonium and amino-
N compounds, would rather favor the attachment to negatively charged organo-

mineral assemblages (Kleber ez al., 2007).

5. Conclusions

By using labile “C"N glycine, we characterized the attachment of microbial
products through a set of ecologically meaningful organo-mineral assemblages and
showed that the stabilized microbial products are principally not confined to
microbial cells. The glycine derivatives were evenly spread at the surface of the
mineral-attached OM as extracellular products and stabilized through physico-
chemical interactions, most likely mediated by the reactivity of the underlying
minerals rather than by the reactivity of the mineral-attached OM. Their spatial
distribution also appear intimately related to soil ecological properties, therein
preferential microbial habitats seem to lead to the specific partitioning of microbial

C-rich and N-rich products.
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Abstract

Soil microorganisms play a key role in soil organic matter dynamics, but little is still
known about their distribution through soil organo-mineral associations and how
they contribute to the overall soil organic matter. Here, a surface Cambisol was
amended with C-labeled glycine and beech leaf fragments for 12 weeks. Organo-
mineral associations were sequentially isolated by density. Amino sugar PC analysis
was used as a proxy for microbial biomasses to gain insight into bacterial and fungal
utilization of the two substrates for the production of biomasses. Total and ®C-
labeled glucosamine, galactosamine and muramic acid were quantified throughout
density fractions to elucidate the spatial distribution of dead and freshly produced
bacterial and fungal biomasses.

Total amino sugars and "“C-labeled amino sugars deriving from glycine were
similarly distributed throughout the set of density fractions, and both peaked in
microbial aggregates. *C-labeled amino sugars deriving from leaf fragments were
found in all fractions, but mostly in plant debris. Contributions of (i) total amino
sugars to the fraction carbon and (ii) *C-labeled amino sugars deriving from glycine
and leaf fragments to the corresponding fraction “Ciueer progressively increased

along with density.

Dead (total amino sugars) and freshly (C-labeled amino sugars) produced
microbial biomasses increasingly contributed to the cohort of carbon from whom
they derive attached with soil organo-mineral associations of increasing density.
Bacterial and fungal biomasses are similarly distributed, even though the
contribution of the latter is limited. Differences in the distribution of freshly
produced amino sugars deriving from the readily accessible glycine and the leaf
fragments revealed that bacteria and fungi grow where the resource is, but
accumulate in microbial aggregates. This reveals either a higher stabilization
efficiency for the microorganisms found in the microbial aggregates than in plant
fragments and/ or the transfer of the microbial biomasses from plant debris to
microbial aggregates, likely along with the transfers of decaying litter residues.

Keywords
Soil/ amino sugars/ *C/ density fractions/ LC-IRMS
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1. Introduction

Soil microorganisms are increasingly seen as important controlling factors for soil
organic matter (SOM) dynamics because their products accumulate in soils (Kindler
et al., 2009; Miltner et al., 2009; Nowak ez al., 2011) as stable SOM (Hatton ef a/.,
2012b; Sollins ez al., 2009). By jointly analyzing fumigation-extracts and biomarkers
of the total and living microbial biomasses, Appuhn and Joergensen (2006) showed
that half of the SOM of a rhizosphere soil may remain as dead microbial biomass,
while 6% might be found in living microorganisms. Although the soil microbial
habitats are reasonably well known, the environmental controls for their spatial
distribution through the soil system remain not fully understood (Young ez al,
2008). Fungal and bacterial contributions to increasingly stable SOM fractions, such
as isolated by density (Sollins et al., 2006), are still to explore.

Amino sugars are valuable biomarkers for the total microbial biomass (Amelung ez
al., 2008; Glaser, 2005a): they are almost totally produced by the microorganisms
and they long-survive their producers (Amelung ez a/, 2001). The most studied
amino sugars in soils are glucosamine, galactosamine, and muramic acid. They are
quantifiable and inform on bacterial and fungal origins. Fungi cell walls are, by far,
the major source of glucosamine in soils, while the bacteria cell walls are the unique
purveyor of the muramic acid (Glaser ez a/., 2004; Liang ez al., 2009). Galactosamine
has less specific origins (He ez al., 2011): it is principally found in bacterial materials,
but also in some taxonomic fungal groups. Amino sugars principally account for
dead microbial biomass, but a small fraction is included in the living biomass (Glaser
et al., 2004) so that tracking the formation of newly synthesized amino sugars has
been used for capturing the fates of the resulting microbial residues. Engelking ez a/.
(2007) demonstrated that the differences in quality between sucrose and cellulose
affect the formation of glucosamine, galactosamine and muramic acid. Many studies
further combined stable isotope techniques and amino-sugar *C or N analysis to
better quantify the freshly produced amino sugars (Amelung ez al, 2008; Glaser,
2005a). Many studies further combined stable isotope techniques and amino-sugar
BC or PN analyses to better quantify the freshly produced amino sugars (He e a/.,
2011; Liang e al., 2007). Until recently, however, amino sugar “C analysis was
hampered by undetermined biases on the isotopic signature of the studied amino
sugars resulting from a derivatization step for gas chromatography separation. To
overcome that issue, Bodé ez a/. (2009) developed a new method for amino-sugar C
analysis by liquid chromatography that provides more accurate and precise
measurement than never before. Such new analytical tool is now available to
determine the extent to which the chemical composition of the substrates affects the
distribution of fungal and bacterial biomasses through distinct soil compartments.

This study aims at solving the distribution of total and freshly produced bacterial
and fungal biomasses within increasingly stable soil organo-mineral associations.
Soils amended with C-labeled beech leaf fragments (natural substrate) and “C-
labeled glycine were incubated in the laboratory for 12 weeks. Soluble glycine was
used as a readily accessible substrate for soil microorganisms. An intermediary
sampling was performed for the soil amended with the soluble glycine. Based upon
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works of Sollins ez a/. (2009) and Hatton ez a/. (2012a), we hypothesized that the soil
microbial biomass increasingly contributes to soil organo-mineral associations of
increasing density. We further hypothesized that the incorporation of beech leaf
fragments and soluble glycine into the bacterial and fungal biomasses varies with the
distribution of soil microorganisms throughout soil organo-mineral associations and
their accessibility to the resource. To test these hypotheses, we (i) quantified
glucosamine, galactosamine and muramic acid contents through a set of density-
isolated soil fractions and (ii) determined the extent to which these amino sugars
incorporate the PC tracers deriving from “C glycine and PC leaf fragments. The
patterns of PC incorporation through the soil fractions were traced using elemental
analyzer coupled with isotope ratio mass spectrometry (EA-IRMS). The formation
of fungal and bacteria biomasses originating from both glycine and leaf fragments
was determined overtime by amino sugar C analysis using liquid chromatography

coupled with isotope ratio mass spectrometry (LC-IRMS).

2. Materials and methods

2.1. Soll
The soil was collected in November 2009 from an even-aged beech forest of 23 year
old at Ebrach, Germany (49°52'N, 10°27’E). Both site and soil were described in a
previous study (Hatton ez a/, 2012a). Briefly, the soil is an acidic dystric Cambisol
(pHe20=3.9; sand: 80%; loam: 13%; clay: 7%). The first 2.5 cm of the A-horizon
were sampled on 2 m? mixed and sieved to pass 2mm. Observable roots were
removed. The soil stored 2 weeks at +4°C prior pre-incubation.

2.2. Incubated materials
Soils were amended with uniformly “C-labeled glycine (98% excess; Sigma-Aldrich,
France) and ®C-labeled beech leaf fragments (3.27% excess). The labeled leaf litter
was obtained from 10 year-old beech trees grown in a chamber at the CEA
Cadarache (France) and labeled with “CO, over the vegetation season by
continuous labeling (April-May) and pulse labeling (June-September). Senescent
leaves were collected at fall, oven-dried at 25°C and finely ground to powder using a

ball mill.

2.3. Conditions of incubation
Soil were pre-incubated for 15 days at 20°C (dark; 1:3 soil to air ratio) prior
amendment with labeled glycine and leaf fragments. Both substrates were added in
the same amount than the natural annual input in N computed over the first 10cm
of the A-horizon: 15ugn.gwi". It corresponds to 80pg.gwi’ (26pge.gwi) for the
uniformly “C-labeled glycine and 2.4mg.g.i" for the “C-labeled leaf fragments
(1.1mgc.gwi ). The amended soils were thoroughly mixed by hand and sieved twice
to ensure a homogeneous mixing. The moisture content was set at half of the water
holding capacity (21%). Both treatments were incubated at 20°C (dark; 1:3 soil to air
ratio), aerated once a day for 2 weeks and twice a week until collection. The
moisture content was readjusted when necessary. The glycine treatment was sampled

174



after 7 days and 92 days of incubation, against after 92 days for the beech leaf liter

treatment. Soils were freezed at -20°C immediately after sampling.

2.4. Isolation of organo-mineral associations
Incubated soils were sequentially separated by density to isolate distinct organo-
mineral associations (Hatton e# a/, 2012a). In short, soils were suspended in a
solution of sodium polytungstate with low C and N concentrations (SPTo, TC-
Tungsten Compounds, Germany). The density was set to 1.65 g.cm™ prior
separation of light and dense fractions by centrifugation (<2000g). The light fraction
is then aspirated, rinsed and freezed at -20°C. The same procedure is repeated with
the dense fraction with solutions of increasing density. The same soil was already
density fractionated so that the composition of each density fraction is already
known (Hatton ez al., 2012a). Thus, we separated four density fractions containing
plant debris (<1.65 g.cm™), aggregates dominated by plant debris (1.65-1.85 g.cm™),
aggregates dominated by phyllosilicates (1.85-2.4 g.cm™) and mineral grains
dominated by quartz and feldspar with little organic matter attached (2.4-2.65 g.cm”
’). Materials denser than 2.65 g.cm™ were not treated because of the presence of
pedogenic oxides that could interfere with the LC-IRMS analysis. They accounted

for 0.9% and 0.2% of total soil mass and carbon, respectively.

2.5. Elemental and isotopic characterization

2.5.1.Macro-scale composition of the soil fractions

The composition in C and BC of the soil fractions was determined in three
replicates using an elemental analyzer (CE instruments, NA 1500 type II) coupled
to an isotope ratio mass spectrometer (Finnigan, Delta S) at the Technical Platform
of Functional Ecology (OC 081) at INRA Forest Ecology and Ecophysiology Unit,
INRA Nancy, France.

2.5.2.Molecular-scale composition of the amino-sugars isolated from the
soil fractions

Amino sugars “C and "C analyses were obtained in two replicates per soil fraction
using a liquid chromatography coupled to isotope ratio mass spectrometer (LC-
IRMS) at the Laboratory of Applied Physical Chemistry - ISOFYS, University of
Gent, Belgium. We followed the same procedure than Bodé ez a/. (2009): 0.3mg of
N were successively hydrolyzed with 6M HCI (20 ml for 1 gram of soil) at 105°C for
8 hours, filtered to pass through 0.45pm (GF/C 25mm, Whatman Cat N"1822-025,
Germany). Negatively charged compounds were removed using cationic exchange
resin (AG50W-X8, 100-200 Mesh, Hydrogen form, Bio-Rad lab.) prior to LC-
IRMS analysis of glucosamine, galactosamine and muramic acid. The
chromatographic separation was performed using a LC pump (Surveyor MS-Pump
Plus, Thermo Electron, Bremen, Germany) mounted with a PA20 CarboPac
analytical anion-echange column (3x150mm, 6.5pum) and a PA20 guard column
(Dionex). Two isocratic methods were used: basic amino sugars (glucosamine and
galactosamine) were eluted with 2mM NaOH and a column temperature of 15°C;
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acid amino sugars (muramic acid) were eluted with 2mM NaOH + 2mM NaNOs
with a column temperature of 30°C. Organic moieties were further converted in
CO; by the LC Isolink interface (Thermo Electron) using 0.4M Na,S,0Os for as
oxidizing agent and 1.5M H;PO. to neutralize the pH prior to combustion at
99.9°C. The CO, was finally analyzed for *C and C using an isotope ratio mass
spectrometer (DELTAPLUS XP, Thermo Electron).

2.6. Calculations
Quantities of PC tracer (QPClucr) deriving from the isotopically labeled substrates
were calculated as follows:

(A(%)labeled - A(%)control )

Q13Ctracer = 100 X [C][abe[ed (1)

where A(%)iusetca and A(%)conr are the abundances of C isotopes over the total C (%)
in labeled and control treatments, respectively. [Clusees and [Clinwa are the C
concentrations measured in labeled and control treatments, respectively.

Quantities of freshly produced amino sugars were obtained from the Q¥Cucer using
the amino sugar’s stoichiometry:

Newly formed amino sugar =Q'3C,mce, X %{ 2)

where X is the proportion of C found in glucosamine (40.22%), galactosamine

(40.22%) and muramic acid (43.03%).

Comparisons were performed using Pearson correlation analysis. The Pearson
correlation coefficient (R) was considered as high above 0.8.

3. Results

3.1. Carbon through soil fractions
Table 1 shows that the C contents measured from the control and treatments did
not significantly vary. Recovery rates after density fractionation were 99.4+0.4% and
90+4% of total dry weight and total C. Soil masses and total C were similarly
distributed through the set of density fractions isolated from control and treatments,
indicating that, the density-isolated fractions were globally comparable between
treatments and over time. The only exception was in plant debris isolated from the

soil amended with beech leaf fragments, what is attributed to the larger inputs in C
(Aita et al., 1997).

3.2. Amino sugars through soil fractions
Amino sugars concentrations measured in the bulk soils do not significantly vary
between control and the soils incubated with beech leaf fragments for 92 days or
with glycine for 7 and 92 days (Table 1). Mean glucosamine, galactosamine and
muramic acid concentrations were 664x187pg.g.i”’, 361:£76pg.g.wit  and
291+58ug.g.i!, respectively. Recovery rates after density fractionation did not
significantly differ between control and treatments. Glucosamine and galactosamine
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were better recovered than muramic acid. In both cases, amino sugars were found
throughout the set of density fractions. As observed in the bulk soil, the glucosamine
found in each soil fractions was invariably the most abundant amino sugar followed
by galactosamine and muramic acid. Based on soil weight, the distributions of these
three amino sugars did not significantly differ between the control and the soil
amended with beech leaf fragments and glycine. They remain somehow constant
through the set of density fractions except in the microbial aggregates fraction in
which they peak. The muramic acid shows a slightly less marked tendency. Based on
fraction C, the proportions of amino sugars C all regularly increased with fraction

density (Figure 1).

35
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Figure 1: Proportions of amino sugars C relative to fraction C measured in the control
(white), beech leaf fragments treatment 92 days after addition (green), glycine treatment 7
days (orange) and 92 days (brown) after addition. Glucosamine, galactosamine and muramic
acid C contents were expressed as pg per mg of fraction C. Density fractions are expressed as

gem?.
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Table 1: Carbon, galactosamine, glucosamine and muramic acid contents through soil fractions. The composition of the density fractions is from

Hatton e al., (2012a). SD means standard error (n=2).

Treatment Incubation Fraction Dry weight Carbon Galactosamine Glucosamine Muramic acid
days  g/em” Composition % mg/ gsoil SD ug/gsoil  SD  Distribution (%) SD  ug/gsoil SD Distribution (%) SD ng/gsoil SD  Distribution (%) SD
Control 0 Bulk soil 272 0.5 364 47 680 157 282 32
<1.65 Plant debris 2 8.0 0.1 63 7 24 3 134 20 26 4 30 4 18 3
1.65-1.85 Plant aggregates 1 55 0.0 42 7 16 3 84 15 16 3 17 3 10 2
1.85-2.4 Microbial aggregates 10 7.8 0.4 113 21 42 8 207 20 40 4 67 18 40 11
2.4-2.65 Mineral grains 86 2.5 0.0 48 2 18 1 98 3 19 1 53 0 32 0
Sum of fractions 99 23.8 0.4 265 38 79 11 522 59 77 9 167 27 59 9
Beech leaf litter 92 Bulk soil 272 0.4 369 60 697 137 330 25
<1.65 Plant debris 3 11.1 0.1 68 22 28 9 137 44 26 8 37 2 22 1
1.65-1.85 Plant aggregates 2 53 0.1 44 5 18 2 106 13 20 3 32 8 19 5
1.85-2.4 Microbial aggregates 9 7.3 0.1 97 20 40 8 187 29 36 6 58 14 34 8
2.4-2.65 Mineral grains 84 24 0.1 46 4 19 2 90 11 17 2 42 8 25 5
Sum of fractions 99 26.2 0.3 245 51 66 14 520 97 75 14 170 33 51 10
Glycine 7 Bulk soil 26.8 0.1 370 67 605 126 249 11
<1.65 Plant debris 2 7.4 0.0 50 10 23 5 115 26 25 6 22 1 15 1
1.65-1.85 Plant aggregates 2 5.0 0.0 47 7 22 3 93 17 20 4 26 4 17 2
1.85-2.4 Microbial aggregates 10 8.9 0.0 94 23 43 11 166 41 36 9 55 10 37 7
2.4-2.65 Mineral grains 85 25 0.1 37 3 17 1 92 8 20 2 48 16 32 11
Sum of fractions 100 23.8 0.2 217 43 59 12 466 92 77 15 151 31 61 13
92 Bulk soil 26.7 0.1 341 77 673 167 302 27
<1.65 Plant debris 2 7.8 0.0 49 13 20 5 109 36 22 7 37 7 21 4
1.65-1.85 Plant aggregates 2 4.7 0.0 41 10 17 4 81 20 16 4 27 8 15 5
1.85-2.4 Microbial aggregates 11 82 0.0 108 13 44 5 216 26 44 5 70 7 38 4
2.4-2.65 Mineral grains 84 2.8 0.0 46 4 19 1 85 8 17 2 48 16 26 9
Sum of fractions 100 23.6 0.1 245 40 72 12 492 90 73 13 182 38 60 13
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Table 2: Contents in *Cyucr and freshly produced galactosamine, glucosamine and muramic acid through soil fractions. The composition of the
density fractions is from Hatton ez al,, (2012a). SD means standard error (n=2). Total amounts of galactosamine (GalNy), glucosamine (GluN:.)
and muramic acid (MurN,,,) are in Table 1.

Treatment Incubation ~ Fraction Dry weight B¢, Newly formed Galactosamine Newly formed Glucosamine Newly formed Muramic acid
. . B Distribution g /mg fraction . Distribution ng /mg fraction . Distribution g /mg fraction
3 B t Y / 1 SD / 1 D D 1 D D
days g/em Composition % ng/ gsoil S| ng/ gsoil S %) GalN,,, S ng/ gsoi S %) GluN,, S ng/ gsoil  SD %) MurNy,

Beech leaf litter 92 Bulk soil 354 12 0.05 0.01 0.12 0.03 0.48 0.02 0.69 0.03 0.39 0.05 1.19 0.17
<1.65 Plant debris 3 193 0.1 0.03 0.00 62 7 0.40 0.04 0.11 0.01 50 3 0.77 0.05 0.07 0.01 38 3 1.78 0.14
1.65-1.85 Plant aggregates 2 7.4 0.0 0.01 0.00 12 2 0.12 0.02 0.04 0.00 18 1 0.36 0.02 0.04 0.00 24 1 1.30 0.06
1.85-2.4 Microbial aggregates 9 5.4 0.1 0.01 0.00 16 3 0.07 0.01 0.05 0.00 22 2 0.24 0.02 0.04 0.01 22 3 0.63 0.10
2.4-2.65 Mineral grains 84 2.1 0.0 0.00 0.00 10 3 0.10 0.03 0.02 0.00 10 1 0.24 0.03 0.03 0.00 16 0 0.65 0.02
Sum of fractions 99 341 03 0.04 0.01 0.18 0.03 0.21 0.02 0.40 0.03 0.17 0.01 1.01 0.08
Glycine 7 Bulk soil 7.1 0.0 0.05 0.01 0.14 0.04 0.48 0.03 0.79 0.05 0.04 0.01 0.17 0.03
<1.65 Plant debris 2 0.8 0.0 0.01 0.00 20 2 0.12 0.01 0.05 0.00 15 1 0.46 0.03 0.00 0.00 11 2 0.18 0.03
1.65-1.85 Plant aggregates 2 0.9 0.0 0.00 0.00 14 4 0.09 0.03 0.07 0.00 19 1 0.75 0.03 0.00 0.00 14 5 0.19 0.07
1.85-2.4 Microbial aggregates 10 1.9 0.0 0.02 0.00 51 10 0.17 0.03 0.17 0.01 46 3 1.01 0.07 0.02 0.00 56 4 0.36 0.03
2.4-2.65 Mineral grains 85 0.6 0.0 0.00 0.00 15 1 0.12 0.01 0.08 0.01 21 3 0.84 0.10 0.01 0.00 19 0 0.14 0.00
Sum of fractions 100 42 0.0 0.03 0.01 0.14 0.03 0.37 0.03 0.79 0.06 0.04 0.00 0.23 0.03
92 Bulk soil 43 0.1 0.05 0.01 0.15 0.04 0.46 0.05 0.68 0.07 0.06 0.01 0.21 0.03
<1.65 Plant debris 2 0.6 0.0 0.01 0.00 24 11 0.15 0.07 0.06 0.00 14 1 0.52 0.04 0.01 0.00 15 3 0.17 0.04
1.65-1.85 Plant aggregates 2 07 00 0.00 0.00 14 5 0.11 0.04 0.06 0.00 16 1 0.78 0.04 0.01 0.00 13 5 0.21 0.09
1.85-2.4 Microbial aggregates 11 1.5 0.0 0.01 0.00 44 10 0.13 0.03 0.21 0.00 53 1 0.97 0.02 0.03 0.00 58 8 0.37 0.05
2.4-2.65 Mineral grains 84 0.4 0.0 0.01 0.00 18 1 0.12 0.01 0.07 0.00 17 0 0.79 0.02 0.01 0.00 15 1 0.14 0.01
Sum of fractions 100 33 0.0 0.03 0.01 0.13 0.03 0.40 0.01 0.81 0.03 0.04 0.01 0.25 0.04
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3.3. BCiracer through soil fractions
Table 2 shows that 79£3% of the “Cyuc initially applied as beech leaf fragments
were found in the bulk soil after 92 days of decay, against 28+0% and 17+0% for
glycine after 7 and 92 days. This indicates that both substrates, and particularly the
glycine, have been mineralized.

Recovery rates after density fractionation were 96:1% for the residual “Ciucer
deriving from beech leaf fragments. The residual ®Ciucer was unequally distributed
through the set of density fractions: 56% were found in plant debris, 22% in plant
aggregates, 16% in microbial aggregates and 6% in mineral grains.

The “Ciucer tracer deriving from glycine showed a completely different pattern.
Recovery rates after density fractionation increased from 59+1% of the residual
BCrucer after 7 days to 76+1% after 92 days, suggesting that the residual ®Cucer is
increasingly stabilized overtime (Hatton ez a/., 2012b). Based on fraction weight, the
residual PCiucer found at day 7 and day 92 appeared similarly distributed: 19+0%
were found in plant debris, 21+0% in plant aggregates, 45+1% in microbial
aggregates and 15+2% in mineral grains. This points aggregates, and particularly the
microbial aggregates, as preferential sites for the retention of the residual Cicer
deriving from soluble glycine.

3.4. BCyracer Within amino sugars

3.4.1.Beech leaf litter amendment

Small amounts of freshly produced amino sugars were found in the soil incubated
with beech leaf fragments for 92 days: freshly produced glucosamine, galactosamine
and muramic acid accounted for 0.69+0.03 pg mg’, 0.12+0.03 pg mg' and
1.1920.17 pg mg™ of the total glucosamine, galactosamine and muramic acid,
respectively (Table 2). This indicates that muramic acid is the most renewed amino
sugar followed by glucosamine and galactosamine.

Recovery rates after density fractionation were 44+3%, 94+14% and 44+3% for
glucosamine, galactosamine and muramic acid, likely because variable proportions of
free forms (Roberts ez al, 2007). Based on fraction weight, these three freshly
produced amino sugars appeared unequally distributed through the set of density
fractions. They all peaked in plant debris that contained 50+3%, 62+7% and 38+3%
of the glucosamine, galactosamine and muramic acid recovered after density
fractionation. The rest is somewhat equally distributed through plant aggregates,
microbial aggregates and mineral grains for glucosamine and galactosamine, while
the proportions found within these fractions tend to regularly decrease with fraction
density for muramic acid.

BC-labeled amino sugars deriving from beech leaf fragments were quantitatively
dominated by glucosamine and muramic acid, but the C-labeled produced
muramic acid represented a much higher proportion to the total stock of individual
amino sugars than the C-labeled glucosamine (Table 2). The relatively large
formation of muramic acid to compare with glucosamine indicates that bacteria
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growth is favored in presence of leaf fragments (Amelung ez a/., 2001; Bossuyt ez al.,
2001).

3.4.2.Glycine amendment

Table 2 shows that the quantities of freshly produced glucosamine, galactosamine
and muramic acid were statistically equal in the soil incubated with glycine for 7 and
92 days as well as in all density fractions isolated from the two sampling dates. *C-
labeled glucosamine, galactosamine and muramic acid represent 0.7420.08 pg mg™,
0.15+0.06 pg mg' and 0.1920.05 pg mg™ of the total stock of amino sugars. This
indicates that the renewal rates increase is higher for glucosamine than for muramic
acid and galactosamine.

Recovery rates after density fractionation did not significantly differ between day 7
and day 92. They were 82+7%, 60+19% and 77+15% for freshly produced
glucosamine, galactosamine and muramic acid. Based on soil weight, they all
appeared similarly distributed through the set of density fractions: microbial
aggregates contained 49+3%, 48+14% and 57+9% of the freshly produced
glucosamine, galactosamine and muramic acid, while the rest seemed evenly
distributed through other density fractions.

At both sampling dates and in all soil fractions, *C-labeled amino sugars deriving
from glycine were dominated by glucosamine both quantitatively and in term of
proportion to the total stock of amino sugars (Table 2). This not only indicates that
fungi more efficiently produce biomass from glycine than bacteria over the first 12
weeks after substrate addition, but also that most of the freshly produced amino
sugars were produced in less than 7 days after glycine application and remain
unaltered for at least 92 days.

4. Discussion

Glucosamine, galactosamine and muramic acid account for 2.0+0.5% and 6.2+1.5%
of the total soil C and N (Table 1), which is in line with what have been published
before (Glaser, 2005b). However, muramic acid contents are usually much lesser
than those reported here. Only Decock ez al. (2009) reported similar concentrations,
which they attributed to the sandy texture of their soil. We also studied a sandy soil
and believe that this relatively high proportion of muramic acid may be attributed to
the relatively high contribution of bacteria, as revealed by a C/N ratio of 5.5 for the
microbial biomass extracted by fumigation, to this biologically active soil (Zeller and

Dambrine, 2011).

Table 1 shows amino sugars are unevenly distributed through the set of density
fraction: 22% are found in density-isolated plant debris, 54% in aggregates and 24%
in mineral grains. Based on fraction C, however, the proportions of amino sugars C
to fraction C progressively increase with fraction density (Figure 1). Following
Appuhn and Joergensen (2006), who suggested conversion factors to convert
glucosasmine in fungal C and muramic acids in bacterial C, we assessed total fungal
C and bacterial C contribution to fraction C. Figure 2 shows that the proportion of
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microbial C to fraction C regularly increases with increasing density to account for
most of the fraction C, what demonstrates earlier thoughts based on 8*C, 8N and
C/N ratios (Hatton ez al., 2012a; Sollins ez al., 2009, 2006). Bacterial and fungal C
follow the same pattern, but the contribution of the bacterial biomass increases
relatively more rapidly with increasing density than for the fungal biomass so that
the bacterial biomass exceeds by far the fungal biomass found in the denser fractions.
Relatively to the bacterial biomass, fungal biomass appears much more important in
low-density fractions where poorly altered plant materials are abundant (Hatton ez
al., 2012a), as indicated in many different soils by the high contents of poorly
oxidized lignin phenols (Sollins ez a/., 2009). Overall, bacterial and fungal biomasses
account for 70% of the total bulk C (95% confidence limits ranging from 52% to
121%), what corroborates earlier estimates (Appuhn and Joergensen, 2006; Simpson
et al., 2007).
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Figure 2: Bacterial and Fungal contributions to fraction C, expressed as percent of the total
C of each fraction. Errors bars represent the 95% confidence limits of the factors suggested
by Appuhn and Joergensen (2006) for the conversion of glucosamine and muramic acid into
fungal (dark grey) and bacterial (light grey) biomasses. Glucosamine and muramic acid

contents were averaged from control and treatments.

Contrarily to the total amino sugars that mostly render account for dead microbial
biomasses (Amelung e# al., 2008), the C-labeled amino sugars are indicative of
freshly produced biomasses. As recently reported by He ez al. (2011), our results
show that the incorporation of the tracer within amino sugars appears both substrate
and compound specific. Our results further reveal that the distributions of “C-
labeled amino sugars deriving from both beech leaf fragment and glycine (reported
in Table 2) are highly correlated with the distributions of residual ®Chucer found in
each treatments (R20.97). Figure 3 shows that the proportions of *C-labeled amino
sugars deriving from both glycine and beech leaf fragment to fraction “Cicer
progressively increase with fraction density. Such pattern is highly correlated with
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what was observed for total amino sugars C relatively to total fraction C (R20.91;
Figure 1), corresponding to the integrated state of the different succeeding cohorts
overtime. As a consequence, dead and freshly produced bacterial and fungal
biomasses are similarly distributed regarding to the C of the cohort from whom they
derive.
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Figure 3: Proportions of ®*Cucr within the freshly produced glucosamine, galactosamine
and muramic acids to residual *C.,. found in the soil fractions isolated from soils amended
with beech leaf fragments fragments for 92 days (green), glycine for 7 days (orange) and 92

days (brown). Density fractions are expressed as g cm™.

Soil ecological interpretations can be derived from the distributions of the freshly
produced microbial biomasses. Based on dry weight, amino sugars formed from the
soluble glycine quantitatively peak in microbial aggregates where most of the
residual PC-glycine is (Table 2). The ratios C-amino sugars/ total amino sugars
indicate that the renewal rates for amino sugars are the highest in microbial
aggregates. This indicates that active microorganisms preferentially settle in this
fraction, what is supported by the distribution of total amino sugars through the set
of fractions (R>0.97; Table 1). The comparison with the amino sugars formed from
beech leaf fragment reveals that the biological activity evidenced by the renewal rates
(Table 2) is principally located where the resource is, as reported by Foster ez al.
(1988) and Young ez al. (2008). Indeed, the *C-leaf fragments are mainly isolated in
the lightest fraction (Table 2) with other plant debris colonized by microorganisms
(Hatton e# al, 2012a). Extending our results to naturals ecosystems, where the
microbial biomass mostly derives from plant litters, we might assume that the
microbial biomass is principally produced on the litter fragments. Integrated state of
amino sugars from the succeeding cohort of litter over time, the distribution of the
total amino sugars (Table 1) indicates that the microbial biomass does not stay in
plant debris. This might be explained by either the progressively movement of soil
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assemblages from plant debris to microbial aggregates along with the OM decay, or
the higher stabilization efficiency in the microbial aggregates than in plant
fragments. Assuming that the microbial biomass found in plant debris turnovers
faster than the one found in microbial aggregates, the larger amino sugars contents
found in microbial aggregates would result from the accumulation over time.

5. Conclusions
By mapping total and freshly produced glucosamine, galactosamine and muramic
acid through density fractions we demonstrated that:

1) Dead and freshly produced microbial biomasses are similarly distributed regarding
to the cohort from whom they derive. Dead bacterial and, to a lesser extent fungi,
increasingly contribute to SOM attached with soil mineral-organic associations of
increasing density. A similar pattern was observed for the small amounts of freshly
produced microbial biomasses formed from leat fragments and glycine relatively to
the fraction ®Cacer.

2) The chemical complexity of substrates influences its microbial utilization and the
spatial distribution of the resulting microbial residues. Soluble glycine is rapidly
transformed into microbial biomass distributed as the integrated state of the
succeeding cohorts, confirming that glycine is readily accessible to all soil
microorganisms. At the initial stage of decomposition, the microbial residues
deriving from beech leaf litter fragments are mostly located with other plant debris.
The difference with the distribution of the total amino sugars might be explained by
(i) the progressive movement of soil assemblages from plant debris to microbial
aggregates along with the OM decay and/ or (ii) the higher stabilization efficiency in

the microbial aggregates than in plant fragments.
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Séquestration du C et du N dans les associations organo-minérales du sol

Résume

Les associations organo-minérales jouent un role prépondérant dans la
séquestration a long terme des matiéres organiques des sols forestiers, mais les
contributions des différents types d’association organo-minérale a la stabilisation,
ainsi que les processus microbiens qui en sont responsables, restent mal connus.
Pour y remédier, des techniques de tracage isotopique ont été combinées a la
séparation densitométrique séquentielle des associations organo-minérales. Ces
derniéres ont été investiguées in et ex situ, a différentes échelles spatiales
(macroscopique, submicrométrique et moléculaire) et temporelles (de 8 heures a

12 ans).

Quatre types d’association organo-minérale ont été distingués: les débris
végétaux associés a quelques rares minéraux, les agrégats végétaux, les agrégats
microbiens et les grains minéraux. Le tracage isotopique du carbone et de I'azote
dérivés des litieres de feuilles a mis en évidence, a I'échelle de la décennie, des
transferts entre les différentes associations organo-minérales. Tous deux entrent
dans le sol sous forme de fragments végétaux, puis migrent progressivement vers
les agrégats végétaux et microbiens. Les agrégats apparaissent pertinents pour la
stabilisation du carbone et de I'azote a 'échelle décennale. Une petite fraction du
carbone et de l'azote apparait rapidement stabilisée dans les grains minéraux
denses. Nos observations du devenir du N indiquent que lactivité des
microorganismes du sol est responsable de ces transferts. Les fragments de feuilles
colonisés par les microorganismes sont progressivement incorporés dans les
agrégats végétaux. A mesure que la décomposition se poursuit, les agrégats
végétaux se disloquent pour former des agrégats plus stables, plus pauvres en
matiéres organiques, plus enrichis en produits microbiens et plus compacts : les
agrégats microbiens.

La stabilisation microbienne a été étudiée aux échelles macroscopique,
submicrométrique et moléculaire, principalement par NanoSIMS et LC-IRMS.
Elle opére (i) directement par immobilisation dans les cellules microbiennes et
(ii) indirectement via une abondante production de métabolites extracellulaires.
La calibration des C/N obtenus par NanoSIMS a permis de déterminer qu'ils
sont stabilisés dans les associations organo-minérales sans controle apparent de la
chimie des matiéres organiques. Lincorporation du *C dans les sucres aminés,
biomarqueurs des biomasses bactériennes et fongiques, indique que les
microorganismes vivants croissent ou la ressource se trouve. Ils saccumulent dans
les agrégats microbiens via les processus de transfert précédemment évoqués.

Ce travail souligne 'importance des agrégats pour la séquestration du carbone et
de T'azote dérivés des litieres a I'échelle de la décennie. Il met également en
évidence le role des microorganismes dans les transferts et la stabilisation du
carbone et de 'azote dérivés des feuilles au sein d’associations organo-minérales.

Mots clés: Sol forestier, Litiere; Stabilisation, Tracage isotopique, Azote, Carbone,
Association organo-minérale; Microorganismes; NanoSIMS; STXM-NEXAFS; LC-IRMS;

Sucres amines



Séquestration du C et du N dans les associations organo-minérales du sol

Abstract

Organo-mineral associations play a key role in the long-term sequestration of
organic matter in forest soils. However, knowledge about the contribution of the
different types of organo-mineral associations and the microbial processes
involved in soil organic matter stabilisation is scant. To solve it, stable isotope
techniques have been combined with the sequential density fractionation of
organo-mineral associations. Isolated fractions were investigated in field and in
lab, at different temporal (from 8 hours to 12 years) and spatial scales (macro-,
submicron- and molecular scales).

Four types of organo-mineral associations were distinguished: plant debris with
little mineral attached, plant aggregates, microbial aggregates and mineral grains.
Isotopically labeled beech leaf litters were tracked at a decadal time-scale to
reveal transfers in between organo-mineral associations. Both litter-derived
carbon and nitrogen entered the soil as plant fragments to progressively pass
through plant and microbial aggregates. Aggregates appeared particularly
meaningful for the stabilisation of litter-derived carbon and nitrogen at a decadal
time-scale. Little of the litter-derived carbon and nitrogen was found quickly
stabilized to mineral grains. Microbial activities appeared as a major controlling
factor for the evolvement of organo-mineral associations, responsive for the
transfers of litter-derived carbon and nitrogen. Indeed, plant debris colonized by
microorganisms are progressively trapped into plant aggregates. As decomposition
proceeds, plant aggregates disrupt into denser microbial aggregates. These
aggregates are loaded with lesser organic matter, but enriched in stable microbial
materials.

Stabilisation by soil microorganisms has been studied at the macro-, submicron-
and molecular- scales, using mostly NanoSIMS and LC-IRMS. Microbial
stabilization operated (i) directly through immobilization in microbial cells and,
(ii) indirectly through large production of extracellular microbial products. By
calibrating the NanoSIMS for accurate C/N ratios, extracellular microbial
products have been shown to be stabilized onto organo-mineral associations
without apparent control of the mineral-attached organic matter chemistry. The
incorporation of 1*C tracers into amino sugars, biomarkers of bacterial and fungal
biomasses, revealed that living microorganisms grow where the resource is, but
accumulate in microbial aggregates. Microbial biomasses moved from plant
debris to microbial aggregates, likely along with the transfers of decaying litter
residues as described above.

This work points aggregates as meaningful organo-mineral associations for the
sequestration of litter-derived carbon and nitrogen at the decadal time-scale. It
also revealed the role of microorganisms in the transfers and stabilization of litter-
derived carbon and nitrogen within organo-mineral associations.

Keywords: Forest soil, Litter; Isotopique labeling; Stabilization ; Nitrogen, Carbon,
Organo-mineral asociation; Microorganisms ; NanoSIMS ; STXM-NEXAFS ; LC-IRMS ;

Amino sugars
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