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AVANT-PROPOS

Le présent document constitue un essai de thése produit comme exigence partielle du
doctorat en sciences de ’environnement, offert en association dans le réseau des
universités du Québec. Les objectifs du programme de doctorat résident dans la
formation de jeunes chercheurs capables de dépasser les barriéres disciplinaires afin de
faire face a des problémes complexes et contribuer de maniére éclairée a la résolution
de problémes environnementaux. Conformément a 1’approbation du Sous-comité
d’admission et d’évaluation de 1'Université du Québec a Montréal, cette thése de
doctorat est rédigée sous forme d’articles scientifiques. Les conditions préliminaires au
dépot initial de la thése requidrent généralement qu’un des chapitres de la thése etit &té
publi¢ dans une revue scientifique a comité de lecture par des pairs, qu'un second
chapitre ett été soumis dans le méme type de revue, et enfin qu’un demier chapitre soit

en cours de préparation pour soumission.

Conformément a ces conditions, cette thése comprend trois chapitres. Intitulé Le
stockage du carbone dans les sols de la forét boréale est-il déterminé par le climat ou
par le régime de feux ?, le premier chapitre de la thése est en préparation. Limité par la
taille d’échantillonnage, ce travail sera augmenté avec des données complémentaires
aprés une nouvelle campagne de terrain envisagée a 1’automne 2018, avant d’aboutir a
une version finale pour soumission dans une revue spécialisée. Le second chapitre,
Deéterminants de Uaccumulation du carbone organique des sols aprés feu en forét
boréale, a été publi¢ dans la revue Global Change Biology en juillet 2018. Le dernier
chapitre, La chimie des sols en forét boréale exerce un plus grand contréle que le climat
sur la taille du réservoir de carbone organique bioréactif du sol apres feu, a été soumis

dans la revue Soil Biology and Biochemistry.
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J’ai entamé ce travail 4 la session d”Automne 2014. 1l faut néanmoins mentionner que
I’établissement de ce projet a été initié a une date antérieure, avec la constitution d’un
projet collaboratif et pluridisciplinaire porté par des chercheurs universitaires (Yves
Bergeron et Michelle Garneau rattachés a I'Université du Québec a Montréal, David
Paré, Sylvie Gauthier et Martin Girardin du Service Canadien des Foréts, Adam Ali et
Christelle Hély de I'université de Montpellier 2 et Hugo Asselin rattachés a I'Université
du Québec en Abitbi-Témiscamingue) et des partenaires forestiers (Pierre Grondin et
Claude Allain du Ministére des Foréts, de la Faune et des Parcs, Denis Chiasson de
Barette-Chapais Ltée, Jimmy Pronovost de Rébec et Geneviéve Labrecque de Ryam,
anciennement Tembec). Cette thése s’inscrit donc dans le projet plus vaste, intitulé
Relation entre le climat, les feux, la végétation et la dynamique du carbone organique
du sol (COS) dans un contexte de changements climatiques de la pessiére a mousses
du Québec, financé par une subvention Mitacs Acceleration. Avant d’entamer mes
¢tudes de doctorat, j°ai apporté une premiére contribution a ce vaste projet en 2014,
lors de mon stage de Master 2 encadré par Adam Ali et Cécile Remy (étudiante au
doctorat) qui portait sur 1’étude de la dynamique de végétation et des incendies
holocénes au Québec-Labrador. Les ressources financiéres, matérielles et humaines
mises a disposition par le projet en grappe m’ont permis de développer mes travaux de
recherche du début a la fin de cette thése. Avec le concours de plusieurs personnes
m’ayant accompagné pendant 1’été 20135, la premicre étape pour aboutir au présent
document consistait a la collecte des échantillons sur le terrain. Durant les huit mois
suivants, je me suis occupé de la préparation des échantillons en laboratoire. Les
techniciens du Service Canadien des Foréts a Québec ont réalisé les analyses physico-
chimiques conventionnelles sur ces échantillons. Pour le travail de laboratoire plus
specifique, comme le suivi du carbone minéralisé par les sols incubés en atmosphere
controlée ou encore les digestions acides des échantillons, j”ai d’abord mis en place les
protocoles d’étude puis réalisé les expériences. Enfin, la base de données issue des
relevés sur le terrain et des travaux en laboratoire a été analysée sur des bases

statistiques par mes soins, sous les conseils avisés de Julien Beguin. Avec la
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contribution des co-auteurs, mentionnés au sein de chacun des chapitres, qui m’ont aidé
a concevoir les différents chapitres, m’ont assisté dans I’interprétation des résultats et

ont apporté des commentaires pour améliorer mes manuscrits, j’ai rédigé cette thése et

tous les articles qu’elle contient.
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RESUME

Les foréts boréales renferment d’importantes quantités de carbone organique,
principalement dans leurs sols. Elles constituent ainsi une composante critique du cycle
du carbone terrestre et jouent, par la-méme, un réle de premier plan dans la régulation
du climat planétaire. Accroitre les stocks de carbone dans les écosystémes terrestres, et
particulierement dans les sols des foréts boréales, est une des stratégies proposées pour
atténuer le réchauffement climatique 4 moindre cofit. I.’amplitude et la direction du
développement des réservoirs de carbone du sol qui surviendra en lien avec des
modifications environnementales, induits par le réchauffement climatique, sont
néanmoins incertaines. Les sols pourraient accumuler davantage de carbone avec
I’accroissement de la productivité de I’écosystéme, ce qui améliorerait la chimie de
I’atmosphére et atténuerait le réchauffement climatique. A I'inverse, si la
décomposition du carbone par les microorganismes du sol est stimulée avec
I’augmentation des températures, les sols pourraient accélérer le réchauffement
climatique en retournant du carbone vers 1’atmosphére. Comprendre les variabilités
spatiale et temporelle des stocks de carbone dans les sols, ainsi que les processus qui
régissent sa séquestration a long terme apparaissent ainsi étre des clés essentielles pour
adapter des pratiques d’aménagement du territoire raisonnées pour participer aux
efforts d’atténuation du réchauffement climatique.

I’objectif général de nos travaux était ainsi d’approfondir notre compréhension des
processus de stockage du carbone dans les sols forestiers, avec 1’étude de cas des sols
a drainage modéré de la pessiere a mousses au Québec. En se basant sur
I’échantillonnage des sols dans 72 sites d’étude, répartis le long d’une chronoséquence
aprés feu (de 2 a 314 ans) et dans un vaste territoire caractérisé par une variabilité
climatique, nos travaux visaient a déterminer les principaux facteurs de contréle et les
mécanismes rattachés aux processus de stockage du carbone dans les sols. Pour chacun
des sites étudiés, nous avons analysé la quantité et la qualité des réservoirs de carbone
du sol. La quantité de carbone du sol a 1’échelle du peuplement a été calculée a partir
des données récoltées au terrain et de la concentration des échantillons en carbone
déterminée en laboratoire. La qualité du carbone a été déterminée avec une méthode
d’incubation des sols en atmosphére controlée pour évaluer la réactivité biologique du
carbone, et avec I'hydrolyse acide des échantillons pour évaluer la récalcitrance du
carbone. Nous avons aussi déterminé certaines propriétés physico-chimiques des sols
par des analyses standardisées.
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D’abord, nos résultats ont montré que seules les variables climatiques liées a la
disponibilité en eau, et non pas aux températures, n’exergaient qu’un contrdle indirect
sur I’accumulation du carbone dans le sol. L effet indirect du climat s’exprimait au
travers de I'influence directe des variables liées a la disponibilité en cau sur la strate
des mousses, qui elle-méme avait une influence directe sur I’accumulation ou indirecte
sur la réactivité biologique du carbone dans le sol. T.e climat influengait aussi la
complexation organométallique. Le temps écoulé depuis le demier feu était le principal
déterminant de 1’accumulation de carbone dans 1’horizon organique développé en
surface du sol. Le temps depuis le dernier feu déterminait aussi le stock de carbone
dans le sol minéral et la réactivité biologique du carbone dans I"horizon organique au
travers de son influence sur le pH du sol. En limitant 1’activité microbienne, le pH du
sol a été identifié comme étant un facteur majeur de contréle direct du stock de carbone
dans le sol minéral, de la réactivité biologique du carbone dans 1’horizon organique et
dans le sol minéral. e pH du sol modulait aussi les processus de complexation
organométallique et influengait la quantité¢ d’aluminium échangeable. Or la
complexation organométallique influengait directement le stock et la réactivité
biologique du carbone et I’aluminium échangeable influengait directement la réactivité
biologique du carbone dans le sol minéral.

Les résultats de la thése remettent en question le postulat de base utilisé dans
les exercices de modélisation pour projeter 1’évolution du climat futur, fondé sur la
dépendance de la décomposition microbienne aux températures. Dans leur ensemble,
nos travaux montrent que la dynamique du carbone organique du sol est contrdlée par
des interactions complexes entre plusieurs facteurs bio-physicochimiques et que les
conditions physico-chimiques du sol, tel que 1’acidité, propres aux foréts anciennes
sont favorables a 1’accumulation du carbone dans le sol. Sur la base de nos résultats et
pour séquestrer davantage de carbone en forét boréale, nous préconisons de maintenir
des attributs de foréts anciennes au sein du territoire, tout en conservant les mécanismes
responsables de la séquestration de carbone dans les sols. Pour ce faire, il faudrait créer
davantage d’aires naturelles protégées, augmenter la durée des rotations et adopter les
coupes particlles dans les pratiques d’aménagement sylvicoles.

Mots-clés : réchauffement climatique, changement global, aménagement forestier
durable, forét boréale, feux, dynamique du carbone, stock de carbone, carbone du sol,
séquestration du carbone, bioréactivité du carbone, épinette noire.



INTRODUCTION GENERALE

0.1 Prolégomeénes

Le cycle du carbone (C) comprend tous les processus d’échanges biogéochimiques de
C entre les différents compartiments fonctionnels du systéme terrestre (i.e. atmospheére,
hydrosphére, géosphére, pédosphére et biosphére). Fondamentalement partie
intégrante de la biosphére et donc du cycle du C, le genre Homo et notre demiére espéce
sapiens peuplant actuellement le globe terrestre pourrait avoir influencé
significativement le cycle naturel du C planétaire depuis plusieurs milliers d’années
(Ruddiman, 2007, Ruddiman et al., 2011; Sanderman et al., 2017). L’ altération du
cycle du C attribuée a 1’humanité préindustrielle est sans commune mesure comparée
a I'amplitude des changements survenus depuis 1’essor de la machine & vapeur au
XVIII® siécle (Ciais et al, 2013). L’humanité est désormais considérée comme une

force géologique majeure a 1’échelle planétaire (Crutzen, 2002; Zalasiewicz et al.,

2011).

Les émissions massives de gaz a effet de serre dans 1’atmosphére, tels que le méthane
(CHy) et le dioxyde de C (COy) liées aux activités humaines, sont indubitablement
responsables du réchauffement climatique (Cook et al., 2016; Harlos et al., 2016). Les
émissions de CO; anthropogéniques s’élevaient a 10.7 GtC.an™ (engendrées a 88% par
la combustion d’énergies fossiles et I'industrie, et 4 12% par des changements dans
I'utilisation des terres) durant la demiére décennie, engendrant un accroissement

annuel de 4.7 GtC sous forme de CO; dans 1’atmosphére (Le Quéré et al., 2018). Une
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partie du CO; émis vers |’atmosphere est ainsi capté par les grands puits de C
planétaires, a savoir les océans qui emmagasinent le C par dissolution dans 1’cau et les
écosystémes terrestres qui stockent le C dans la biomasse vivante et morte par le biais

de la photosynthese (Frontier et al., 2008; Schimel ef al., 2001).

Le genre humain vit ainsi sous sa dette de C, telle une « épée de Damoclés » qui menace
les équilibres dynamiques planétaires et par-la méme la sécurité de sa population et la
pérennité de ses activités (Steffen ef al., 2018). Reconnaitre dorénavant 1’ensemble du
globe terrestre comme unique cekoumene — espace de vie des Hommes — dans sa
dimension holistique implique un nouveau paradigme dans lequel I’humanité doit, pour
se perpétuer dans le temps, s’ investir de I’intendance de la planéte (Ellis et Haff, 2009;
Steffen et al., 2018). La convention-cadre des Nations Unies sur les changements
climatiques adoptée en 1992 est un des moteurs d’envergure internationale annongant
la volonté de comprendre et de lutter contre le réchauffement climatique. Les accords
du protocole de Kyoto, ratifiés en 1997 par les Parties, constituent un accord non
contraignant et un engagement des pays membres dans la mise en ceuvre de stratégies
nationales visant a limiter et diminuer les émissions de gaz a effet de serre (Nations
Unies., 1998). La protection et ’accroissement des puits naturels de C sont préconisés
par le Protocole de Kyoto. La séquestration du C dans les écosystémes forestiers - et
notamment dans les sols de la forét boréale - est dés lors considérée étre une avenue

prometteuse pour compenser les émissions de CO; d’origine humaine (Lal, 2005).

La forét boréale forme une ceinture circumpolaire aux hautes latitudes de I’hémisphére
Nord, et englobe le tiers des surfaces forestiéres (920 Mha) de la planéte (Kuusela,
1992). L’étendue des surfaces occupées par la forét boréale combinée a la densité
¢levée des sols en C (Batjes, 2016) lui conférent, avec 174 GtC emmagasiné dans les
sols (Pan ef al., 2011), le statut du plus important réservoir de C organique du sol (COS)

parmi les foréts de tous les biomes terrestres. Malgré les nombreuses études ayant porté



sur le sujet, les incertitudes persistent quant au comportement du COS des écosystémes
boréaux en réponse aux changements climatiques (Conant et al., 2011; Kirschbaum,
2006). Méme des changements infimes dans la quantit¢ de COS pourrait avoir des
répercussions importantes sur la chimie atmosphérique, aboutissant soit a
I’accélération des changements climatiques - si les sols émettent du C dans
I’atmosphére, soit a I’atténuation des changements climatiques - si la séquestration du
COS est augmentée (Davidson et Janssens, 2006). Comprendre les variabilités spatiale
cttemporelle des stocks de COS, ainsi que les processus qui engendrent la séquestration
du COS 2 long terme apparaissent ainsi &étre des clés essentielles dans ["adaptation de
pratiques d’aménagement du territoire pour participer aux efforts d’atténuation du

réchauffement climatique (Jandl ef al., 2007, Scharlemann et al., 2014).

0.2 Equilibre et facteurs de contréle du carbone dans les sols

Milieu situé a l'interface entre 1’atmosphére, I’hydrosphére, la géosphére et la
biosphére, le sol (pédosphére) constitue foncierement un systéme dynamique
caractérisé par d importants flux d’énergies et de matiéres. I.’équilibre du réservoir de
COS refléte grossierement la différence entre les flux entrants (apports de C) et sortants
(pertes de C) du systeme sol (Chapin ef al. (2006) ; Figure 0.1). La productivité de
I’écosystéme détermine les apports en C issus de la transformation du COz par les voies
biologiques de la photosynthése, alors que le COS peut &tre perdu par lessivage du C
dissout en solution, la suppression de biomasse ou encore le retour vers ’atmosphére
au travers de la respiration microbienne (Clarke et al., 2015; Jandl ef al., 2007, von

Lutzow et Kdgel-Knabner, 2009).
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Figure 0.1 Schéma synthétique résumant les interactions entre les facteurs exergant

une influence sur le réservoir de carbone du sol (A) et contrdle des flux de carbone (B).

Longtemps considéré comme étant 1ssu du processus de décomposition de la matiére
organique morte déposée au sol par la végétation, I"approvisionnement du sol en C
provient surtout d’apports souterrains par les racines (exsudats racinaires et
renouvellement des racines lines) et les champignons symbiotiques qui leurs sont
associés (Clemmensen ef al., 2013; Rasse et al., 2005, Rumpel et Kogel-Knabner,

2011). En plus des apports racinaires, les mousses et lichens qui peuplent le sous-bois



contribuent significativement a enrichir en C I’horizon organique développé en surface

du sol (Preston et al., 2006).

Additionnée aux pertes nettes de C engendrées par les perturbations de grande
envergure (incendies, épidémies d’insectes ou encore coupes), 1’¢limination de la
végétation vivante ampute le sol d’un de ses apports majeurs en C. Dépendamment du
type de perturbation, les émissions de C associées a la décomposition de la matiere
organique morte résiduelle sont compensées par Dactivité photosynthétique de la
végétation en régénération dans un horizon de 5 a 30 ans, délai a partir duquel un
peuplement source redevient un puit de C atmosphérique (Kurz et al., 2013). Liées aux
traits fonctionnels des végétaux, des différences de quantité et de distribution du COS
dans la colonne de sol existent entre certaines espéces (De Deyn et al., 2008; Laganiére
et al., 2017, Laganiére ef al., 2013), mais restent a démontrer a 1’échelle des types
fonctionnels (i.e. groupes d’espéces qui partagent des fonctions similaires ; Augusto ef

al. (2015)).

A Téchelle globale, les espéces végétales sont géographiquement restreintes a une
enveloppe climatique par leurs optimums écologiques, obscurcissant la contribution
relative du climat et de la végétation sur le contréle du stockage de COS (Jobbagy et
Jackson, 2000). En modulant ’activité des organismes décomposeurs, la température
¢t la disponibilité en eau influencent néanmoins 1'un des plus importants flux de C
sortant du systéme sol (Allison et Treseder, 2008; Prescott, 2010; Zhang et al., 2008).
La saturation en eau dans les sols est impropice a 1’activité des organismes
décomposeurs alors limités par la disponibilité en oxygeéne. Associés au processus
d’entourbement (Fenton ef al., 2005), les sols hydromorphes présentent des densités en
C par unité de surface parfois décuplées comparés aux sols mieux drainés (Tremblay
et al.,2002; Yu, 2012). La température module la vitesse de réaction entre les enzymes

sécrétées par les microbes dans leur environnement immédiat et la matiére organique
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environnante (Frey et al., 2013). La distribution annuelle du CO; émis par les microbes
hétérotrophes du sol se superpose ainsi avec I’évolution saisonniére des températures

(Laganiére et al., 2012).

Le type de substrat est aussi un facteur de contrdle du stockage de COS. Par leur nature
chimique, certains matériaux organiques — dits récalcitrants ou de faible qualité —
requicrent davantage d’étapes enzymatiques et donc d’énergie pour étre décomposés
(Bosatta et Agren, 1999; Craine ef al., 2010). Le statut d’altération de la phase minérale
du sol détermine aussi le temps de recyclage du COS (Tom et al., 1997). De plus, la
distribution en taille des particules minérales régule la capacité de stockage en COS,
avec les sols a texture fine présentant un seuil de saturation en COS plus élevé

comparés aux sols a texture grossiere (Castellano et al., 2015; Six et al., 2002).

Les interactions complexes entre les nombreux facteurs impliqués dans le contrdle du
stockage de COS (Prescott, 2010) induisent une grande variabilité spatiale et
temporelle dans les stocks de COS a I’échelle du paysage. Sachant que ces facteurs
varient a différentes échelles spatiales et temporelles, il est important de considérer
I’équilibre du COS comme une composante dynamique de 1’écosystéme. Comprendre
comment les sols pourraient emmagasiner davantage de C implique une connaissance
suffisante des mécanismes responsables de la stabilisation du COS a long terme

(Dungait et al., 2012; Schmidt et al., 2011).

0.3 Protection et stabilisation du carbone dans les sols

Mis en place a la suite au retrait glaciaire il y a moins de 10000 ans, les sols de la forét
boréale sont relativement jeunes. Leur profil d’altération minérale est peu évolué

(Minasny et al., 2008) et le stock de C des sols minéraux considéré en équilibre (Deluca
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et Boisvenue, 2012; Harden ef al., 1992; Seedre ef al., 2011). Combiné a des conditions
fraiches et humides, auxquelles s’ajoute I'effet acidifiant de la végétation, le substrat
acide favorise la formation de sols acides, souvent caractérisés par des processus de
podzolisation (Sanbom ef al., 2011). Les podzols accumulent en surface une épaisse
couche de matiére organique dont le recyclage, surtout dominé par 'activité des
champignons, est lent et contient peu de nutriments disponibles (Prescott ef al., 2000).
Il s’agit d’un humus de type mor (Weetman, 1980). Dans I"horizon d’éluviation
(horizon Ae) au sommet du sol minéral, les minéraux sont altérés sous I’action des
acides organiques contenus dans I’humus. Lessivés avec 1'infiltration des eaux
gravitaires, les particules fines, la matiére organique et les produits d’altération comme
les oxydes de fer et d’aluminium s’accumulent plus en profondeur dans "horizon B

d’illuviation (Buurman et Jongmans, 2005).

Essentiellement liés a des raisons pratiques pour expliquer le budget C des sols, trois
réservoirs fonctionnels ont historiquement été utilisés pour définir le taux de recyclage
— ou persistance dans le temps - du COS (Amundson, 2001) : les réservoirs labile (ou
actif), intermédiaire (ou lent) et réfractaire (ou passif, stable). Simpliste et
abondamment utilisée, cette classification présuppose une préservation sélective des
composés les plus difficilement biodégradables au détriment des composés
naturellement décomposables (Cotrufo et al., 2013). Cependant, elle peine a refléter la
diversité des processus a I’ceuvre dans la protection et la stabilisation du COS, ainsi
que P'hétérogénéité des réservoirs structuraux du sol (von Lutzow ef al., 2007). La
stabilisation biochimique due 4 la composition intrinséque des composés considérés
comme récalcitrants, n’explique pas a elle seule la persistance du COS (Cotrufo et al.,
2013; Marschner et al., 2008; Prescott, 2010). Dans la nature, la matiére organique est
par essence décomposable. Appliquée a la matiére organique, le concept de
récalcitrance est « une catégorie de commodité sémantique et non pas une classification

utile de la propriété des matériaux » (traduit de Kleber (2010)). Regroupant deux



mécanismes primordiaux, un paradigme émergent postule que la stabilisation & long
terme de la matiére organique du sol (MOS) s’effectue d’abord par un contréle
microbien des flux de C et d’azote entre la litiére et la MOS, puis ultimement par les

interactions entre la MOS et la phase minérale des sols (Cotrufo et al., 2013).

Les sols en forét boréale sont nativement dépourvus d’organismes anéciques (e.g.
lombriques) ou autres animaux fouisseurs impliqués dans le mélange de la MOS de
surface et en profondeur. L’incorporation de COS dans les horizons minéraux
s’effectue par la percolation de C dissout dans 1’eau dont les flux suivent des voies
préférentielles le long des racines (Rumpel et Kogel-Knabner, 2011). C’est pourquoi
la stabilisation physico-chimique du COS par interactions avec la phase minérale

intervient surtout en profondeur (Rasse et al., 2005).

I.’adsorption est un mécanisme par lequel les charges électroniques négatives de la
MOS se lient aux charges négatives des particules d’argiles et de limons, via des ponts
cationiques polyvalents chargés positivement tels que les ions fer, aluminium,
manganese ou encore calcium (Cotrufo ef al., 2013; Paul, 2016). Globalement, le temps
de résidence du COS associé a la fraction fine des limons et des argiles est plus long
que celui du COS associ¢ aux particules de sable (von Liitzow ef al., 2007) et similaire
a la fraction de COS non-hvdrolysable (Paul, 2016). En forét boréale, la stabilisation
du COS par adsorption sur les particules fines pourrait néanmoins &tre limitée par
rapport a d’autres mécanismes, comme les associations organométalliques (Ziegler et

al., 2017).

Comparé aux sols neutres et alcalins, les propriétés acides (pH bas) des podzols
favorisent les mécanismes de complexation organométallique (Rasmussen et al.,
2018). La quantité¢ de COS augmente avec la quantité d’oxydes métalliques, mais la

stabilité des complexes organométalliques pourrait dépendre des conditions d’acidité
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puisque des conditions trés acides rendent solubles les composés métalliques (Porras
et al., 2017). Toutefois, I'indice du degré de chélation entre le COS et les oxydes
métalliques, appliqué aux sols de la forét boréale, indique que la complexation
organométallique est trés probable et efficiente (Laganiére et al., 2015, Ziegler ef al.,
2017). La rétention préférentielle des matériaux récalcitrants sur la phase minérale a

&té proposée pour expliquer le stockage du COS a long terme (Kramer et al., 2012).

Outre les interactions entre COS et la phase minérale du sol qui le préserve d’une
décomposition microbienne rapide, son accessibilité spatiale est un autre mécanisme
de protection. Selon le modeéle mathématique du mouvement de marche aléatoire
(random walk movement), le recyclage du COS dépend de la probabilité de rencontre
entre les enzymes d’un microbe décomposeur et une particule de substrat et donc le
temps de résidence du COS devrait dépendre de sa concentration (Don ef al., 2013).
C’est sans doute le cas dans les sols peu structurés, i.e., dont les particules minérales
sont faiblement associées a I’humus et aux éléments échangeables. Tes végétaux et
certains de leurs microbes associés sécrétent un mucilage aux propriétés colloidales qui
favorisent la cohésion entre les phases minérales et organiques du sol, formant ainsi
différents types d’agrégats structurant le sol par ces complexes dits argilo-humiques
(Gobat et al., 2010). Les agrégats contiennent généralement davantage de C par rapport
a la matrice qui les contient, puisque le COS intra-agrégat est protégé physiquement de
la décomposition par les microbes. Ces environnements sont également pauvres en
oxygeéne et donc défavorables aux réactions enzymatiques oxydantes (Rasse ef al,

2005; Six ef al., 2002).

En plus de comprendre leurs diversité, évaluer la part relative de chacun des
mécanismes qui favorisent la protection et la stabilisation du COS offrirait des
opportunités majeures pour optimiser la séquestration du COS dans les territoires

aménagés (Dungait et al., 2012).
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0.4  L’aménagement des foréts boréales et la séquestration du carbone dans les
sols

La forét boréale abrite essentiellement des foréts naturelles secondaires post-
perturbation. A 1’échelle mondiale, I’aménagement des foréts natives présente 1’un des
plus grands potentiels pour atténuer le réchauffement climatique a moindre cotit
(Griscom et al., 2017). La capacité théorique d’accroissement des stocks de C des foréts
natives est évaluée entre 921 a 8224 Tg équivalent CO:2 (soit 0.9 4 8.2 Gt) a I’horizon
2030 (Griscom et al., 2017). Selon ces chiffres qui n’incluent pas les stocks de COS,
pres de 128 Tg équivalent COz et 245 Tg équivalent CO2 pourraient étre séquestrés
dans les foréts au Canada et en Russie, respectivement, en adaptant des pratiques

sylvicoles adéquates.

Du fait de 1a diversité et des spécificités des pratiques et des spécificités variables des
sites aménagés, I'impact des opérations sylvicoles sur les stocks de COS est
difficilement généralisable (Clarke et al., 2015; Johnson et Curtis, 2001). Les travaux
les plus récents tendent néanmoins a montrer une diminution des stocks de COS aprés
intervention sylvicole (James et Harrison, 2016), davantage prononcée dans les
podzols. Le temps de rétablissement du réservoir de COS apres perturbation est
néanmoins tributaire de la sévérité de la perturbation appliquée (Fu ef al., 2017a). En
minimisant I’impact écologique des récoltes et en réduisant leurs impacts sur les sols,
les opérations de coupe permettraient d’éviter les pertes de COS, entre autres avantages
(Marchi et al., 2018). Les pertes de COS peuvent aussi étre rapidement compensées
par une gestion de la régénération aprés récolte, avec par exemple des opérations de

reboisement (Ryan et al., 2010).

Favoriser certaines essences dans les systémes sylvicoles pourrait aussi améliorer la

séquestration du COS. Augmenter la proportion d’espéces feuillues au détriment
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d’espéces conifériennes au feuillage plus inflammable est une stratégie proposée pour
réduire le risque d’incendies (Girardin et Terrier, 2015). Cette stratégie présente
¢galement 1’avantage d’atténuer indirectement le réchauffement climatique par une
modification de I’albédo de surface (Astrup ef al., 2018). Bien que I'influence de la
composition végétale sur les mécanismes menant a un partitionnement des stocks de
COS entre I’horizon organique et le sol minéral restent a explorer, le contréle des
essences forestieres pourrait aussi permettre de moduler le réservoir de C dans la
colonne de sol (Vesterdal et al., 2013). Par exemple, alors que les foréts de peupliers
faux-trembles (Populus tremuloides [Michx.]) emmagasinent moins de COS que les
foréts de coniféres, la grande partie du réservoir de COS vy est distribué dans le sol
minéral, ce qui lui confére une plus grande stabilité (Laganiére ef al., 2011; Laganiére
et al., 2017). En plus de ces facteurs biotiques liés a la végétation, les facteurs
abiotiques pourraient avoir une importance majeure dans la séquestration du COS, mais
nécessitent encore un examen approfondi pour comprendre I'influence de la
composition végétale sur le stockage du COS a grande échelle (Laganiére et al., 2017,

Vesterdal et al., 2013).

0.5 Problématique générale

Les perturbations naturelles de grande envergure sont caractéristiques de la dynamique
des écosystemes en forét boréale (Gauthier ef al., 2015; Rogers ef al., 2015) et ont une
influence majeure sur 1’équilibre du C (Bond-Lamberty et al., 2007, Kurz et al., 2008).
Les incendies de grandes superficies (> 200 ha) sont, par exemple, responsables de 98
% des surfaces forestiéres annuellement brulées au Canada (Stocks ef al., 2002; Weber
et Stocks, 1998). Basé sur le régime des perturbations naturelles, 1’aménagement
écosystémique est le paradigme selon lequel le maintien des caractéristiques de la forét

dans ses limites de variabilités naturelles permet de répondre a certains critéres de
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I’aménagement forestier durable (Attiwill, 1994; Bergeron ef al., 2007; Cyr ef al,
2009). Transcrit le 1% avril 2013 dans la Loi sur ['aménagement durable du territoire
forestier encadrant la gestion des foréts au Québec, I’aménagement écosystémique est
I’approche préconisée pour aménager durablement la forét. La gestion et I’exploitation
durable des foréts doit ainsi étre raisonnée a partir de connaissances suffisantes des

patrons naturels de perturbations et des dynamiques forestiéres (Burton et al., 2006).

Alors que les écosystémes boréaux possédent la plus grande partie de leur réservoir de
C dans les sols, la comptabilisation du C forestier au Québec est uniquement effectuée
a partir des tiges marchandes en croissance ¢t des produits forestiers (Bureau du
forestier en chef, 2015). Des 71 unités d’aménagement de la province en 2015,
seulement 18 présentaient assez de données pour les calculs d’inventaires des stocks
de carbone. A T'heure actuelle, les données concernant les sols sont sporadiques
(Beguin et al., 2017, Mansuy et al., 2014). Le manque de données quantifiées sur les
caractéristiques des sols, nécessaires pour comprendre les patrons de stockage du COS
a différentes échelles spatiales, est un probléme global. I.a base de données mondiale
World Soil Information System (Batjes et al., 2017), la plus a jour actucllement qui
regroupe différentes caractéristiques physico-chimiques des sols a travers le monde,
montre un biais d’échantillonnage prégnant (Figure 0.2). Sur les 94441 pédons
regroupés dans cette base de données, seulement 148 sont enregistrés au Canada
(principalement en sols agricoles), contre 50361 aux USA ou encore 12223 au
Mexique, pour ne mentionner que 1’Amérique du Nord. Notre compréhension des
processus de stockage du COS est ainsi fortement biaisée par le manque de données et
la non-uniformité de leur distribution spatiale. Pour exemple, Crowther et al. (2016)
inféraient avec I”étude de 49 sites expérimentaux que les stocks de COS diminueraient
en réponse au réchauffement climatique, particuliérement aux hautes latitudes. La
méme analyse, réalisée en ajoutant 94 sites supplémentaires a ces données, apportait

des conclusions trés différentes (van Gestel ef al., 2018). 1l existe ainsi aujourd’hui un
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besotn urgent d’amasser des données quantifices et géoréférencées pour comprendre
les patrons spatiaux en lien avec les processus de stockage du COS et ses facteurs de
contréle, qu’ils soient climatiques ou non climatiques. Renforcer les bases de données
par un échantillonnage en forét naturelle permettrait d’intégrer une dimension
supplémentaire et non négligeable a I'aménagement écosystémique du territoire
forestier, a savoir le stockage du COS. Au Québec, ce type de données pourrait
compléter le registre des états de référence (Boucher et al., 2011) - aujourd’hui
cantonné a la végétation arborescente — et servir de base comparative pour évaluer les

écarts entre les foréts naturelles et aménagées quant aux caractéristiques des stocks de

COS.

Territoire émergé
I Zone boréale

x Profil de sol

0 1000 2000 3000 4000 km
I ]

Coantdinate systzm
WGE1984

Figure 0.2 Distribution mondiale des profils de sol regroupés dans la base de données
World Soil Information System. Seule la zone boréale d” Amérique du Nord est montrée.
Données récupérées en Aout 2018 sur les sites data.isric.org/ et
mcan.ge.ca/forets/boreale/14476.
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Aussi parfois restreints aux sols plus fertiles des régions agricoles, les modéles associés
a notre compréhension des processus de stockage du COS (Jenkinson ef al., 1990; Paul
et al., 1997) biaisent fortement les projections des réservoirs forestiers de COS boréaux
en réponse au réchauffement climatique. Pour mieux anticiper |'impact des
changements climatiques, la communauté scientifique doit développer de nouvelles
lignes de recherches et de modélisation pour comprendre la maniére dont le C est

recyclé dans I’écosystéme (Bradford ef al., 2016; Schmidt ef al., 2011).

Globalement, 1’objectif’ des travaux que je présente ici est d’approfondir notre
compréhension des processus de stockage du COS, avec I’étude de cas des sols a
drainage modéré de la pessiere a mousses au Québec. Les trois chapitres de cette thése
reposent sur un échantillonnage inédit qui est utilisé dans les trois chapitres qui suivent.
Compte-tenu des relations étroites entre 1’équilibre du C et la dynamique d’incendies
dans les écosystemes étudiés, le premier chapitre (Chapitre 1) se focalise
essentiellement sur les caractéristiques du COS (stock, récalcitrance et bioréactivité)
en fonction des régimes de feux comparés aux échelles régionale et locale. De
nombreux facteurs sont impliqués dans le contrdle des stocks de COS (voir Chapitre
0.2). Dans le second chapitre (Chapitre II), nous nous intéressons aux interactions entre
certains de ces facteurs — climatiques et non-climatiques - ainsi qu’a leur contribution
relative pour expliquer, sur des bases mécanistiques, comment les stocks de COS se
constituent. A la maniére du second chapitre et pour comprendre ici comment ces
stocks pourraient évoluer en lien avec des changements environnementaux, le troisiéme
chapitre (Chapitre III) de cette thése se concentre sur les facteurs contrélant la facilité
de décomposition du COS. Dans le quatriéme et dernier chapitre, nous mettons en avant
les contributions de la thése a ’avancement des connaissances et nous soulevons
plusieurs pistes de recherche a développer. Enfin, nous concluons sur les solutions qui
doivent étre adoptées pour maximiser la séquestration de COS dans les territoires

aménages.
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1.1 Abstract

With respect to the biogeochemical carbon (C) cycle, exploring the legacies of past fire
regime on ecosystem C dynamic over long-time frames is a way toward understanding
the potential effect that global change may have on state change of future ecosystem
resilience with global warming. Our study aimed to assess the soil C stock and soil C
stabilization variability in relation with fire regimes in ¢astern North America, first at
the regional scale with fire cycle, and secondly at the plot scale with Holocene fire
history. By comparing four regions with different fire cycles, our study shows general
patterns of the soil C storage process. All regions had similar C stock in the FH horizon
that tummed over more rapidly in regions experiencing intermediate fire cycles,
compared with the ones experiencing the shortest and the longest fire cycle. Also, the
C stock of the mineral soil and the amount of organic-mineral associations increased
with increasing fire cycle, whereas the recycling of C was similar among regions. We
cannot downplay the importance of fire regime on the soil C processes, but as the fire
cycle being controlled by climate parameters, it is most likely that these patterns
depended more on the regional climate than on the fire cycles. Interestingly, about half
of the mineral soils showed a C saturation deficit on the metal oxides. The soil C
variables showed high variability around means. Together with the small sample size
of our “local” study, this could explain why we were not able to link soil C process
with Holocene fire history. Overall and considering fire cycle and climate commutable,
our findings support the idea that ecosystem-based management based on the natural
fire regime is an appropriate strategy to keep the soil C storage processes into their
natural range of variability at the regional scale. Further research is needed to
investigate how forest management practices could compensate for the C saturation

deficit of some natural soils to increase the soil C reservoir.
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1.2 Résumé

Au regard du cycle biogéochimique du carbone (C), explorer I’héritage du régime de
feux passé sur la dynamique de I’écosystéme a long terme est un moyen pour
comprendre ’effet potentiel du changement global sur la modification de la résilience
future des écosystémes. Notre étude visait a évaluer la variabilité dans le stock de C
ainsi que la stabilisation du C dans les sols en relation avec les régimes de feu a I’Est
de I’Amérique du Nord, d’abord a 1’échelle régionale avec le cycle de feu, puis a
I’¢chelle locale avec I'historique de feux holocénes. En comparant quatre régions aux
cycles de feux différents, notre étude montre des patrons généraux dans le stockage du
C des sols. Toutes les régions avaient des stocks de C dans I’horizon FH qui étaient
recyclés plus rapidement dans les régions aux cycles de feux intermédiaires, en
comparaison avec les régimes dont les cycles de feux étaient le plus court ou le plus
long. Le stock de C dans 1’horizon minéral du sol et la quantité d’associations organo-
minérales augmentaient avec 1’accroissement du cycle de feu, alors que le recyclage du
C était similaire entre les régions. Nous ne pouvons pas minimiser |'importance du
régime des feux sur les processus de stockage du C dans les sols, mais comme le cycle
de feu est contrdlé par des paramétres climatiques, il est plus probable que les patrons
décrits ici dépendaient davantage du climat régional plutét que du cycle des feux. Un
fait intéressant est qu’environ la moitié des sols minéraux présentaient un déficit de
saturation en C sur les oxydes métalliques. Les variables de C du sol montraient aussi
une grande variabilité autour de leurs moyennes. Combiné a la petite taille
d’échantillonnage de notre étude « locale », cela pourrait expliquer pourquoi nous
n’avons pas trouvé de relation entre les processus de C du sol et I’historique des feux
holocénes. Dans I’ensemble, et compte-tenu de la permutabilité du cycle de feux avec
le climat, nos résultats supportent 1’idée selon laquelle I’aménagement écosystémicque
de la forét basé sur le régime des feux naturels est une stratégie propice pour conserver

les processus de stockage du C dans leurs gammes de variabilités naturelles a I’échelle



18

régionale. Des recherches additionnelles sont nécessaires pour déterminer comment les
pratiques d’aménagement forestier pourraient compenser le déficit de saturation

identifié pour certains sols en forét naturelle, afin d’augmenter le réservoir de C du sol.

1.3 Introduction

Wildfires are a major disturbance impacting terrestrial ecosystems worldwide (Bond et
al., 2005). In the boreal forest, wildfires shape the structure, composition and dynamics
of the vegetation (Bergeron, 2000; Cyr et al., 2012; Rogers et al., 2015), as well as
several soil processes influencing forest productivity and the carbon (C) cycle (Deluca
et Boisvenue, 2012; Fu et al., 2017a; Oris ef al., 2014; Wardle, Walker, ef al., 2004).
Depending on the available fuel load (Rowe et Scotter, 1973; Stocks et al., 2002),
climate and meteorological parameters (Al ef al., 2012; Te Goff ef al, 2007),
increasing wildfire activity is expected in response to global warming (Bergeron ef al.,

2010; Le Goff et al., 2009; Wotton ef al., 2017).

Effects of global change on forest ecosystem C stocks may not be straightforward
(Abbott et al., 2016; Girardin ef al., 2016; Hui et al., 2017). The potential compensation
of soil C losses (Crowther et al., 2016) through enhanced productivity promoted by
COq fertilization, atmospheric nitrogen deposition or enhanced nutrient mineralization
(Houghton et al., 1998; Hui et al., 2017) remains highly uncertain (Girardin ef al.,
2016). Nevertheless, Kurz ef al. (2013) warn that carbon uptake from enhanced boreal
ecosystems productivity will likely be insufficient to compensate large emissions from
future disturbed areas, particularly if increasing fire frequency exceeds the recovery
time of aboveground and belowground C stocks (Fu et al., 2017a; Irulappa Pillai
Vijayakumar et al., 2016). Hence, exploring the legacies of past fire regime on

ecosystem C dynamic over long time frames is a way toward understanding the
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potential effect that global change may have on state change of future ecosystem
resilience, with respect to the biogeochemical C cycle, with global warming

(McLauchlan ef al., 2014).

Only few studies explored the relationships between long-term fire frequency and the
ccosystem C cycle. Based on charcoal preserved in lake sediments, Bremond ef al
(2010) quantified the Holocene C emissions from biomass burning in eastern Canada.
Also based on charcoals preserved in lake sediments, a novel approach using paleo-
informed modelling of ecosystem C dynamic is ongoing at the watershed scale
(Hudiburg et al., 2017, Kelly et al., 2015). Altogether, these studies showed a prevalent
control of fire frequency on ecosystem C balance, suggesting that forecasted increasing
fire frequency might lead to ecosystem C losses to the atmosphere, and ultimately

reinforcing global warming,

Nevertheless, boreal forest mostly store C in soils (Pan ef al., 2011) and models do not
fully capture the complex processes acting belowground (Bradford ef al., 2016). Thus,
improved understanding how fire frequency controls soil C storage processes might be
raised from field-based studies. In this regard, the pioneering work of Czimczik ef al.
(2005) showed that increasing fire frequency lead to increasing mineral soil C stock in
Siberian boreal forests. While organo-mineral interactions occur in mineral soil as a C
stabilizing mechanism (Han et al., 2016), it appears essential to investigate how fire

frequency impacts together the soil C stock and the soil C stabilization potential.

Thus, the aim of this study was to explore the soil C stock and soil C stabilization
variability in relation with fire regimes in the spruce-feather moss domain of Quebec
province (Canada). First, we studied regional trends by comparing four regions
characterized by their respective fire cycle. On the other hand, we studied local

variations at the plot scale by reconstructing long-term local fire histories. We first
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hypothesized that soil C stocks increase with long fire cycle or low fire frequency, but
that the stable C fraction increase with short fire cycle or high fire frequency. If so,
increasing fire frequency with global warming would lead to short-term soil C losses,

but long-term soil C stabilization.

1.4 Materials and methods

1.4.1 Sampling sites

Our aim was first to identify regional trends in soil C storage in relation to the
variability of the regional fire characteristics. Hence, we selected 72 comparable stands
in terms of vegetation composition (black spruce dominance), surficial deposits (glacial
tills) and mesic drainage conditions across the study area (Figure 1.1; for a description
of the study area, see Andrieux et al. (2018b)). Prior to field works, stand were selected
using numeric eco-forest maps (third and fourth decadal programs) produced by the
Ministére des Foréts, de la Faune et des Parcs of Quebec together with published

information about regional fire characteristics (see Figure 1.1 description).
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Figure 1.1 Map of the study area showing plot samples encompassed in homogeneous
fire cycle zones. Fire cycle zones were delimited according to: (red) Le Goff er al.

(2007); (green) Belisle ef al. (2011); (orange and blue) Portier er al. (2016). Long-term

fire history has been reconstructed at the stand scale in six plots (violet circles). Soil

carbon data were gathered in all plots (black and violet circles).

For soil sampling, we followed the Canadian national forest inventory (NFI, 2016).
Briefly, we established a 400 m? circular plot within each selected stands. We measured
the thickness of the FH horizon every 2 meters along two orthogonal transects
intersecting at the plot center, to get 20 depth records per plot. We selected three
representative 20x20 cm?® microplots at the edge of the plot to collect the litter and
living mosses that were bagged apart, and the bulk FH horizon overlying the mineral
soil. Thence, we used a metallic cylinder (o = 4.7 cm; height = 15 ¢m) to sample the
upper 15 cm mineral soil in the same three microplots. At the same location of one of
the microplots, a soil pit was dug to sample the mineral soil from 15 to 35 cm and the

diagnostic B horizon top 15 cm with a metallic cylinder (o = 4.7 ¢cm; height = 20 cm or

15 cm, respectively).
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To investigate the impact of fire frequency might have on soil C storage at the plot
scale, we selected six of the sampling plots (Figure 1.1) to reconstruct the local long-
term fire history, according to the protocol of Payette ef al. (2012). We chose 5 plots
to take advantages of previous studies using similar protocols, by sampling of charcoal
particles buried in soil horizons. Then, we used four plots published in the study of
Frégeau et al. (2015) and one plot we published elsewhere (Remy ef al., 2018). For one
plot where no data was available, we established three 50 meters-long parallel transects,
cach separated from 10 meters. Along the two outer transects, we sampled soil layers
every 5 meters for a total of 10 microplots per transect. For the inner transect, soil
samples were gathered at 12.5, 25 and 37.5 meters. In cach microplot, we first collected
a 20x20 cm? organic soil sample beneath the mineral soil. We then used a metallic corer
(750 cm?) to sample the mineral soil. All samples were further processed in lab for

stand-scale long-term fire history reconstruction.

1.4.2  Fire history reconstructions

1.4.2.1 Fire cycle

Fire frequency estimations at the regional scale, expressed here as fire cycle, 1.e., the
time required to burn an entire area of pre-defined size (Li, 2002; Van Wagner, 1978),
were not part of this study. We rather took advantages of previous published works
using similar methodologies, from which we gathered these estimations. In each area,
the fire cycle estimation was based on the distribution of time since fire inferred from
dendrochronological analyses (see Belisle er al. (2011), Le Goff et al (2007) and
Portier et al. (2016) for further details). Hence, fire cycle is here an estimation of the

recent (< 300 years) fire frequency.
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1.4.2.2 TLocal fire frequency

Following the procedure developed in Payette ef al. (2012) and Payette ef al. (2016),
we determined long-term past fire events based on the comparative analysis of all
calibrated radiocarbon (**C) dates. For five of the sampling plots (Figure 1.1), we used
the published C dates, and for the unpublished one (Figure 1.1, western plot),
Accelerator Mass Spectrometry dating was done on randomly selected 30 (15 from the
mineral soil and 15 from the organic layer-mineral soil boundary) charcoal fragments
from the forest soil. We calibrated all the conventional “C dates with 2-sigma
confidence intervals using the R package ‘clam’ v2.2 (Blaauw, 2010) together with the
dendrochronological data curve for Northern hemisphere /ntCall3 (Reimer et al,
2016). In this study, we only used the maximum probability distribution of the
calibrated date for each charcoal fragment. To account for the inherent uncertainties on
the 1*C dating, we considered that the charcoal dates with overlapping calendar years
originate from the same fire event. Thus, several overlapping dates increased the age
interval corresponding to a fire event, whereas for non-overlapping dates the age

interval of the calibrated date corresponded to a single fire event.

Based on the sum of probabilities of all dates within each site, we attributed a unique
date for each fire event as the age (vear cal. BP) with the maximum sum of probabilities

within each of the age interval corresponding to a fire event.

Nevertheless, one cannot be sure to detect all fires with the random sampling of soil
charcoals. We used an indirect method developed by de Lafontaine et Payette (2011)
and Frégeau et al. (2015) to estimate the number of fire events, accounting for the ones
missing due to the sampling design, by computing the asymptotic accumulation curve

from the *C dating data as follows:
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= Fmax(l - eKn)

where Fn is the observed number of fire events, Fmax 1s the estimated expected number
of fire events (i.¢. the asymptote), n is the number of charcoal fragments radiocarbon
dated and K is a fitted constant controlling the shape of the accumulation curve. We
used means of the 95% bootstrapped (n = 1000) dates of fire events from 1 to x (x being
the number of dated charcoal fragments) to construct the mean accumulation curve.
The parameters Fnax and K were determined with non-linear least-squares using the

‘nls” function implemented in R v3.0.2 software.

Finally, we calculated the estimated mean fire interval (Ime) based on the parameter

Finax, as follows:

where P is the fire period (corresponding, for each chronology, to the time elapsed

between the younger and the oldest fire).

1.43 Laboratory work

First, we formed mean composite samples by mixing FH samples and mineral soil top
15 cm samples originating from the same plot and layer. Then, we oven-dried the FH
samples at 60°C before sieving at 6 mm, whereas mineral soil samples (composite top
15 cm and mineral soil from 15 to 35 cm) were sieved through a 2 mm mesh before
air-drying. We weighted the dried samples to estimate their bulk density, assuming no

coarse fragments for the FH horizon and corrected from coarse fragments (> 2 mm) for
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the mineral soil. For C content determination, metal oxide content and acid hydrolysis,
we finely ground (0.5 mm) the dried soil samples after sub-sampling 9 g and 50 g of
the FH horizon and mineral soil, respectively, that we incubated for the determination

of the bioreactive soil C.

We analyzed the C concentration of each sample by dry combustion (Skjemstad et
Baldock, 2007), using a Leco TruMac (Leco Corp., St. Joseph, MI, USA). We
computed the carbon stock by multiplying the C concentration by bulk density and
thickness for each sample. Metal oxides organically complexing C (Mpy) in the illuvial
horizon were quantified by extracting in a NasP207 0.1N solution before analyzing by
ICP-AES (Courchesne et Turmel, 2007) with an Optima 7300 DV (Pelrkin Elmer Inc.,
Waltham, MA, USA). Rescaling C concentration and Mpy on the same unit, we
calculated the C:Mpy ratio as an index of the degree of chelation between the two
compounds. C:Mpy < 2 indicates potential for additional C storage, whereas C:Mpy >
10 indicates organometallic complexation limited by Mpy amounts (Masiello ef al.,

2004).

We used acid-insoluble C as an index of soil C resistance to biological degradation
(von Liitzow et al., 2007, Xu ef al., 1997). We carried out acid hydrolysis by refluxing
2 g of soil in HC1 6M for 2 hours (Silveira et al., 2008). We rinsed acid-insoluble
residues three times with 50 mL purified water in inert filter papers before drying,
weighting and analyzing for C concentration by dry combustion. According to Plante
et al. (2006), we calculated the acid-insoluble fraction (%) of each of the samples as

follows:

_ [Carl X My,

Cp =——— x 100
ATG] % M;
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where Cy4ris the acid-insoluble C fraction (%) in the sample, [C.;/ is the C content (%)
of'the acid-insoluble residues, /C;/ is the C content (%0) of the sample before processing
by acid hydrolysis, AZ4ris the mass (g) of the acid-insoluble residues and A; is the initial

sample mass (g).

To determine the bioreactivity of soil C, a relative measure of the overall C lability
(Laganiere et al., 2015; Xu et al., 1997), we incubated soil samples separately for each
layer (FH horizon, mineral soil top 15 em and mineral soil from 15 to 35 c¢m) for
approximately 1 year, accordingto Paré ef al. (2011). We placed the samples in bottom-
perforated plastic containers that were pre-filled with glass wool and pre-washed with
HCI1 1M. We saturated each of the samples with purified water and let them equilibrate
for 24 h in a cooler at 2°C before weighting to determine their water holding capacity.
Then, we placed each of the samples in a 500 mL glass Mason jar that were left in a
growth chamber under constant temperature and air moisture conditions at 26°C and
100% humidity, respectively, during the experiments. Periodically, we measured the
CO, production in each of the microcosms. For this, we first hermetically closed the
jar with a metal lid, on which a rubber septum was installed, before measuring the CO,
concentration of the jar headspace (initial CO, concentration, CO»). We measured
again the CO, concentration of the jar headspace after 4h — 24h, depending on the soil
layer and the progress of the experiment (final CO; concentration, CO;zr). We used a
LI-6400 portable photosynthesis system (LI-COR®, Lincoln, NE, USA) to measure the
CO, concentration. Briefly, we used a 2.5 mL and 10 mL (for FH horizon and mineral
soils, respectively) syringe to sample an air volume from the jar head space through the
rubber septum, that we injected in the LI-6400 infrared analyzer through a N; carrier
gas (LI-COR® Application Note # 134) maintained at 100 mL.min"! flow rates using a
FMA1812A gas flow meter (Omega Engineering, INC, Norwalk, CO, USA). By doing
so, the measured CO;, concentration constitutes a dilution of the gas from the jar

headspace. To obtain the real CO; concentration of the jar headspace, we regressed the
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measured CO; peak of the sample against CO; peaks of benchmark gas (800 and 3000
ppm). To account solely for the CO: produced by the microcosm, we subtracted COy;
from COar. Then, we applied the gas law to calculate the specific respiration rate that
was scaled on a 24h basis to obtain the daily specific respiration rate (Ry). Derived from
the calculation of the cumulative respiration in Paré et al. (2006), we calculated the soil

bioreactive C fraction in each of the samples as followed:

R+ R,
(tz—tl)x(t_t_l)xk

Cpior = My—1 +
where Csior is the percent initial C lost through microbial respiration (%) at time 1, My
1 is the cumulative COz-equivalent C mass mineralized at time -7 (mg CO-C.d™), Ry
and Ri; are the daily specific respiration rate (mg CO2-C.g'Corg) at ¢ and #1,
respectively, t is the Julian day and k is a scaling factor (0.1).

Hereafter, we use the value of Caisr considering all the computed values gathered
during the entire period of incubations and Cgicr expressed the cumulative percent

initial C lost through microbial respiration to the end of the experiments.

1.4.4 Statistical analysis

Our first objective was to compare the soil C stock, the acid-insoluble soil C fraction
and the soil Cgijer at the regional fire cycle scale. Based on Levene’s test, equality of
variance could not be assumed between groups of homogeneous fire cycle for each of
the response variables. Then, we compared differences between groups’ mean using
Welsh’s one-way ANOVA that is not affected by unequal variances. When Welsh’s

ANOVA was found to be significant, we performed post-hoc pairwise comparisons
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using Games-Howell test to account for our unbalanced design (Games et Howell,

1976).

The second objective was to investigate relationships between local variations in soil
C characteristics with stand-scale fire frequency. Because of our small sample size (n
= 6), we used Spearman rank correlation between soil C variables and the estimated
mean fire return interval, testing for monotonic relationships between covariates with

a test robust to outliers.

All calculations and statistical analyses were performed with R v.3.4.3 software (R
Core Team, 2017). ANOVAs and post-hoc tests were computed using the package
‘userfriendlyscience’ (Peters, 2018). All statistics were considered significant at p <

0.05.

1.5 Results

1.5.1 Soil C characteristics as a function of regional fire regime

To investigate the role that fire regime might have on soil C characteristics at the
regional scale, we compared four fire cycles by using three soil C variables (Figure
1.2). For the FH horizon (Figure 1.2A), the C stock values varied from 26 MgC.ha™!
and 217 MgC.ha! (mean = 80 + [SD] 36 MgC.hal) and the means did not differ
between groups (F3 2954 = 0.63, p = 0.60). The acid-insoluble C fraction (Car) of the
FH horizon ranged from 48% to 91% (mean = 73 + 5 %) and was significantly different
among groups (Fs 2010 =3.51, p =0.03). Post-hoc Games-Howell pairwise comparisons
revealed that the 183-years fire cycle group had the lowest Ca1 mean (mean = 69.59 +
2.80 %), significantly different from the 247-years fire cycle one (mean = 73.00 + 3.31
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%, p = 0.02), whereas the 153- and 720-years fire cycle groups have similar Cas
compared to all other groups (mean = 72.09 = 2.99 % and mean = 74.23 £ 9.19 %,
respectively). Despite that the Cgicr of the FH horizon was found to be difterent for
some groups (F3 2700 = 3.20, p = 0.04), post-hoc test considered all groups to have a
similar mean (p > 0.03), underlining the conservative nature of the test. For the mineral
soil (Figure 1.2B), the C stock varied with the fire cycle (Fi27.96 = 9.31, p < 0.001) and
generally increased with increasing fire cycle, when differences were found to be
significant between the 153-years fire cycle (mean = 47 = 15 MgC.ha!) and the 247-
and 720-years fire cycles (mean = 83 + 41 MgC.ha! and mean = 74 + 24 MgC.ha',
respectively). The Cgicr of the mineral soil ranged from 2% to 11% and was not
significantly different between groups (Fissae = 0.39, p = 0.76). By summing FH
horizon and mineral soil C stocks, the total soil C stock showed differences among
groups (F3 5220 = 3.25, p=0.03), with the 153-years fire cycle group having the lowest
C stock (mean = 123 + 43 MgC.ha'!) and the 247-years fire cycle having the highest
one (mean = 167 + 51 MgC.hal), whereas the mean C stocks of the 183- and the 720-

years fire cycles were not significantly different from other groups.
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Figure 1.2 Regional-scale soil C characteristics by groups of homogeneous fire cycle.
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Trends about changes in soil C characteristics with fire cycle appeared to be more
straightforward for the B horizon (Figure 1.3). Metal oxides organically-complexing C
(Mpy) were found to be significantly different between groups (Fazio2z = 5.31, p =
0.004) and increased with increasing fire cycle, the 153-years fire cycle group having
the lowest Mpy content (mean = 10.45 + [SD] 5.51 gkg!) and the 247- and 720-years
fire cycle groups having the highest ones (mean = 17.53 = 10.02 g.kg'! and mean =
20.15 + 10.34 g kg, respectively). The C concentration of the B horizon followed the
same trend as Mpy with significant differences among groups (Fi2070 = 6.06, p =
0.002), the 153-years fire cycle group having the lowest C concentration (mean = 2.05
+ 1.04 %) and the 247- and 720-years fire cycle groups having the highest ones (mean
=3.78 £ 2.14 % and mean = 4.04 £ 2.41 %, respectively). The C:Mpy ratio ranges from
0.64 to 9.75 (mean = 2.23 + 1.16) and did not show differences by groups (F3 3115 =
227, p=0.10).
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Figure 1.3 Regional-scale illuvial (B) horizon C characteristics by groups of
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1.5.2  Soil C characteristics as a function of stand-scale fire frequency

To investigate the role that fire regime might have on soil C characteristics at the stand
scale, we compared six sites for which we reconstructed the local long-term fire history
(Annexe A, Figure S1.1), by using three soil C variables (Figure 1.4) and the local
estimated mean fire interval. Whether considering the C stock, the acid-insoluble C
fraction or the Cgicr of the FH horizon and of the mineral soil, there were no significant
statistical relationships between soil C variables and Holocene mean fire interval
(Spearman’s correlation p > 0.05). Likewise, there were no significant statistical
relationships between soil C variables of the illuvial horizon and Holocene mean fire

interval (Figure 1.5).
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1.6 Discussion

In this study, we explored the soil C stock and soil C stabilization variability in relation
with fire regimes, by comparing soil C characteristics at the regional scale with recent
(decadal to centennial) fire cycle and at the stand scale with long term (Holocene) fire
frequency. Because no pattern in soil C characteristics was found to be significant at
the stand scale, likely due to our small sample size, we focus our analysis on trends

observed at the regional scale hereafter.

1.6.1 Does fire cycle control the C turnover and not the C stock of the FH horizon?

In this study, C stocks of the FH horizon were found to be comparable among all the
fire cycle groups (Figure 1.2A), which is consistent with the results of Czimczik ef al.
(2005). These results contrast with the findings of Lecomte er al. (2006), where the
density of soil organic matter in the unbumt part of the FH horizon increased mostly
from about 270 years following fire, bringing these authors to conclude that increasing
fire cycle might lead to increase ecosystem carbon stocks. The sites studied by Lecomte
et al. (2006) had poor soil drainage conditions, whereas the soils we studied here were
mesic environments. This suggests that soil C storage processes are quite variable and

depend on soil drainage conditions (Trumbore et Harden, 1997, Wang, C. ef al., 2003).

In our study, differences in Cgisr were found not to be significant among fire cycle
groups (Figure 1.2A), likely due to the conservative nature of the statistic tests.
Nevertheless, the variation of Cgior and of C a1 with fire cycle groups showed reversed
patterns (Figure 1.2A). This imply that the use of acid hydrolysis and the use of soil
incubations together are complementary methods to study the soil C cycling (Paul et

al., 2006). Overall, the results of our study with comparable C stocks in the FH horizon
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among the different fire cycle groups and reversed patterns between Ca1 and Cgicr with
fire cycle groups suggest that the fire cycle controls the C turnover without changing

the C stock of the FH horizon.

We found lower Car and higher Cgior both with the shortest and the longest fire cycles.
This implies that the C of the FH horizon in regions experiencing intermediate fire
cycles is rapid in comparison with shortest or longest ones. Black carbon (BC) is a by-
product of organic matter processed by thermal oxidation which is resistant to
biological degradation (Santin et al., 2016). Re-burning of BC is not a major process
of BC loss in the FH horizon (Santin et al., 2013). In our study, it is possible that the
high Car concentration and the low Cgijr of the FH horizon in the region with a short
fire cycle resulted from the accumulation of BC. But this assumption is inconsistent
with the high Car concentration and low Csgjer of the FH horizon we found for the
longest fire cycle group, because amounts of BC tend to decrease with time in the
absence of fire disturbance (Preston ef al., 2017, Santin ef al., 2013). Rather, a plausible
explanation could be that the fire regime being very dependant on climatic conditions
(Chaste ef al., 2018), the pattern in soil C characteristics we found in our study could
be a direct expression of the regional climate in the C storage process of the FH horizon,
and particularly the regime of precipitation more than to be a direct effect of the fire

cycle (Annexe A, Figure S1.3).

1.6.2 Organo-mineral association controls the size of the mineral soil C reservoir but

not its turnover

As a mechanism of soil organic C stabilization, metallic complexation mostly occur in
acidic soil conditions (Rasmussen et al., 2018). In our study, the index of chelation

(C:Mpy ratio) always was below 10 (Figure 1.3), suggesting that the complexation of
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C with metal oxides was effective (Masiello ef al., 2004) and that the soil capacity to
retain C is strongly linked to the amount of iron and aluminum species (Annexe A,

Figure S1.2).

Both the Mpy content and the C content of the illuvial horizon and the C stock of the
mineral soil increased with increasing fire cycle. This suggest that the longer is the fire
¢ycle and the more the soil store metal oxide that can bind C, increasing the mineral
soil C reservoir. Here, organometallic complexation did not likely result from heating
of'soil during wildfire, as previously described (Femandez et al., 1997). In theory, areas
characterized by long fire cycle have higher proportion of old-growth forests (Bergeron
et al., 2002). So, it is possible that old-growth forests own attributes favoring the release
of metal oxide, and indirectly enhancing soil C sequestration. Alternatively, the
observed increase of both Mpy content and C content with increasing fire cycle could
be the direct expression of climate conditions that control the regional fire regime
(Chaste et al. (2018), Annexe A, Figure S1.3). Both explanations agree with our
previous findings (Andrieux et al., 2018b).

One could expect a decreasing Cgicr with increasing fire cycle, as regards to the
organometallic stabilization pattern found in our study. Interestingly, Cgior of the
mineral soil did not vary significantly between fire cvcle groups (Figure 1.2). This
suggest that organometallic complexation is not necessarily a factor of long-term C
sequestration in these soils and that stabilization of soil C by association with soil
mineral phase could be modulated by other soil parameters. So, Mpy content is a strong
predictor of soil C concentration and not soil C turnover, agreeing with Porras er al.
(2017), who also showed that associations between organic and metal species is less
stable in the most acidic soils. Hence, the local soil pH conditions in our case study,
more than the amount of metal oxides, could have modulated the soil C turnover

(Andrieux et al., 2018b).
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Interestingly, the index of chelation C:Mpy was under a value of 2 for 49% of our
sampling sites (Figure 1.3 and Figure 1.6). As these soils had more metal ion charges
than organic carbon charges (Masiello ez al , 2004), it implies that additional C could
be bound to metals. Overall, half of our sampling soils were C under-saturated. with

some regional variations (Figure 1.6) remaining to be further investigated.
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Figure 1.6 Number of soils with an efficient organometallic complexation (light grey)
or with an additional potential for binding more carbon on metal oxides (dark grey), by
homogeneous fire cycle zone. Soil with a carbon to pyrophosphate extractable metals
ratio (C:Mpy) less than 2 where considered unsaturated, or saturated when C:Mpy

ranged between 2 and 10 (Masiello et al., 2004).
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1.6.3 Needs for research

Our study aimed to assess the impact of fire regime on soil C characteristics. Our design
involved sampling plots grouped by regional fire cycle, in a vast territory with climate
variability. Based on our findings, it 1s more likely that the regional variations in soil
C characteristics mirrored the variations in climate conditions, rather than fire regime
ones. Although we found regional trends in soil C storage processes, high variabilities
characterized the observed soil C variables. Moreover, the absence of recognizable
patterns in soil C characteristics with long term fire frequency at the local scale could
have resulted from large variabilities in unmeasured factors of soil condition. This
indicates that several local environmental properties could modulate the soil C storage
processes. Clearly, further research is needed to account for both the relative
contribution of climate or fire regime and local environment factors involved in the

control of the soil C storage processes.

Nevertheless, our study brings some important implications about ecosystem-based
management of boreal forests, first thought as regards to the natural fire disturbance
(Bergeron et al., 2007; Bergeron et al., 2002; Harvey et al., 2002). Currently limited to
the aboveground biomass, we assume that this strategy could be expand to the soil
system with respect to the soil C cycle. Indeed, our results suggest that, considering
climate and fire cycle to be commutable, integrating knowledge about fire cycles in
ecosystem-based management is appropriate to keep the soil C storage processes into
their natural range of variability at the regional scale. Moreover, further understanding
about how forest management practices could compensate for the C saturation deficit
of some soils would participate to increase the soil C reservoirs. For achieving a target
of increasing C sequestration in boreal forests, we urgently need to develop further
research to disentangle both the role of climate and fire cycle on soil C storage process,

advance methodological fire history reconstructions, comprehensive analyses on the
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soil C storage capacity and better understanding on the local controlling factors of soil

C storage.
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2.1 Abstract

The accumulation of soil carbon (C) is regulated by a complex interplay between
abiotic and biotic factors. Our study aimed to identify the main drivers of soil C
accumulation in the boreal forest of castern North America. Ecosystem C pools were
measured in 72 sites of fire origin that burmed 2 to 314 years ago over a vast region
with a range of A mean annual temperature of 3°C and one of A 500 mm total
precipitation. We used a set of multivariate a priori causal hypotheses to test the
influence of time since fire (TSF), climate, soil physico-chemistry and bryophyte
dominance on forest soil organic C accumulation. Integrating the direct and indirect
effects among abiotic and biotic variables explained as much as 50% of the full model
variability. The main direct drivers of soil C stocks were: TSF > bryophyte dominance
of the FH layer and metal oxide content > pH of the mineral soil. Only climate
parameters related to water availability contributed significantly to explaining soil C
stock variation. Importantly, climate was found to affect FH layer and mineral soil C
stocks indirectly through its effects on bryophyte dominance and organo-metal
complexation, respectively. Soil texture had no influence on soil C stocks. Soil C stocks
increased both in the FH layer and mineral soil with TSF and this effect was linked to
a decrease in pH with TSF in mineral soil. TSF thus appears to be an important factor
of soil development and of C sequestration in mineral soil through its influence on soil
chemistry. Overall, this work highlights that integrating the complex interplay between
the main drivers of soil C stocks into mechanistic models of C dynamics could improve
our ability to assess C stocks and better anticipate the response of the boreal forest to

global change.
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2.2 Résumé

I>accumulation du carbone (C) dans les sols est régulée par des interactions complexes
entre des facteurs biotiques et abiotiques. Notre étude visait a identifier les principaux
facteurs d’accumulation du C dans les sols de 1a forét boréale a 1’Est de I’ Amérique du
Nord. Les réservoirs de C de ’écosystéme ont été mesurés dans 72 sites originaires
d’incendies naturels qui ont brlé il y a 2 a 314 ans, dans une vaste région présentant
une variabilité des températures moyennes de 3°C et 500 mm de précipitations totales.
Nous avons utilisé un ensemble d’hypothéses causales a priori pour évaluer I'influence
du temps écoulé depuis le dernier feu (TSF), du climat, de la physico-chimie du sol et
de la dominance des bryophytes sur I’accumulation du C organique des sols forestiers.
I’intégration des effets directs et indirects parmi les variables biotiques et abiotiques a
permis d’expliquer jusqu’a 50% de la variabilité totale du modéle. Les principaux
déterminants directs des stocks de C étaient : TSF > dominance des bryophytes pour la
couche organique FH et la concentration en oxvdes métalliques > pH pour le sol
minéral. Seuls les paramétres climatiques liés a la disponibilité de 1’eau contribuaient
significativement a expliquer la variation dans les stocks de C du sol. 11 est important
de noter que le climat n’affectait qu’indirectement les stocks de C dans la couche FH
et le sol minéral, au travers de ses influences sur la dominance des bryophytes et sur la
complexation organométallique, respectivement. La texture du sol n’a pas eu
d’influence sur les stocks de C du sol. Le stock de C du sol augmentait a la fois dans la
couche FH et dans le sol minéral avec le TSF, et cet effet était 1ié 4 une diminution du
pH avec I’augmentation du TSF dans le sol minéral. Le TSF était un facteur majeur du
développement du sol et de la séquestration de C dans le sol minéral, au travers de ses
influences sur la chimie du sol. Dans 1’ensemble, ce travail met en lumiére que
I'intégration des interactions complexes entre les principaux facteurs déterminant les

stocks de C du sol dans les modéles mécanistiques de la dynamique du C pourrait
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améliorer notre capacité a évaluer les stocks de C et mieux anticiper la réponse de la

forét boréale au regard des changements globaux.

23 Introduction

One third of the global forest carbon (C) is stored in boreal ecosystems (Dixon et al.,
1994; Pan et al., 2011). Due to the slow rate of organic matter decomposition (Hobbie
et al., 2000), boreal forests accumulate C mostly in their soil (Deluca et Boisvenue,
2012). Understanding the processes involved in organic C storage in soils at high
latitudes is a prerequisite to appreciate the potential of C sequestration in terrestrial
sinks as a strategy to mitigate global warming (Jandl ef al., 2007, Lal, 2005). Thus far,
soil C pool has remained the major source of uncertainty in forest C stock predictions
(Shaw et al., 2014), underlining that the complexity of soil systems is not fully pictured
in models of C dynamics. By focusing on the complex interplay between climate, fire,
vegetation attributes and soil geochemistry regulating soil C pools, empirical studies
should help improving the mechanistic understanding of soil C accumulation (Schmidt

etal.,2011).

Climate drives forest ecosystem C stocks by affecting forest growth and decomposition
processes. It also affects C stocks through changes in wildfire regime (frequency and
severity). Following fire and in the absence of other major disturbance, aboveground
biomass accumulates over time until it stabilizes (Bormann et Likens, 1979; Ward et
al., 2014) or decreases (Wardle, Walker, et al., 2004). Similar responses have been
observed in the forest floor wherein organic matter accumulates following time since
disturbance (Nave ef al., 2011) until it either levels off (Ward et al., 2014) or continues
to increase over time such as observed in soils undergoing paludification (Simard et

al., 2007). Regarding mineral soil C stocks, the effect of time since fire (TSF) on the
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shape of C accumulation curves over time is not as well documented and most
theoretical models simply assume a steady state or a very slow accumulation (Deluca
¢t Boisvenue, 2012; Harden et al., 1992; Seedre ef al., 2011) with increasing TSF. Total
ecosystem C 1s generally thought to reach a maximum in forest ecosystems after the
living vegetation aggradation phase (Bormann et Likens, 1979; Ward ef al., 2014), and
possibly retrogresses (Wardle, Walker, ef al., 2004) in the absence of any other major
disturbance event. However, it has been argued that total ecosystem C might slowly
continue to accumulate in old-growth forests (Luyssaert ef al., 2008), especially in dead
organic matter pools (Kurz et al., 2013; Zhou et al., 2006). All such divergent patterns
and conflicting ideas highlight the gaps that exist in our comprehension of the processes

that regulate C dynamics in boreal forest ecosystems.

Recent findings point out climate as a secondary predictor of soil C stocks, weaker than
soil geochemistry (Doetterl ef al., 2015). Indeed, mineral surface reactivity has long
been recognized as a strong determinant of soil C storage capacity (Castellano ef al.,
2015; Six et al., 2002). In the boreal region, acidic parent material typically results in
podsolization, which is characterized by organic matter accumulation in the illuvial (B)
horizon, where organic matter is associated to different degrees with aluminum and
iron oxides (Sanborn et al., 2011). Whereas podsolization occurs over long time scales,
the changes and processes controlling mineral soil C accumulation over shorter periods
of time following the years since the last fire event are poorly understood. Vegetation
is another driver that can exert a profound effect on soil C cycling (Laganiére ef al.,
2017). In the boreal black spruce forest, changes in the composition of the tree canopy
with TSF are limited as pure black spruce stands are typical of old-growth successional
stages and are able to regenerate quickly after fire (Harper ef al., 2003). Changes in the
vegetation mostly occur in the understory, particularly in the moss layer (Fenton et
Bergeron, 2008), where moss species dominance is known to change over time after

fire disturbances. Nevertheless, simple effects of climate and vegetation on soil C
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stocks may prove to be difficult to disentangle as vegetation types often equilibrate

within their optimal climatic envelope (Jobbagy et Jackson, 2000).

The objective of this study is to fill these knowledge gaps by quantifying changes in
boreal forest C pools with TSF (from 2 to 314 years) and to disentangle the role played
by soil physical (texture) and chemical (pH and metal oxide contents) properties, local
biotic conditions (bryophyte dominance) and climate on soil C accumulation across the
spruce feathermoss bioclimatic domain in eastern North America. Using a set of @
priori causal hypotheses with direct and indirect effects, we addressed the following
questions: 1) Does the ecosystem reach a maximum C storage after the living vegetation
aggradation phase following disturbance? and ii) To which extent do interdependent
relationships among TSF, climate, physical and chemical soil properties and bryophyte
dominance influence soil organic C accumulation in both the FH layer and the mineral
s0il? Our study is framed within the state factor model of ecosystems (Amundson et
Jenny, 1997). Thus, we start with the assumption that once site factors such as overstory
composition, surficial deposits and soil drainage are accounted for, dynamic-ecosystem
C pools (i.e. aboveground biomass, downed coarse woody debris and FH layer) are
mostly controlled by TSF (Seedre ef al., 2011), whereas mineral soil C pools are mostly
controlled by climate and soil chemistry (Doetterl ef al., 2015).

In boreal ecosystems, the accumulation and maintenance of soil organic matter in the
forest floor are driven by the primary fungal decomposition of plant residues. This
humification process is governed by the incomplete decomposition of litter, notably
resulting from a great biological competition for limited nitrogen, that favors an
immobilization and a blockage of the nitrogen cyele (Prescott ef al., 2000). Following
the Soil Classification Working Group (1998), we use the term FH layer in reference
to the partially decomposed (fragmented, F) and decomposed (humified, H) soil

organic matter accumulated in a thick layer at the soil surface, also defined as mor
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humus (Weetman, 1980), m distinction with the mineral soil layers beneath. The FH
layer is equivalent to the O1 and Oe/Oa layers.

2.4 Materials and methods

2.4.1 Study area

This study was carried out in sites distributed across the managed portion of the boreal
forest of castern Canada, a forest dominated by evergreen conifer species and located

roughly between 49°N and 52°N and from 68°W to 76°W (Figure 2.1).
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Figure 2.1 Map of the study area showing the spatial distribution of the sample plots
(N =172).

In this study region, the Canadian Shield bedrock is mainly composed of igneous

(granitoids) and metamorphic (gneiss, migmatites) materials formed during the
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Precambrian, covered by glacial tills and localized fluvio-glacial deposits (Robitaille
et Saucier, 1998). Topography is flat in the west and undulated with more pronounced
slopes in the center and in the east. Regional climate is sub-polar sub-humid with mean
annual temperatures ranging south to north from 0°C to -5°C. Mean annual
precipitations ranges from west to east from 800 mm to 1300 mm (Robitaille et Saucier,
1998), reflecting continental climate and maritime influences on the regional climate
(Ecological Stratification Working Group, 1996). The landscapes are dominated by
black spruce (Picea mariana [Mill] B.S.P) stands associated with ericaceous
understory and feathermoss ground layers. The length of fire cycles typically increases
north to south and west to east (Portier ef al., 2016). As aresult, within a general matrix
of black spruce, fire resistant jack pine (Pinus banksiana [Lamb.]) and fire intolerant
balsam fir (4bies balsamea [1..] Mill.) exchange co-dominance across this fire gradient.
In this territory where human density is very low, fires are naturally ignited by lightning
strikes. Large and stand-replacing crown wildfires are common in these black spruce
forests (Bergeron et al., 2004; Rogers ef al., 2015). In burnt arcas, as a result of
crowning most trees are left dead following fire in pure black spruce stands (Kafka et
al., 2001; Fig.2). The thick forest floor layer developing under the black spruce canopy
develop a thick organic layer that can be reduced by 60% with buming (Greene et al.,
2007), depending on its bulk density and its moisture content (Miyanishi et Johnson,
2002).
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Figure 2.2 Set of field photos. Horizontal overall plan of the stand from the plot centre
(a) shows the transition from dead trees to single age structure toward a more complex
age-class structure with several cohorts and senescent trees when the stand gets older.
View from above (b) captured the ground layers, with charred twigs and mosses after
fire toward a dense moss carpet in mature stands, with seedlings benefiting from
canopy opening in older stands. Soil pits (¢) exhibit the organic layer depth and the

podzolized mineral soil horizons (scale = 1 m).
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2.4.2 Stand selection and field sampling design

Our goal was to establish sample plots across a chronosequence of time since fire
(TSF). We used digital forest inventory maps produced between 1990-2000 and 2000-
2010 by the ministére des Foréts, de la Faune ¢t des Parcs du Québec (MFFPQ) to
ensure that stands were as similar as possible in terms of canopy composition, surficial
deposits and mesic drainage conditions. We used ArcGIS v10.2 to overlay these forest
inventory maps with fire maps compiled by the MFFPQ and other published
dendrochronological survey (Belisle ef al., 2011; Bouchard et al., 2008; Cyr et al,
2012; Frégeau ef al, 2015; Le Goff et al., 2007, Portier et al, 2016) in order to
implement our chronosequence. When in doubt, stand age was verified in the field by
coring 2-3 dominant trees, although none of these verifications came up with ages that
were significantly different from those of the digital maps. The sampling effort thus

planned covered 72 sites and was carried out in 20135,

Field inventory and soil sampling mostly followed Canada’s National Forest Inventory
ground plot guidelines (NFI (2016); Annexe B, Figure S2.1). In each stand, we
established a single 314 m? circular plot (10 m radius) for biophysical descriptions and
soil sampling. Slope was measured from the center of the plot with a clinometer, aspect
with a compass, and stand basal arca using a factor-2 prism. FH layer depth was
measured every 2 m with a soil auger along two orthogonal transects following main
cardinal directions, for a total of 20 measurements per plot. At the same point locations
where FH layer depth was recorded, we identified the dominant moss at the genus level
using 400 cm? microplots, for a total of 20 microplots per 314 m2. We also recorded
tree species, diameter and decay class of all downed coarse woody debris (= 3 cm in
diameter) crossing the two orthogonal transects. For the FH layer sampling, we selected
three 400 em? microplots, each separated by a minimum distance of 15 m. In these

microplots, we first gathered the litter and the green living mosses layer separately. We
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then collected volumetric samples of the FH layer down to the mineral soil (Preston et
al., 2006). After FH layer was carefully extracted, we sampled the mineral soil (top 15
cm) using volumetric samples with a metallic cylinder (height = 15 cm, inner diameter
= 4.7 ¢cm) in each of the three microplots. Finally, a soil pit was dug down to the illuvial
(B) horizon or to the bedrock when possible. One wall of the pit was cleaned and the
entire soil profile was described. Then, we collected samples from 15 to 35 cm under
the FH layer-mineral soil boundary and in the illuvial horizon (top 15 cm) using
volumetric samples with a metallic cylinder (inner diameter = 4.7 cm). Because of the
stoniness in one site, we could not sample the mineral soil. Thereafter, this site was
discarded from the analyses of soil C stocks. Soil samples were maintained at 2°C in a

cooler before processing for analyses.

2.43 Laboratory analyses

For soil analyses, we used mean composite samples for each of the 72 sample plots
where soil materials obtained from every microplot were pooled and mixed by plot and
soil layer (FH layer or top 15 cm of mineral soil). FH layer was sieved at 6 mm and
oven dried (60°C), whereas mineral soil samples were air dried and sieved through a
2-mm mesh. Dried samples were weighted to estimate bulk density before processing

for physicochemical analyses.

All samples were finely ground (0.5 mm) for C content or Fe and Al (illuvial horizon
only) determination. Carbon concentration was analyzed by dry combustion
(Skjemstad et Baldock, 2007) using a Leco TruMac (I.eco Corp., St. Joseph, MI, USA).
Organically-complexed Fe and Al (Mpy), hereafter defined as metal oxides, were
extracted with a tetrasodium pyrosphosphate solution (NasP207 0.1 N) and analyzed

by inductively coupled plasma atomic emission spectroscopy (Courchesne et Turmel,



53

2007) with an Optima 7300 DV (Perkin Elmer Inc., Waltham, MA, USA). FH layer
and mineral soil potential of hydrogen (pH) was determined in a soil:water solution of
1:10 and 1:2 (Hendershot et Lalande, 2007), respectively, with a pH meter (Orion 2
Star) and soil texture was assessed by a standard hydrometer method (Kroetsch et
Wang, 2007). Because bedrocks are acidic and soil pH is low (3.3 < FH layer pH < 4.2;
4.4 < illuvial horizon pH < 5.7), we did not expect any carbonates in soil samples, and

total C is considered here as organic C (Strand ef al., 2016).

All laboratory analyses were carried out at the Laurentian Forestry Center in Québec,

QC, Canada.

2.4.4 Carbon pool calculations

We calculated C stock in aboveground tree biomass separately for each plot using basal
area field measurements and the allometric equation of Paré et al. (2013), assuming

half C in the total biomass:

1 b
Cape = EZ(Q X Bg x Bf)

where Capg is the aboveground C density (MgC.ha'), By is the basal area for a species
S (m*ha™), Br is the total basal area (m2.ha™), and a, b and ¢ are parameters whose

values are species-specific.

We calculated C stock in coarse woody debris according to the line intersect method
of Van Wagner (1968) assuming total biomass contains half C (Wang, C. et al., 2003),

as follows:
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23y (d*D
Conp = (%) 05

where Cewp is the C density in coarse woody debris (kgC.ha), d is piece diameter
(cm), Ds is the wood density (kg.m™) for a species S and for a given decay class
(unpublished internal database: National Forest Inventory Project Office), and . is the

total measured transect length (m).

We calculated soil C content for each sample by multiplying its C concentration with
its respective bulk density and depth (here, equals to mean depth based on 20
measurements for the FH layer), assuming there were no coarse fragments in FH layer,

and corrected for coarse fragments (> 2 mm) in the mineral soil horizons.

Because of some very stony mineral soils, some samples (samples 15-35 cm, n = §;
samples 0-15 cm in the illuvial horizon, n = 5) had to be extracted in a non-volumetric
manner. Based on the other samples of our database, we estimated their bulk density
using a nonlinear organic density model developed by Federer et al. (1993) and

successfully used by Périé et Quimet (2008) in soils of eastern North America:

_ Dbm Dbo
(Fo Dbm) + (1 - Fo) Dbo

Dy

where [y 1s the bulk density, Dy, 1s the bulk density of “pure” mineral soil material
(1.e. soil without any organic fraction), Do 1s the bulk density of “pure” organic soil
(i.e. soil without any mineral fraction), and F, is the organic mass fraction of the
sample. Whereas only C concentration was analyzed here, we assumed a conversion

factor of 2 (Pribyl, 2010) to estimate the value of F,.
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Mineral soil C stocks were summed across horizons (top 15 cm and 15 to 35 cm deep)
and other mineral soil explanatory variables were transformed with a weighted mean
by depth for subsequent statistical analysis. For this study, we did not use the litter plus
green living mosses carbon pool because this C reservoir was very small (Taylor ef al.,

2014). All C stocks are reported in tons per hectare (MgC.ha'!) hereafter.

2.4.5 Climatic data

Climatic data were generated using BioSIM v10.3.2 (Régniére et al., 2013). Based on
current knowledge and a priori hypotheses, we selected mean annual temperature
(MAT), mean annual precipitation (MAP), annual growing degree-days above 5°C
(GDDS5) and water balance (WB, i.e. annual precipitation minus potential
evapotranspiration) as the main possible climatic drivers of soil C stocks in our
analyses. We used the 1981-2010 climate normals (http://climat.meteo.ge.ca/) to
interpolate these climatic drivers at the plot level from the eight nearest surrounding
weather stations, considering local field-measured slope attributes as correcting factors
(for more details, see Régniére (1996)). The Canadian climate normals used in this
study are meteorological daily records of weather stations across the national territory.
Following the World Meteorological Organization standards, normals are computed

with the arithmetic mean for cach month within a year, over a 30-year period.

2.4.6 Ground layer dominance

To discriminate the importance of Sphagnum spp. from that of feathermoss species
holding different ecophysiological characteristics (Bisbee ef al., 2001), we calculated
an index of moss dominance (IMD) inspired by Nalder et Wein (1999) as follows:
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Osph
Osph + Opr + Oy + Opy

IMD =

where ( is the sum of occurrence for a species in the 20 (20 x 20 cm?) microplots, sph:
Sphagnum spp., pl: Pleurozium schreberi (Brid.) Mitt., A Hylocomium splendens

(Hedw.) Schimp., and pt: Ptilium crista-castrensis (Hedw.).

When the IMD tends towards 1, the moss stratum is dominated by Sphagnum spp..
whereas when the IMD tends towards 0, other moss species dominate the moss stratum.
For plots where fire was recent and no moss species were observed (n = 5), the IMD
was set to 0. We detected no significant changes in the results when excluding or

including these plots in our analyses.

2.47 Ecological a priori hypotheses

The chronosequence approach used in our study implies the existence of a single
successional trajectory (Kenkel ef al., 1997). In black spruce-dominated forests of
castern North America, Frégeau et al. (2015) inferred from paleological data that the
local vegetation has developed under recurrent dynamics (i.¢., the cyclic return to a
black spruce dominance after fire) for several millennia. Thus, we assumed there were
no changes in canopy composition with time and that the current vegetation has
developed from similar vegetation. Also, the low vegetation diversity in the study area
together with the single and cyclic successional trajectory make space-for-time

inferences suitable (Walker ef al., 2010).

The following environmental variables were considered as important drivers of soil C

storage within boreal forest ecosystems and were included in our analyses: climate
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(temperature and water supply), soil texture, TSF, dominance of the moss functional
type, soil pH and concentration in metal oxides. Based on our overall dataset,
preliminary results showed that carbon stocks in the FH layer and in the mineral
horizons were uncorrelated (Annexe B, Figure S2.2). Moreover, numerous studies have
already shown that C storage patterns in the FH layer and mineral soil are often
governed by different processes (Fierer, Noah et al., 2003; Salomé et al., 2010, Ziegler
et al., 2017). We therefore built, for each of these two C pools, separate sets of a priori
ccological hypotheses using direct acyclic graphs (DAGs) representing different causal
relationships among environmental variables and C stocks (Figure 2.3). This led us to
test the validity of six competing a priori ecological hypotheses, each being represented
by a DAG. We used a hypothetico-deductive approach in which each a priori
hypothesis was coherent with ecological knowledge and represented an alternative
causal explanation that could be falsified as regards the underlying mechanisms of soil
C storage in the two main C pools. The first two hypotheses, one for each C pool
(hypothesis FHO and B0 in Figure 2.3), assume direct relationships between variables
and C stocks, as well as statistical independence among variables. These two
hypotheses were used as baseline for comparisons since they mirror the dominant
approach with only direct effects used in the literature to assess the effect of
environmental variables on soil C stocks (for example, see Marty ef al. (2015); Nalder
et Wein (1999); Strand et al. (2016)), which uses Jenny’s factor model of soil formation
(Jenny, 1994). We also formulated a set of a priori competing hypotheses involving
indirect effects among variables and C stocks (hypotheses FH1, FH2, Bl and B2 in
Figure 2.3).
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Figure 2.3 Path models for multivariate cansal hypotheses testing FH layer C stocks
(FHO, FH1 and FH2) and illuvial horizon C stocks (B0, Bl and B2). Arrows indicate

direct cansal effects. Climale: climate variable; Texfure: texture of the mineral soil (top

35 cm); TSE: time since fire; p&: potential of hydrogen in the FH layer (FH models) or

tlluvial horizon (B models); A4D: index of moss dominance; Adny: pyrophosphate

extractable metals in the illuvial horizon.
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Ecological justification for each a priori hypothesis represented by a different DAG
(Figure 2.3) is given below:

Baseline hypothesis for the FH layer, FHO. In this hypothesis, fire directly affects FH
layer pool size through direct combustion and FH layer buildup with TSF (Harden et
al., 2012; Knicker, 2007). Climatic conditions and pH both have direct effects on C
accumulation because they are key determinants of the decomposition process
(Prescott et al., 2000, Zhang et al., 2008). Climate and pH also are important drivers
of the substrate use efficiency of soil microbes (Cotrufo et al., 2013), but their relative
contributions remain unknown. Several studies have reported that the dominance of the
ground layer vegetation also influences C accumulation processes (Bisbee ef al., 2001;
Bona et al., 2013). Feathermosses have a higher decomposability (Fenton et al., 2010;
Lang et al., 2009) and lesser productivity (Bisbee ef al., 2001) than sphagna, so we
expected more C accumulation in the FH layer with the increasing dominance of
sphagna. Finally, waterlogged conditions are known to promote anoxic environment
impeding microbial decomposition, so rapid draining on coarse-textured soils may
favor faster soil organic matter decomposition (Bauhus er al, 1998; Trumbore et

Harden, 1997).

Alternative hypothesis for the FH layer, FH 1. In this hypothesis, as in hypothesis FHO,
fire has a direct effect on C stocks through changes in FH layer pool size with TSF.
However, contrary to hypothesis FHO, hypothesis FH1 postulates that TSF also has
indirect effects on C stocks through direct effects on pH conditions and on the moss
dominance, as supported by empirical studies (Simard ef al., 2007, Ward et al., 2014).
FH1 hypothesis also postulates that climate conditions and soil texture influence C
stocks only indirectly through their direct and synergic effects on the change of
dominance in the ground layer from feathermosses to sphagnum species. Fire can

modify soil pH through organic acid denaturation and neutralization of acidity by base-
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saturated ash materials (Certini, 2005; Gonzalez-Perez ef al., 2004, Knicker, 2007). In
addition, FH layer pH has been shown to decrease with TSF in the mesic black spruce
forests of castern Quebec (Ward et al., 2014), as well as in most aggrading forests, due
to the imbalance of charge in nutrient uptake (Driscoll et Likens, 1982). More
specifically, protons are exchanged by roots when cations are taken up by growing
vegetation in excess compared to anions. When the vegetation maintains physiological
electroneutrality, it leads to soil acidification. Simard et al. (2007) reported a shift in
ground layer dominance with TSF on poorly-drained fine textured soil, suggesting that
under these conditions, an increasing dominance of sphagnum species may be expected
in the ground layer with increasing TSF. The IMD may have a direct effect on pH
because sphagnum mosses have distinct physiological characteristics (release of
polyuronic, humic and fulvic acids during decomposition, and hyaline cells retaining
water) involved in the acidification of their environment relative to feathermosses
(Lavoie ef al., 2005) and the drawing of water from the water table (Bisbee et al., 2001),
which create conditions that favor the maintenance and spread of sphagnum colonies.
Hence, contrary to hypothesis FHO, hypothesis FH1 postulates that climate has a direct
effect on the IMD because we expected that feathermosses would be more dependent

on water availability than sphagna.

Alternative hypothesis for the FH layer, FH2. This hypothesis is a combination of FHO
and FHI1. In this hypothesis, TSF is predicted to have both direct and indirect effects
on C stocks according to the same causal relationships as in hypothesis FH1. However,
hypothesis FH2 differs from hypothesis FH1 in that climate conditions and soil texture
only have direct effects on C stocks, irrespective of the dominance of feathermoss
versus sphagnum species. Sphagnum spp. occurrence is mostly related to local
hydraulic parameters and available light (Bisbee ef al, 2001), and because we
controlled for drainage conditions in our study, we could expect ground layer

dominance to be independent of soil texture and climate.
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Baseline hypothesis for the illuvial horizon, B0O. In this hypothesis, variables are
assumed to have only direct and independent effects on C stocks in the illuvial horizon.
Metal oxides and fine mineral particles are known to bind C in mineral soils
(organometallic complexation and adsorption) (Kaiser ef al., 2002; Rumpel et Kogel-
Knabner, 2011; Soucémarianadin ef al., 2014). This suggests that C stocks in the
mineral soil will increase with concentrations of metal oxides or fine mineral particles.
Acidity slows the activity of decomposers (see hypothesis FHO), whereas a wetter and
a warmer climate enhances C accumulation in the mineral soil (Buurman et Jongmans,
2005; Liski et Westman, 1997; Sanbom et al., 2011; Strand et al., 2016). This is
supposedly due to an above- and belowground litter production that is imbalanced with
the activity of decomposers in well-drained soils (Callesen ef al., 2003), which allows
for larger organic matter inputs to the mineral soil that can potentially be stabilized
through complexation and adsorption on the inorganic mineral phase. The effect of fire
on C stocks in the mineral soil is still ambiguous in the literature and is often assumed
to be negligible (Deluca et Boisvenue, 2012; Knicker, 2007, Seedre et al., 2011).
Nevertheless, we assumed a direct effect of TSF on C stocks in the illuvial horizon as
some studies have shown that C stocks in the mineral soil were larger in old forests
compared with adjacent bumt stands (Smith et al., 2000), or that they accumulated
slightly with TSF (Johnson et Curtis, 2001; Pregitzer et Euskirchen, 2004).

Alternative hypothesis for the illuvial horizon, B1. In this hypothesis, climate exerts an
indirect control only on C stocks (Doetterl ef al., 2015) through its direct effect on
mineral weathering and on the amounts of metal oxides leached from the upper
horizons (Egli et al., 2009). Soil pH is hypothesized to have both a direct effect on C
stocks through changes brought to the decomposition process and an indirect effect on
C stocks through changes occurring in the creation of organometallic complexes
(Buurman et Jongmans, 2005; Porras et al., 2017). Time since fire exerts an indirect

effect on C stocks by influencing soil pH through the liming effect within the first few
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years after fire (see FH1), whereas over the long term, mineral soil acidifies through a
charge imbalance in the nutrient uptake with vegetation growth (Driscoll et Likens,

1982).

Alternative hypothesis for the illuvial horizon, B2. This hypothesis is a combination of
B0 and Bl. In this hypothesis, climate and TSF are predicted to have both direct and
indirect effects on C stocks according to the same causal relationships as in hypotheses
B0 and B1. The direct effect of TSF on illuvial horizon C stocks arises from the slow
incorporation of charcoal and hydrophobic organic matter into the mineral soil
following fire (Johnson and Curtis, 2001). The indirect effect of TSF on illuvial horizon
C stocks 1s attributed to changes in the mineral soil pH with TSF (see FH1). Climate
has a direct effect on illuvial horizon C stocks through its direct effect on litter inputs
and on the decomposition process (see B0). Climate also has an indirect effect on
illuvial horizon C stocks through its direct effect on mineral weathering and leaching

(see Bl1).

2.4.8 Statistical analyses

First, we evaluated post-fire C dynamics using linear regression of C pools with TSF.
When a curvature in the relationship was observed, we used a piecewise regression
with the R package ‘segmented’ (Muggeo, 2008) to extract breakpoint coordinates.
Second, we used confirmatory path analysis with directional separation tests (d-
separation or d-sep; Shipley (2000a)) to quantify direct and indirect causal
relationships between variables and C stocks according to the set of alternative a priori
ccological hypotheses described above (Figure 2.3). We used path analysis together
with Fisher’s C test (Shipley, 2000b) as a simultancous test of independence for a

model basis set (i.e. all non-adjacent pairs of variables defined as claims of
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independence) in order to assess how each hypothetical DAG was supported by our
data and to identify which hypothesis could be rejected or not based on a robust
statistical test (Shipley, 2009). Fisher’s C statistic was compared to a chi-squared
distribution with 2k degrees of freedom (where k is the number of independence claims
in a model basis set). We chose the significance level of 0.05 to decide when to reject
a causal model (rejected when p < 0.05). All variables were standardized (i.e., centered
on the mean and divided by the standard deviation) prior to analyses to quantify their

relative contributions to C stocks variability.

We compared the fit of cach DAG within each C pool using a model selection approach
(Shipley, 2013) together with the second order Akaike’s information criterion (AICc)
in order to account for finite sample size (N = 71). Model selection was based on
relative AlICc difference with the ‘best model’ or relative weight (Symonds et
Moussalli, 2010). As we had no a priori knowledge about which specific climate and
texture variables should be used for testing the validity of each hypothesis/DAG, we
used the cross-product of four climatic (MAT, MAP, GDD and WB) and three soil
texture (sand %, silt % and clay %) variables, which vielded a total of 12 model
combinations to be tested for each hypothesis/'DAG. As we had three different
hypotheses in both C pools, the model selection procedure resulted in the comparison
of 36 candidate DAG models for each C pool. We calculated model-averaged estimates
by multiplying cach estimate within cach model by the corresponding Akaike weight
and by summing the resulting values across all models. By doing so, we avoided
making arbitrary decisions about which model should be considered by allowing all
models to influence model-averaged estimates. Path analyses were conducted using the
‘oom’ package (Marchetti ef al., 2015) and all calculations and statistical analyses were
made with R software version 3.0.2 (R Core Team, 2017). All data presented in this

paper can be retrieved online for free (Andrieux et al., 2018a).
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2.5 Results

2.5.1 Post-fire carbon dynamics

Across our plots, carbon (C) accumulated with increasing time since fire (TSF), but the
shape of this accumulation varied by pool (Figure 2.4). Total ecosystem C stock tended
to increase linearly (Figure 2.4a), ranging from 83 MgC.ha™! to 356 MgC.ha™! for TSF
values of 2 years and 283 years, respectively. Aboveground tree C stock (Figure 2.4b)
was negligible in the first decades after fire, peaked at 90 + 9 years, and showed a
significant (p = 0.02) but minor decrease in older stands. The maximum observed
aboveground tree C stock was 105 MgC.ha! in a 91-year-old stand. The C stock in
coarse woody debris first decreased until 51 + 11 years, and then increased until TSF
reached 237 + 25 years. The maximum observed C stock in coarse woody debris was
19 MgC.ha'l in a 10-year-old stand. Values of C stocks in coarse woody debris were
negligible for values of TSF between 48 and 91 years. Coarse woody debris was found
to be the smallest of all ecosystem C pools (Figure 2.4¢). FH layer C stock generally
increased linearly with TSF, but showed a very high variability around this trend. The
lowest and highest values of 26 MgC.ha! and 217 MgC.ha! were found in plots with
TSF values of 102 years and 91 years respectively (Figure 2.4d). Mineral soil (top 35
cm) C stock also increased linearly with TSF and also showed a high variability in
measured values. The lowest and highest values of 19 MgC.ha' and 159 MgC.ha'l
were found in plots with TSF values of 171 years and 314 years, respectively (Figure
2.4e).
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Figure 2.4 Observed (points) and predicted (plain lines) post-fire carbon stocks with
95% confidence interval (dashed lines) as a function of time since fire and the type of
aboveground (green) or belowground (maroon) carbon pool, with boxplots
representing age-class carbon stock distribution (limits at 2, 30, 60, 100, 150, 200 and
314 years; see Annexe B, Figure $2.3 for the number of plots per age-class) (left panel).
Violin plots show the kemel density of observed carbon stocks within each carbon pool
(right panel). Ecosystem fa): sum of all carbon pools; Trees ¢b): aboveground trees;
CWD (c): lying coarse woody debris; FH (d): FH layer; MIN (e): top 35 cm of mineral
soil. (*) p < 0.05; (**) p = 0.01; (***) p = 0.001.
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The simple linear functions using TSF as sole explanatory variable explained 40% (for
ecosystem), 61% (for aboveground tree biomass), 27% (for coarse woody debris), 9%
(for FH layer) and 11% (for mineral soil) of C stock variability. According to these
simple linear models, the ecosystem accumulated 0.44 MgC.ha™.yr'! (p <0.001) (Table
2.1). In the first 90 £ 9 years following fire, aboveground tree showed the greatest C

accumulation rate, followed by FH layer and mineral soil (Table 2.1).



Table 2.1 Equation parameters and statistics in linear trends of carbon stocks (MgC.ha!) changes with time since fire (yr'!)

for the main ecosystem carbon pools.

Carbon pool Number  Breakpoint Equation . Equation _
(MgC.ha™) of . (years = sd) before breakpoint after breakpoint R? p-value
breakpoints

Ecosystem

0 - 149.20 + 0.44 (TSF) - 0.40  <0.001
Aboveground trees

1 90+9 -5.93 +0.75 (TSF) 71.57-0.10 (TSF) 0.61 <0.001
Coarse woody debris

2 5112 8.17-0.15 (TSF) -1.78 + 0.05 (TSF) 0.27 0.012

237 +£25 -1.78 + 0.05 (TSF) 31.94 - 0.10 ('TSF)

FH layer

0 - 66.00 + 0.13 (TSF) - 0.09 0.011
Mineral soil (top 35 cm)

0 - 56.05 + 0.14 (TSF) - 0.11 0.004

LS
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2.5.2 FH layer path analysis and model selection

The first hypothesis (FHO) testing for direct effects of variables on FH layer C stocks
was rejected based on Fisher’s C statistic (p < 0.01), whereas most models related to
FH1 and FH2 were not (Table 2.2). According to the model selection procedure, the
two competing path models that best explained the data (AAICc < 2; Table 2.2), both
belonged to hypothesis FH1 with water availability (MAP or WB) as climate variable
and clay content as texture variable. Together, these two path models accounted for
74% of the Akaike weight and explained 44% and 46% of the variation between
covariables and FH layer C stocks (FH1 with WB and clay % and FH1 with MAP and
clay %, respectively; Figure 2.5 and Annexe B, Table S1.1). We therefore concentrated

our analyses on these two FH1-based path models.

Table 2.2 Model comparisons for altemative a priori hypotheses, each testing for
different causal relationships among variables and carbon stocks in the FH layer of the
boreal forest of eastern North America (see Figure 2.3 for details about the Directed
Acyclic Graph (DAG) associated with each hypothesis). The two competing path
models that best explain the data (AAICc < 2) are in bold font.

Hypothesis Climate  Texture C statistic (df, p) K AICc AAICc W

FH1 WB Clay % 8.956 (14,0.83) 11 3543 0 0.40
FH1 MAP Clay % 9294 (14,0.81) 11 3577 034 0.34
FH1 GDD5 Clay % 11.996 (14, 061) 11 3347 3.04 009
FH1 GDD5 Silt %o 14.009 (14,045 11 4048 505 0.03
FH2 WB Clay % 14.643 (14,0.40) 11 4112 569 002
FH2 GDD5 Clay % 15.103(14,0.37) 11 4158 615 0.02
FH1 MAT Clay % 15248 (14,0.36) 11 4172 629 0.02
FH1 WB Sand % 15.416(14,0.35) 11 41.89 646 0.02

FH1 GDD5 Sand % 15422 (14,035 11 4190 647 002
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Table 2.2 (suite)

Hypothesis Climate  Texture C statistic (df, p) K AlCc AAICc W

FH2 GDD5 Silt %o 16.357(14,029) 11 4283 74 001
FH2 GDD5 Sand % 16.629(14,0.28) 11 4310 767 0.0l
FH1 WB Silt %o 16.710(14,027) 11 4318 775 0.01
FH2 MAP Clay % 17.517(14,0.23) 11 4399 §56 0.01
FH1 MAP Sand % 18.166 (14, 0.20) 11 4464 921 0
FH1 MAT Silt % 18.572(14,0.18) 11 4505 9.62 0
FH2 MAT Clay % 18.874 (14,017 11 4535 992 0
FH1 MAP Silt % 19.175(14,0.16) 11 4565 1022 O
FH2 WB Sand % 19.202(14,0.16) 11 4568 1025 O
FH1 MAT Sand % 19.214(14,0.16) 11 4569 1026 O
FH2 MAT Sand % 20.939(14,0.10) 11 4741 1198 0O
FH2 MAT Silt % 21.438(14,0.09) 11 4791 1248 0O
FH2 WB Silt %o 21.637(14,009 11 4811 1268 0O
FH2 MAP Sand % 24.487(14,004 11 5096 1553 O
FHO GDD5 Clay % 37.746(20,001) o6 5106 1563 O
FHO WB Clay % 38.410(20,001) 6 51.72 1629 0O
FHO GDDS Silt % 39.458(20,001) o6 5277 1734 0O
FHO GDDS Sand % 39.727(20,0.01) 6 5304 1761 0O
FH2 MAP Silt % 26.637(14,0.02) 11 5311 1768 0O
FHO MAP Clay % 42.112(20,<0.01) 6 5542 1999 0O
FHO WB Sand % 43.425(20,<0.01) 6 5674 2131 O
FHO MAT Clay % 43.895(20,<0.01) o6 5721 2178 O
FHO WB Silt %o 45863 (20, <0.01) 6 5918 2375 O
FHO MAT Sand % 46.416 (20, <0.01) & 5973 243 0
FHO MAT Silt % 46.917 (20, <0.01) 6 6023 2478 0
FHO MAP Sand % 49.539(20,<0.01) 6 6285 2742 O
FHO MAP Silt %o 51.691 (20, <0.01) 6 6500 2957 0

MAT, mean annual temperature; MAP, mean annual precipitation; GDDS, growing
degree-days above 5°C; WB, water balance; C stafistic (df: degree of freedom, p:
probability of compliance of the basis set with the conditions of independence testing
the hypothesized causal structure of the DAG); K, number of free parameters; 4/Cc,
second order Akaike’s information criterion; A4/Cc, relative AICc difference with the

‘best model’; i Akaike weight.
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Overall, in the FH1 hypothesis, TSF showed the greatest direct effect on FH layer C
stocks (standardized path coefficient, pc = 0.37, p < 0.01), followed by moss layer
dominance (pc = 0.31, p < 0.01). The value of pH decreased with TSF (pc =-0.32,p <
0.01), but increased with IMD (pc = 0.31, p < 0.01). The index of moss dominance
significantly decreased with increasing values of WB or MAP (pc =-0.27, p < 0.05 or
pc=-0.33, p <0.01, respectively), suggesting that either WB or MAP have an indirect
effect on FH layer C accumulation (indirect path coefficient, pc; = -0.08 or pc; =-0.10)
through their influence on moss dominance. When accounting for the effect of other
variables, the direct effects of pH on FH layer C stocks, of TSF on moss dominance,
and of clay content on moss dominance all became non-significant in the FH1

hypothesis (p = 0.03).

When averaging path coefficients (Annexe B, Table S2.1), the most important
variables exerting a direct control on FH layer C stocks were found to be, in decreasing
order of importance, TSF (model-averaged estimator, pcaye = 0.37) and moss
dominance (pcavg = 0.32). Direct effects of pH (pcave = 0.13), climate (pcavg = 0) and

soil texture (pcave = -0.01) were either non-significant or negligible.
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Figure 2.5 The two minimum adequate path models based on the FH1 hypothesis that
best fit the data to explain FH layer carbon stock variability. Arrows indicate direct
causal relationships beiweéen variables. Arrow widths are proportional to path
coefficients. Red or blue arrows show positive or negative path coefficients,
respectively. Plain or dashed arrows depict significant (p < 0.05) or non-significant (p
=0.05) causal relationships between variables, respectively. IW'E, water balance; 344 P,
mean annoal precipitation; Clay, mineral soil (top 35 cm) clay content; T5F, fime since

fire; p H, FH layer potential of hydrogen; I/ D, index of moss dominance.
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2.5.3 Mineral soil path analysis and model selection

The first hypothesis (BO) testing for direct effects of variables on illuvial horizon
carbon stocks was rejected based on Fisher’s C statistic (p < 0.01), whereas most
models related to Bl and B2 hypotheses were not (Table 2.3). Six path models best
explained the data (AAICc < 2; Table 2.3) and all included clay content as texture
variable. For climate variables, the two best path models belonging to hypothesis Bl
had WB or MAT as the best climate explanatory variables. The four other best path
models belonging to hypothesis B2 had GDD35 and MAP in addition to WB and MAT
as the best climate explanatory variables. Together, those six path models accounted

for 83% of the Akaike weight.

Table 2.3 Model comparisons for altemative a priori hypotheses, each testing for
different causal relationships among variables and carbon stocks in the illuvial (B)
horizon of the boreal forest of eastern North America (see Figure 2.3 for details about
the Directed Acyclic Graph (DAG) associated with each hypothesis). The six
competing path models that best explain the data (AAICc < 2) are in bold font.

Hypothesis  Climate  Texture C statistic (df, p) K AlCec  AAIC W

B2 WB Clay % 14.554(14,041) 12 43.93 0 0.18
B1 MAT Clay % 20.528 (18,0.30) 10 44.19 0.26 0.16
B2 MAT Clay % 14.918 (14,0.38) 12 44.3 0.37 0.15
B1 WB Clay % 20.684 (18,0.30) 10 4435 0.42 0.14
B2 GDD5 Clay % 15.585(14,0.34) 12 4490 1.03 0.11
B2 MAP Clay % 15.944 (14,032) 12 4532 1.39 0.09
B1 GDDS Clay % 22766 (18,0.20) 10  46.43 2.50 0.05
Bl MAP Clay % 22.885(18,020) 10 4655 2.62 0.05
B1 MAT Sand % 25143 (18,0.12) 10 4881 4.88 0.02
B2 MAT Sand % 19,461 (14,0.15) 12 48.84 4.91 0.02
B2 GDD5 Sand % 19498 (14,0.15) 12  48.88 4.95 0.01
B2 WB Sand % 20,663 (14,0.11) 12 50.04 6.11 0.01
B1 WB Sand % 26.579(18,0.09) 10  50.25 6.32 0.01

Bl GDD5 Sand % 26.859(18,0.08) 10 5053 6.60 0.01
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Table 2.3 (suite)
Hypothesis ~ Climate  Texture C statistic (df, p) K AlCc  AAIC W
B2 GDDS5 Silt %% 21.884(14,008) 12  51.26 7.33 0
Bl MAT Silt % 28.406(18,0.06) 10  52.07 8.14 0
B2 MAT Silt %% 22731 (14,006) 12 5211 8.18 0
Bl GDDS5 Silt %% 29308 (18,0.04) 10 5298 9.05 0
B2 MAP Sand % 24802 (14,004 12 53418 1025 0
Bl MAP Sand % 31.568(18,0.02) 10 5523 1130 0
B2 WB Silt %% 26506 (14,0.02) 12 5589 11.96 0
Bl WB Silt % 32376(18,0.02) 10 5604 1211 0
B2 MAP Silt %% 30.479(14,001) 12 59386 15.93 0
Bl MAP Silt % 37.245(18, <0.01) 10 6091 1698 0
BO MAT Clay % 49722 (20, <0.01) 7 6550 21.57 0
BO GDD5 Clay % 500158 (20, <0.01) 7 6594 2201 0
BO WB Clay % 500597 (20, <0.01) 7 6637 2244 0
BO MAP Clay % 50.809 (20, <0.01) 7 66.59  22.66 0
BO GDD5 Sand % 52.583(20, <001y 7 6836 2443 0
BO MAT Sand % 52686 (20, <001y 7 6846 2453 0
BO WB Sand % 56.056 (20, <0.01) 7 71.83 27.90 0
BO GDDS5 Silt %% 56.902 (20, <0.01) 7 7268 2875 0
BO MAT Silt % 57776 (20, <0.01) 7 7355 2962 0
BO MAP Sand % 58.680 (20, <00y 7 7446 3053 0
BO WB Silt %% 63.082 (20, <0.01) 7 78.86 3493 0
BO MAP Silt %% 65.421 (20, <0.01) 7 81.20  37.27 0

MAT, mean annual temperature; MAP, mean annual precipitation; GDID3, growing
degree-days above 5°C; WB, water balance; C statistic (df: degree of freedom, p:
probability of compliance of the basis set with the conditions of independence testing
the hypothesized causal structure of the DAG); K, number of free parameters; 4/Cc,
second order Akaike’s information criterion; AAICc, relative AICc difference with the

‘best model’; I Akaike weight.

The best DAG under hypotheses B1 and B2 explained 56% and 61% of the variation
between covariates and illuvial horizon C stocks, respectively (Figure 2.6 and Annexe
B, Table S2.2). Carbon stocks were correlated positively with Mpy (0.37 < pc < 0.41,
p < 0.01), but negatively with pH (-0.32 < pe < -0.23, p < 0.05, except for B2 with
MAP and clay content where p = 0.053). Pyrophosphate extractable metals (Mpy) were
found to depend on WB (pc = 0.25, p < 0.05) and MAP (pc = 0.23, p < 0.05) but not
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on other climate variables (p > 0.05), and were negatively correlated with pH (-0.52 <
pc <-0.46, p < 0.001), which was itself found to be negatively correlated with TSF (pe
=-0.28, p < 0.05). Accounting for the effects of other variables, the direct effects of
both clay content and TSF on illuvial horizon C stocks became non-significant (p >
0.05). Nevertheless, climate (WB and MAP variables only) was found to affect illuvial
horizon C stocks through its effect on Mpy (indirect path coefficient, pc; = 0.1 for
hypotheses B1 and B2 with WB and clay content, and pc; = 0.09 for hypothesis B2
with MAP and clay content). Also, TSF was found to be indirectly linked to illuvial
horizon C stocks through its effect on pH, considering the effects of pH on C stock, of
pH on Mpy, and of Mpy on C stock (0.12 < pci <0.15).

When averaging path coefficients (Annexe B, Table S2.2), the most important
variables exerting a direct control on illuvial horizon C stocks were Mpy (model-
averaged estimator, pcavg = 0.39) followed by pH (pcavg = -0.26). The direct effect of
TSF (pcavg = 0.19) was not significant and direct effects of climate (pcavg = -0.1) and

texture (pcavg = -0.02) were either not significant or negligible.
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Figure 2.6 The five minimum adequate path models that best fit the data to explain
illuvial (B)horizon carbon stock variability. Arrows indicate direct causal relationships
between variables. Amow widths are proportional to path coefficients. Red or blue
arrows show positive or negative path coefficients, respectively. Plain or dashed amrows
depict significant (p = 0.05) or non-zignificant (p = 0.05) causal relationships between
variables, respectively. WE, water balance; 1447, mean annual temperature; Clay,
mineral soil (fop 35 em ) clay content; I'SF, time since fire; 4, illuvial horizon potential
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2.6 Discussion

Our results show that time since fire (TSF) is an important driver of the most dynamic
ecosystem carbon (C) pools (Figure 2.4). Carbon stocks in live aboveground biomass
(Figure 2.4b) and in coarse woody debris (Figure 2.4¢) varied predictably with TSF in
agreement with aggradation and stabilisation patterns (Bormann et Likens, 1979,
Sturtevant ef al., 1997, Ward ef al., 2014), whereas C stocks in the FH layer increased
linearly with TSF (Czimczik et al., 2005; Nalder et Wein, 1999) in agreement with our
hypothesis (see the description of FHO), although the latter relationship was weak.
Contrary to our expectations, we also found a significant but weak positive correlation
between TSF and mineral soil C stocks. Together these results indicate that the net C
accumulation phase in the terrestrial pools of these forests goes beyond the
aboveground aggradation phase, which is in agreement with Luyssaert ef al. (2008) and
Zhou et al. (2006), but in contradiction with Bormann et Likens (1979), Wardle,
Walker, et al. (2004) and Gao ef al. (2017). Soil C pools (FH layer and top 35 cm of
mineral soil) were found to represent as much as 77% of total ecosystem C stocks
(Figure 2.4), whereas still not accounting for deeper soil stocks (Jobbagy et Jackson,
2000). This percentage clearly indicates that better predictions of changes in boreal
forest C stocks can only be achieved through a better understanding of the processes
involved in soil C accumulation (Shaw et al., 2014), in particular with respect to

changes in disturbance patterns (Buma et al., 2014; Fu et al., 2017b) or climate.

2.6.1 Soil C stock predictability

When quantifying explicitly direct and indirect relationships among fire, climate, local
biotic and abiotic variables involved in soil C storage, our study demonstrates that the

overall model explained variability (i.e., accounted for all causal relationships among
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variables, and between variables and soil C stocks) increases from 28% (model
assumes only direct relationships between variables) to 46% (model with indirect
relationships), and from 40% to 60% for FH layer and illuvial horizon, respectively
(Annexe B, Table S2.1 and Table S2.2). In our study, the rejection of all hypotheses
that assumed only direct relationships between environmental variables and soil C
stocks supports the claim that the assumption of direct relationships associated with the
dominant modeling approaches such as ANOVA, multiple regressions or machine
learning algorithms may be an important limitation and a source of uncertainty in
current soil organic C predictions. This result agrees with recent findings showing that
complex direct and indirect relationships between climate, soil properties, C inputs and
C pools regulate soil organic C dynamics in agricultural landscapes (Luo ef al., 2017).
Our study goes a step further by using a confirmatory approach with a set of a priori
hypotheses and a low number of variables (climate, soil texture, TSF, pH, moss
dominance and metal oxide concentrations) that are readily interpretable from an
ecological point of view and readily comparable in terms of their relative contribution.
With only five variables, our best path models explained as much as 46% and 61% of
the overall variation among environmental variables and C stocks in the FH layer and

illuvial horizon, respectively.

2.6.2 Climate is an indirect driver of soil C stocks

When accounting explicitly for direct and indirect relationships between climate and C
stocks, our results indicate that the influence of water availability — i.e., the main
climatic predictor in our study — on soil C stocks is only indirect through changes in
vegetation dominance (i.e., moss layer composition, which, when dead, is the primary
source of FH layer mass in our study system) or through changes in metal oxide

contents (illuvial horizon). This result is in agreement with previous findings showing
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that accounting for sphagnum- and feathermoss-derived C reduces errors in black
spruce C stock estimates (Bona et al, 2013). Relationships between climate and
bryophyte vegetation justify the use of climate parameters to predict moss species
distribution at the landscape scale (Gignac, 2001). Our results indicate that water
availability is more important than temperature in explaining moss layer dominance,
as bryophyte species often tolerate a wide range of temperatures and are dependent on
the water content of their habitat (Gignac, 2001). The index of moss dominance used
in our study is a gross index that discriminates between Sphagnum spp. and
feathermosses and that does not account for all the diversity of species or functional
traits in the ground layer vegetation. Nevertheless, the indirect effect of climate on soil
C stocks through changes in bryophyte dominance indicates that considering water
availability (i.e. bryophyte dominance) — FH layer C stock relationships should

improve our ability to predict soil C stocks with changes in climate.

In our study, metal oxide content exerted a primary control on illuvial horizon C stocks,
indicating that binding of organic matter on the mineral phase is a major direct process
of C sequestration (Kramer et al., 2012; Mikutta et al., 2006; Porras et al., 2017).
Doetterl et al. (2015) argue that over a wide climatic gradient soil C stocks primarily
evolve with climate-driven mineral weathering and release of reactive mineral surfaces.
In our study, we also found an indirect control of climate on illuvial horizon C stocks
through metal oxide contents rather than a direct relationship between climate and
illuvial horizon C stocks. Our findings corroborate the view that climate-mediated
mineral weathering is important for C sequestration. Indeed, the faster podsolization
process favored by increased eluviation (Sanbom et al., 2011) has been shown to occur
under wetter and warmer climate compared with a drver and colder one (Egli et al.,

2009; Protz ef al., 1988).
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At the global scale, soil C stocks have been shown to decrease with rising temperatures
(Crowther et al., 2016). In our study, it is noteworthy that temperature factors (MAT
and GDD?3) did not significantly contribute to soil C stocks once direct and indirect
relationships with other biotic and abiotic factors were accounted for. Our data
encompass a range of mean annual temperatures of about 3.5°C (Annexe B, Figure
S2.4), which could be insufficient to detect a temperature gradient effect. Moreover,
we used the most recent 30-year climate data that does not span the range of the TSF
studied here (314 vears). This evidently brings some uncertainties in interpreting the
role played by climate in soil C accumulation. Nevertheless, our results suggest that
contrary to water availability, soil C stocks do not vary quantitatively with temperature
(Annexe B, Figure S2.4), which implies that under a raise of mean annual temperature
of 2°C, global warming would be unlikely to have a net direct effect on boreal soil C
stocks at the scale of our study area. Increasing temperature at the regional scale has
been showed to accelerate boreal forest ecosystem C fluxes without changing soil C

stocks (Ziegler et al., 2017).

2.6.3 Distinct mechanisms of C stock change with TSF in FH layer and mineral soil

Our results support previous findings that TSF is an important direct driver of C stocks
in the organic layer (Czimczik ef al., 2005, Harden et al., 2012, Nalder et Wein, 1999,
Pellegrini et al., 2018). Indeed, the organic layer is consumed in part or in whole during
fire (Greene ef al., 2007; Harden et al., 2012), depending on fire severity (Lecomte ef
al., 2006) and pre-fire organic layer depth (Kane et al., 2007). However, in the illuvial
horizon, our results demonstrate that TSF is mostly an indirect driver that alters pH
conditions, which in turn influence both C stocks directly or indirectly through changes
in metal oxide contents. To our knowledge, this study is the first to simultaneously

document and quantify these complex relationships among TSF, pH, metal oxides and
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C stocks in the illuvial horizon of forest ecosystems; previous studies mainly focused
on separate elements of these complex relationships. Interestingly, we found that pH
was the strongest driver of metal oxide contents, and that metal oxides increased when
pH decreased. This result supports the view that organo-metal complexation reactions
in acidic environments depend on soil pH (Heckman et al., 2009; Porras et al., 2017).
In addition, soil pH largely controls the weathering of minerals (Drever, 1994; Drever
ot Stillings, 1997); thus, we assume that enhanced organo-metal complexation could
arise from the increased availability of metal ions released by mineral weathering when
pH decreases (Porras et al,, 2017). In other words, the potential of organo-metal
complex formation at the scale of our study could reflect the synergistic effect of soil
pH with microbial decomposition process and mineral weathering. As the soil substrate
becomes more acidic, greater amounts of undecomposed organic materials can bind to

the overload of metal ions released from enhanced weathering.

2.6.4 Insignificant role of soil texture

Surprisingly, we found no direct or indirect effect of soil texture on both FH layer and
illuvial horizon C stocks, indicating that once the effects of other factors are controlled,
soil texture does not contribute quantitatively to C sequestration. This result contrasts
with the wide use of soil texture in models of soil organic matter (Six et al., 2002;
Soucémarianadin ef al., 2014). One explanation could lie in the low Nordic soil data
availability. Indeed, most of our knowledge on the control of soil C stocks by soil
texture comes from warm agricultural regions (Rasmussen et al., 2018). Also, it is
possible that the weathering of the granitic bedrock of the Canadian Shield did not
produce reactive surface silt and clay particles considering that the studied soils are
young and have been developing since the end of the last glaciation (< 10 k yrs;

Minasny ef al. (2008)). It is also possible that our results are limited to the short range
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of mineral soil clay content contained in these boreal soils (Annexe B, Figure S2.5),
and that on fine textured boreal soils, silt and clay contents could have a significant

influence on soil C stocks.

2.6.5 Research avenues

In this study, TSF and climate only had indirect effects on mineral soil C stocks. This
finding brings some important implications. First, it may help solving discrepancies
found in the literature where mineral soil C stocks either decrease, increase, or do not
change with TSF (Johnson et Curtis, 2001; Knicker, 2007; Nave et al., 2011, Pregitzer
¢t Euskirchen, 2004; Seedre et al., 2011). Indeed, the effects of TSF on mineral soi1l C
stocks in these studies may be the reflection of unevaluated complex interrelationships
between local site conditions defined by conditions such as pH and metal oxide content.
The second main implication about the prevalence of indirect climatic and fire-
mediated effects on mineral C stocks is that it questions the underlying assumption of
forecasting exercises projecting the effect of global changes on future soil C stocks,
and especially how forecast models account for the important role played by local
variation in vegetation and chemical soil properties. Eastern North America is
projected to receive about 10% more precipitation by the end of this century (IPCC,
2013). According to our results, increasing the water supply through greater amounts
of precipitation could increase mineral soil C stocks through enhanced mineral
weathering and leaching, releasing metal oxides that can bind to organic matter
(Doctterl et al., 2015, Mikutta et al, 2006; Porras et al., 2017, Rumpel et Kogel-
Knabner, 2011). Otherwise, the projected increase in fire frequency suggested by
models (Kloster et Lasslop, 2017, Wang, X. ef al., 2017, Wotton ef al., 2017) could
weaken the C capture function of boreal forests (Genet et al., 2018; Pan et al., 2011).

Integrating direct and indirect effects of abiotic and biotic factors on C storage
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processes, as presented here through mechanistic models of C dynamics in boreal forest
ecosystems, could improve our ability to account for C stocks and anticipate the
response of boreal forests to global change. Assessing the sensitivity of global change
forecast models to local variation in biotic and abiotic conditions is a key challenge

that will need to be addressed and integrated in future studies.
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3.1 Abstract

Large uncertainties remain as to how the vast boreal soil carbon (C) reservoirs will
respond to environmental changes and global warming. Therefore, we characterized
soil organic C (SOC) and edaphic factors along a chronosequence of time since fire
('TSF, from 2 to 314 years) and along a climatic gradient in a large arca of black spruce
forests in the boreal region of Quebec, Canada. We used long-term incubation and acid
hydrolysis studies to answer two main questions: 1) Does soil C bioreactivity (Cgicr)
change with the SOC accumulation observed with TSF? and i1) To what extent do
interdependent relationships among TSF, climate, physico-chemical soil properties and
bryophyte dominance influence soil Crisr? We found that all soil C pools increased
linearly with TSF. The bioreactive and acid-insoluble soil C pools increased at a rate
of 0.02 MgC.halyr! and 0.12 MgC.ha'.yr!, respectively, and their proportions
relative to total soil C stock remained constant with TSF (8% and 46%, respectively).
In our study, the physico-chemical soil properties of Podzolic soils that characterize
the study area were the best direct predictors of soil Cgisr, both in the organic (FH)
horizon and in the mineral soil, with pH being the main driver of all properties tested.
The direct effects of TSF and pH on Cgier in the FH horizon were significant, but much
more so for pH than for TSF, indicating that acidic soil conditions in post-fire old-
growth forests favor the accumulation of labile C by limiting the activity of
decomposers. We showed that higher amounts of exchangeable manganese, which
plays a role in lignin degradation, enhanced Cgior in the FH horizon. We also showed
that exchangeable aluminum had the greatest direct and negative effect on the Cgior in
the mineral soil and act as a medium for the indirect effect of clay content. Our analyses
showed that the amount of pyrophosphate extractable metals also had a direct and
negative effect on Cgicr in the mineral soil, suggesting that organo-metallic
complexation is an efficient mechanism of soil C sequestration. Of the four climate

factors examined in this study (mean annual temperature, growing degree-days above
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5°C, and mean annual precipitation and water balance; MAT, GDDS5, MAP, WB) only
those related to water availability, and not to temperature, had an indirect effect on soil
Cgior. The indirect effect of climate on Cgicr in the FH horizon, being mediated by
moss vegetation, which itself has a direct effect on pH, was found to be very small. By
disentangling the complex interplay among the direct and indirect effects of TSF,
climate, physico-chemical soil properties and bryophyte dominance through
mechanistic models of soil Cgior, our study stresses the need to revise the common
assumptions associated with Earth System Models, based on the carbon quality-
temperature hypothesis, to forecast the response of boreal soils to global warming. The
antagonistic effects of exchangeable elements on FH horizon and mineral soil Cgir
found in our study imply that global change might lead to responses that are different
in the mineral soil from those in the FH horizon. Focusing on the amplitude of changes
in soil chemistry is a key challenge that remains to be addressed in future works to

improve the understanding of soil C dynamics in the response to global change.

3.2 Résumeé

De grandes incertitudes demeurent quant a la maniére dont les vastes réservoirs de
carbone (C) du sol en forét boréale répondront aux changements environnementaux et
au réchauffement planétaire. Nous avons caractérisé le C organique du sol sur une
chronoséquence de temps depuis feu (TSF, de 2 a 314 ans) établie sur un grand
territoire englobant une variabilité climatique dans une grande aire forestiere de la
région boréale du Québec, Canada. Nous avons utilisé I’incubation et I’hydrolyse acide
des sols pour répondre a deux questions principales : 1) la bioréactivité¢ du C du sol
change-t-elle avec 1’accumulation de C organique du sol observée avec le TSF ? Et 11)
Dans quelles mesures les relations d’interdépendance entre le TSF, le climat, les

propriétés physico-chimiques du sol et la dominance des bryophytes influencent-elles
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la réactivité biologique du C des sols ? Nous avons constaté que les réservoirs de C du
sol augmentaient de fagon linéaire avec le TSF. Les réservoirs de C bioréactif et
insoluble a I’acide augmentaient de 0.02 MgC.halan?! et de 0.12 MgC.halan,
respectivement, et leurs proportions par rapport au stock total de C dans les sols
demeuraient constante avec le TSF (8% et 46%, respectivement). Dans notre étude, les
propriétés physico-chimiques des sols podzoliques qui caractérisent la région d’étude
étaient les meilleurs prédicteurs de la réactivité biologique du C, tant dans I"horizon
FH que dans le sol minéral, avec le pH comme principal déterminant de toutes les
propriétés testées. L’effet direct et positif du TSF sur la réactivité biologique de
I’horizon FH était compensé par un effet médiateur du pH, ce qui indique que les
conditions d’acidité dans les foréts anciennes originaires d’un incendie favorisent
I’accumulation de C labile en limitant I’activité des décomposeurs. Nous avons montré
qu'une quantité plus élevée de manganése échangeable, qui joue un réle dans la
dégradation de la lignine, augmentait la bioréactivité du C dans I’horizon FH. Nous
avons aussi montré que 1’aluminium échangeable avait 1’effet direct et négatif le plus
important sur la bioréactivité du C du sol minéral, et qu’il était un médiateur de I’effet
indirect de la quantité d’argiles granulométriques. Nos analyses ont montré que la
quantité de métaux extractibles au pyrophosphate avaient aussi un effet direct et négatif
sur la bioréactivité du C dans le sol minéral, ce qui suggeére que la complexation
organométallique est un des mécanismes efficaces de la séquestration du C dans le sol.
Parmi les quatre facteurs climatiques examinés dans notre étude (température annuelle
moyenne, degré jour de croissance supérieur a 3°C, précipitation annuelle moyenne et
¢quilibre hydrique ; MAT, GDD35, MAP, WB) seuls les facteurs reliés a la disponibilité
en eau, et non pas aux températures, avaient un effet indirect sur la bioréactivité du C
du sol. Le climat avait un effet direct sur la végétation muscinale qui, elle, avait un effet
direct sur le pH. C’est pourquoi le climat n’avait qu’un petit effet indirect sur la
bioréactivité du C dans I’horizon FH. En démélant les interactions complexes entre le
TSF, le climat, les propriétés physico-chimiques du sol a travers des modéles

mécanistiques de la bioréactivité du C des sols, notre étude souligne le besoin de réviser
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les postulats communs aux modéles numéniques du systéme Terre fondés sur
I’hypothése de la dépendance entre la qualité du C et la température pour la
décomposition, afin de mieux prévoir la réponse des sols boréaux au réchauffement
climatique. Les effets antagonistes des éléments échangeables sur 1’horizon FH et sur
le sol minéral que nous avons trouvés dans notre étude impliquent que le changement
global pourrait entrainer des réponses différentes parmi les couches du sol. Considérer
I’amplitude de ces changements dans la chimie du sol est donc un défi d’envergure qui
reste a &tre élucidé dans les futurs travaux pour améliorer notre compréhension de

1’équilibre du C des sols en lien avec les changements globaux.

3.3 Introduction

About 20% (174.5 Pg) of the global forest carbon (C; 861 Pg) is stored in boreal forest
soils (Pan ef al, 2011). The maintenance of this vast soil C reservoir is partly under
microbial control and could respond to variations of environmental conditions. The C
quality-temperature hypothesis (CQT), based on the enzymatic kinetic theory, predicts
a greater enzymatic activity and a lesser activation energy of the decomposition process
as a result of increasing temperature (Craine ef al., 2010; Fierer, Noah et al., 2005).
According to this hypothesis, even a small change in soil C pools with a rise in
temperature could increase atmospheric CO2 concentrations under global warming,
generating a positive feedback loop (Davidson, 2016; Davidson et Janssens, 2006).
This is especially important to boreal biomes (Carey et al., 2016) where arise of 3.2°C
in mean annual temperature (MAT) is forecasted by the end of this century (IPCC,
2013). Despite the numerous studies that have investigated the temperature dependence
of the decomposition process, no consensus has emerged about the direction and
amplitude of the response of soil organic C (SOC) stocks to global warming (Conant
et al., 2011; Kirschbaum, 2006). This lack of agreement underpins the need for
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reviewing our mechanistic understanding of soil C processes to better anticipate the
effects of global change on soil C reservoirs (Bradford et al., 2016; Schmidt ef al.,
2011).

Bioreactivity is defined as a relative measure of soil C lability (Laganiére ef al., 2015;
Xu ef al., 1997), hereafter defined as the proportion of C mineralized in COz by
microbes at constant temperature and water content over a long period (see Methods).
Using soil C bioreactivity (Cricr) is a way to overcome the confusing concept of lability
and recalcitrance currently attributed to organic matter chemical properties (Kleber,
2010). We assumed that soil Cgjer 1s an overall index of degradability once the
constraints of temperature and water content are standardized across samples rather
than assuming C organic compounds are resistant to decomposition due to their
inherent chemical recalcitrance per se. Understanding soil Cgier 1s key to anticipating
how boreal forest soil C reservoirs could respond to environmental variations inherent
to global warming. According to the CQT hypothesis, a chronic increase in temperature
will likely enhance microbial decomposition in the soil C reservoir. In cases where soil
Cgior builds up with time since fire (TSF) because of cold conditions limiting
decomposition, the CQT hypothesis suggests massive soil C losses might result from
global warming. However, in cases where soil Cpicr saturates and stabilizes, soil C
builds up with TSF and soil C losses to the atmosphere due to global warming might
be limited. Global warming might also enhance soil physico-chemical reactions, thus

favoring soil C stabilization (Thornley et Canell, 2001).

Climate influences vegetation distribution which, in tumn, influences soil C storage
through differences in the quality of litter inputs (Augusto et al, 2015; Jobbagy et
Jackson, 2000). In boreal ecosystems, climate also affects C cycle through its control

over disturbance regimes (type, frequency and severity; Kurz et al. (2013); van Bellen
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et al. (2010)). North American forests are prone to crown wildfires that induce tree
mortality (Rogers et al., 2015) and burn part of the forest floor (Greene et al., 2007,
Miyanishi et Johnson, 2002), leading to C release into the atmosphere. Soil C quantity
and quality change after fire (Gonzalez-Perez et al., 2004; Knicker, 2007). The time
since the last major disturbance, including TSF, and the age-class structure determine
the C source-sink potential of a forest from the plot to the landscape scale (Kurz ef al.,
2013). Besides its direct role in C cycling, climate has been shown to be an indirect
predictor of soil C storage, through its effects on geochemistry (Andrieux ef al., 2018b;
Doctterl et al., 2015). Bound soil C on reactive mineral surfaces is a mechanism that
stabilizes C from microbial decomposition (Davidson, 2015; Porras et al., 2017).
Although many of these relationships have been investigated separately, we are not
aware of any empirical study so far that has quantified all of these processes
simultaneously and assessed the relative contribution of climate, TSF, vegetation

attributes and soil physico-chemistry on soil Cgior.

The objectives of this study are to address this gap by investigating changes in boreal
forest soil Cgicr with TSF (from 2 to 314 vears) and to disentangle the relative
contribution of climate, moss dominance, soil particle size distribution and soil
chemical properties (pH, exchangeable Mn and Al, and metal oxides) to soil Cgior
across the spruce-feather moss bioclimatic domain in eastern North America. Focusing
on the complex interplay between climatic and non-climatic factors and their influence
on soil Cgjer, we addressed the following questions: 1) Does soil Cgisr change with
SOC accumulation observed with TSF? and i) To what extent do interdependent
relationships among TSF, climate, physico-chemical soil properties and bryophyte
dominance influence soil Cgior? We framed our study within the state factor model of
ecosystems (Amundson et Jenny, 1997), which emphasizes soil physico-chemical
properties understood to be important to the pedogenesis of Podzolic soils (Schaetzl et

Anderson, 2005) that occur on the sampled sites. From there, we hypothesize that once
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site factors such as overstory composition, surficial deposits and soil drainage are
accounted for as in the present study: 1) the proportion of soil Cgior increases as forest
stands get older, leading to a buildup of soil Cgir under the cold conditions of the
boreal forest; 2) alternatively, if the soil Cgisr saturates because its tumover is rapid,
the proportion of bioreactive C should decline as soil C stocks increase with TSF; and
3) soil Cgier 1s primarily controlled by TSF and moss dominance in the FH horizon,

and by soil physico-chemistry in the mineral soil.

3.4 Material and methods

3.4.1 Site selection, sampling design and fieldwork

To account for the effects of TSF and climate on soil C pools, we established sample
plots across both a chronosequence and a climosequence (Figure 3.1; see Andricux et
al. (2018b) for a description of the study area). Based on digital forest inventory maps
compiled by the Ministére des Foréts, de la Faune et des Parcs du Québec (MFFPQ),
we selected stands as similar as possible in terms of canopy composition (black spruce
[Picea mariana] stands), surficial deposits (thick till) and mesic drainage conditions.
The soils that develop under these conditions typically belong to the Podzolic order
(Table 3.1). It is important to note that within the mesic drainage conditions, soil texture
was quite variable (Table 3.1). These stands were overlaid with fire maps produced by
the MFFPQ and other published dendrochronological surveys (Belisle et al., 2011,
Bouchard et al, 2008; Cyr et al., 2012; Frégeau et al., 2015; Le Goff ef al., 2007, Le
GofY et al., 2008; Portier et al., 2016) to set up the chronosequence. We assumed that
the black spruce canopy composition did not change significantly with time and that
the forest cyclically retumed to a black spruce dominance after fire, in so-called
recurrent dynamics, as previously described for these forests in a paleological survey

(Frégeau et al., 2015). Then, while studying this ecosystem with a single and cyclic
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successional trajectory and a low vegetation diversity, and by carefully selecting stable
permanent site conditions, we controlled most pitfalls associated with space-time

substitutions when using a chronosequence approach (Kenkel et af., 1997, Walker et
al., 2010).
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Figure 3.1 Map of the study area showing the location of the sample plots. Mean
annual temperature (upper panel) and mean annual precipitation (middle panel) are
interpolations from the 1981-2010 Canadian climate normals on a 10 x 10 km pixel
grid (Chaste et al. 2018). The lower panel presents the location of the sample plots in
relation to TSF.



92

For field inventory and soil sampling, we followed Canada’s National Forest Inventory
ground plot guidelines (NFI, 2016). Stand biophysical description and soil sampling
took place in a single 314 m? circular plot (10 m radius) in each stand. Slope inclination
and orientation were recorded from the center of each plot with a clinometer and a
compass, respectively. Every 2 m along two orthogonal transects oriented following
the main cardinal directions, and for a total of 20 records per plot, the thickness of the
O layer (FH horizon) was measured on a sample taken with a soil auger and the
dominant moss types (Sphagrum spp. or feather mosses) were identified using three
400 em? microplots. After litter and green living mosses were removed and bagged
separately, the FH was sampled at the edge of the plot in three 400 cm? microplots that
were spaced 15 m from each other, in which we extracted volumetric mineral soil
samples (top 15 cm) with a metallic cylinder (o = 4.7 cm, height = 15 ecm). One soil pit
was dug at the plot edge, down to the podzolic B horizon or to the bedrock when
possible, for soil description, and to collect the mineral soil from 15 to 35 cm under the
forest floor-mineral soil boundary as well as the top 15 em B horizon with a metallic
cylinder (e = 4.7 cm). The abundant stoniness in one site did not allow to sample the
mineral soil from 15 to 35 cm and was thus discarded from analyses. Before being
processed for physico-chemical analyses, soil samples were maintained at 2°C in a

cooler.

The fieldwork was conducted in 2015, from June 15 to September 8. The sampling
effort covered 72 sites in stands of fire origin that burned 2 to 314 years ago. Climate
data were interpolated at the plot level using BioSim v10.3.2 (Régniére ef al., 2013)

together with 1981-2010 climate normal series (hitp:/climat.meteo.ge.ca’) from

surrounding weather stations, and considering local slope attributes measured in the
field as correcting factors (Régniére, 1996). Soil characteristics are summarized below

(Table 3.1).
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Table 3.1 General characteristics of the sampling sites.

Variable Min Max Mean (+ sd)
MAT (°C) -2.8 0.7 -0.5 (£ 0.8)
GDD5 (°C) 838 1290 1110 (t110)
MAP (mm) 861 1027 934 (£ 52)
WB (mm) 493 660 558 (£ 46)
FH depth {cm) 9.8 49.3 22.6(£8.4)
A, depth (cm) 1 40 9.4 (£6.3)
Soil thickness (cm) 10 103 39 (£ 15)
FH 3.3 4.2 3.7(£0.2)
pH MINO15 4.2 5.6 4.7(£0.2)
MIN1535 4.5 5.9 5.2(£0.3)
Sand 26 92 70 (£ 11)
Particle size (%) Silt 5 63 24 (£ 10)
Clay 2 22 6(t3)
Reference Soil Group® Podzol (n =73)

2 According to IUSS Working Group WRB (2015). MAT: mean annual temperature;
GDD35: growing degree-days above 5°C; MAP: mean annual precipitation; WB: water
balance (i.e., precipitation minus potential evapotranspiration); Ae: eluvial horizon;
MINO1S5: top 15 cm of mineral soil; MIN1535: mineral soil, from 15 to 35 cm. Particle

size of the mineral soil.

3.4.2 Laboratory analyses

3.4.2.1 Soil preparation

First, we composited soil materials obtained from every sampled microplot (N = 3) by

plot and soil layer (FH or top 15 ¢cm of mineral soil) to create representative samples
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for each layer in each of the 72 sample plots. FH was sieved through a 6-mm mesh
before oven drying (60°C), whereas mineral soil samples were air dried and passed
through a 2-mm sieve. Bulk density was determined after weighing the dried samples,
assuming there were no coarse fragments in the FH horizon, and corrected for
fragments > 2 mm for the mineral soil. A part of each sample was retained for soil
incubation. We used the < 2 mm fraction to determine pH, exchangeable cation and
texture (mineral soil only). Finely ground sub-samples (< 0.5 mm) were used for C

concentration, extractable Fe and Al (B horizon only) and acid hydrolysis analyses.

3.4.2.2 Soil physico-chemistry

C concentration of each sample was analyzed by dry combustion (Skjemstad et
Baldock, 2007) using a LLeco TruMac (I.eco Corp, St. Joseph, MI, USA). Exchangeable
cations were extracted using a Mehlich-3 solution and were analyzed by inductively
coupled plasma atomic emission spectroscopy (Ziadi et Sen Tran, 2007) with an
Optima 7300 DV (Perkin Elmer Inc., Waltham, MA, USA). Pyrophosphate extractable
Fe and Al (i.e. organically complexed metals; Mpy, hereafter defined as metal oxides)
were extracted with a 0.1N NasP207 solution before analysis with the Optima 7300 DV
(Courchesne et Turmel, 2007). FH horizon and mineral soil pH were determined in a
soil:water solution of 1:10 and 1:2 (Hendershot et Lalande, 2007), respectively, using
a pH meter (Orion 2 Star). Particle size distribution of the mineral soil was assessed

using a standard hydrometer method (Kroetsch et Wang, 2007).
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3.4.2.3 Incubation settings

Soil incubation followed the method described in Paré et al. (2011). We prepared a
total of 215 microcosms (72 sites x 3 soil layers minus one sample in the 15-35 cm
mineral soil). We used 9 g of oven-dried FH and 50 g of air-dried mineral soil. Dried
soil was used to ensure that initial incubation moisture conditions were similar. Soil
samples were placed in 100 mL bottom-perforated plastic containers. The containers
were previously filled with glass wool (to avoid material losses during moisture
adjustments) and pre-washed with HCl (0.1 M) followed by deionized water. The
microcosms were saturated with deionized water, drained for 24 h at 2°C in a cooler,
and weighed to determine their water-holding capacity (WHC). Over approximately 50
weeks of experiment, microcosms were placed under constant air temperature (26°C)
and humidity (100%) in a growth chamber and, when necessary, deionized water was
periodically added to adjust soil moisture to 85% of the WHC. Except during CO;
production measurements, each microcosm was stored in a 500 mL Mason jar kept
open to maintain aerobic conditions and to prevent CO; accumulation to toxic levels.
A rubber septum was installed on the metal lid for gas sampling when measuring CO2

production.

3.4.2.4 CO; production measurements

Carbon dioxide produced by each microcosm was measured periodically (at day 20,
26, 48, 64, 108, 126, 154, 227, 264, 340 for the FH horizon and at day 8, 14, 21, 29,
36, 43, 51, 57,72, 79, 86, 101, 113, 140, 203, 238, 358 for mineral soil layers; Figure
S1) with a LI-6400 portable photosynthesis system (LI-COR®, Lincoln, NE, USA)
connected to a Nz carrier gas (LI-COR®™ Application Note # 134). The flow rate of the
carrier gas was set to 100 mL.min! using the gas flow meter FMA1812A (Omega
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Engineering, INC., Norwalk, CO, USA). Initial (directly after hermetically sealing a
jar with a metal lid) and final (after 4 h to 24 h, depending on the soil layer and the
progress of the experiment) CO2 measurements were done using a 2.5 mL or 10 mL
(for FH horizon or mineral soil, respectively) air volume, extracted from the jar
headspace with a syringe through the rubber septum. This gas sample was injected
through the carrier gas into the LI-6400 infrared analyzer. Carbon dioxide
concentration (umol.mol!) was predicted using the linear regression of a sample’s
measured CO; peak against calibration curves obtained from a benchmark gas (CO- at
800 ppm and 3000 ppm). The first measurement (initial CO; concentration) accounted
for the CO» concentration of the ambient air when closing the jars. This value was
subtracted from the final CO; concentration to account solely for the CO; produced by

the microcosm.

All data were standardized to a 24 h period to provide a daily respiration rate and for
cumulative C mineralization calculations (Figure S1), following Paré ef al. (2006).
Briefly, we applied the gas law to convert CO2 concentration (umol.mol!) to a C mass
basis, using a constant pressure at 101.3 kPa and the specific head space volume of
each sample (total volume of the jar minus soil volume and container). Cumulative

respiration was calculated according to the following equation:

Ry + Ry _
Mtth—l-l_%X(t_t—l)

where M; (mg CO2-C) is the cumulative mass of C mineralized at time ¢, R; (mg CO»-
C.d'") is the daily respiration rate at time f, and ¢ is the Julian day (d). M, was divided

by the initial C mass (g) of each sample to compute the specific respiration (Rs; mg
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CO,2-C.g'Corp). Then, dividing R, by 10 gave the percentage of initial mass of soil C

lost through microbial respiration, or Cgicr.

3.4.2.5 Acid hydrolysis

We used acid hydrolysis as an index of biologically recalcitrant soil C (von Liitzow et
al., 2007), which is the slow cycling soil C pool (Paul et al., 2006). Hydrolysis was
carried out by refluxing 2 g of soil with 50 mL. HC1 (6M) brought to the boiling point
on a hot plate. We used a 2 h reaction time because the majority of soil organic matter
is hydrolyzed during the first 2 h and longer reaction times do not significantly change
Crelease (Silveira et al., 2008; Xu et al., 1997). Acid-insoluble residues were separated
from hydrolyzates by filtering the solution on inert paper filters, rinsed three times with
50 mL deionized water to remove any chlorine residues, oven-dried at 60°C over night,
and weighed before C concentration analysis by dry combustion (see section 2.3.2).
Based on the total C concentration of the acid-insoluble residues and mass loss of the
samples during the treatments, the hydrolysability (Plante et al., 2006) of a sample was

calculated following the equation:

Caolx M
[Carl AI) % 100

= (e

where Car is the percentage of the acid-insoluble C (%), [Car/ and [Ci] are the C
concentration of the acid-insoluble residues and of the initial soil (%), M4; and AM; are

the mass of acid-insoluble residues and of initial soil sample (g).
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3.43 Ecological a priori hypotheses

To address the complex interplay among climatic and non-climatic factors, we first
selected the following environmental variables documented in the literature as being
important drivers of soil Cgicr and pedogenesis of Podzolic soils: climate (temperature
and water supply), soil texture, TSF, dominance of the moss functional type, soil pH,
and concentration of metal oxides and of exchangeable elements (Mn and Al). As in
other ecosystems (Fierer, Noah et al., 2003; Salomé ef al., 2010), the boreal forest soil
microbial community differentiates with depth (Clemmensen et al., 2013, Hynes et
Germida, 2013), suggesting different decomposition processes in FH and mineral soil
layers. Hence, for each of the FH and mineral soil layers, we built separate sets of a
priori ecological hypotheses expressed as direct acyelic graphs (DAGs) that
represented different causal relationships among environmental variables and soil Cricr
(Figure 3.2). Therein, we tested the validity of four competing a priori ecological
hypotheses represented by a DAG. This hypothetico-deductive approach, in which
each a priori hypothesis was supported by ecological knowledge, represented an
alternative causal explanation that could be falsified as regards to the underlying
mechanisms of soil Crier in the two soil layers. For cach soil layer, the first hypothesis
assumed only direct relationships between environmental variables and soil Csir
(hypotheses FH1 and MINT1 in Figure 3.2), such that they mirrored the widespread
assumptions used in soil C prediction models based on multiple regression or ANOVA
analyses. Also, framed within Jenny’s factor model of soil formation (Jenny, 1994),
these baseline hypotheses assumed independence among environmental variables.
Alternatively, we formulated a priori competing hypotheses in which both direct and
indirect effects among variables and soil Cgicr were explicit (hypotheses FH2 and
MIN2 in Figure 3.2). Justifications for cach a priori ecological hypothesis are listed

below.
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direct causal relationships. Cifmate: climate variable;, Texture: texture variable;, TSF:
time since fire; pH: pH of the FH horizon (FH1 and FH2) or of the top 35 cm of mineral
goil (MIN1 and MIN2), IMD: mdex of moss dominance; Mn: exchangeable manganese
of the FH horizon; Mpy: pyrophosphate extractable metals; E.,: exchangeable element
(Al or Mn) of the mineral soil.

Baseline hypothesis for the FH horizon, FHI. In this hypothesis, according to enzyme
kinetics, soils that have developed under cooler conditions that limit microbial activity
should have a greater Cpi.r (Laganiére et afl, 2015). In addition, the microbial
decomposition process is slowed by the waterlogged conditions of the soil
environment, and rapid dramage on coarse-textured soils might favor less Caisk

accumulation (Bauhus et al, 1998; Trumbore et Harden, 1997). Water limited
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conditions may limit decomposition and favor the buildup of a Cgijor pool (Allison et
Treseder, 2008). Overall, these results tend to support the hypothesis that climate has
direct effects on soil Cgicr. On the other hand, wildfires induce polymerization and
polycondensation of organic compounds, resulting in residues that are more resistant
to biological degradation (Certini, 2005; Gonzalez-Perez et al., 2004; Knicker, 2007).
TSF was expected to have a direct positive effect on Cricr and thus Cgicr was
anticipated to increase with TSF. Soil pH also had a direct effect on soil bioreactivity
because it regulates the microbial community (Fierer, N. et Jackson, 2006) and is a key
determinant of the decomposition process (Prescott ef al., 2000; Zhang et al., 2008).
We expected decreasing Cgicr with more acidic soil conditions. Compared to
Sphagnum spp., feather mosses decompose faster and have a lower productivity
(Fenton et al., 2010; Lang et al., 2009), so we expected lower Cgior reservoir with more
Sphagnum. Also, manganese (Mn) availability has been shown to be a good predictor
of boreal soil C stocks (Stendahl et al., 2017); hence, Mn being a co-metabolic
compound of lignin degradation, we assumed that Mn had a direct positive effect on

CpioR.

Alternative hypothesis for the FH horizon, FH2. As in hypothesis FH1, TSF, pH, moss
functional type and Mn had direct effects on C bioreactivity. However, this hypothesis
differed from FHI in that TSF and moss dominance also had indirect effects on Cgijor
through changes in pH conditions. We expected decreasing pH with increasing
Sphagnum spp. dominance because some physiological characteristics of these
organisms lead to environment acidification (Andrus, 1986). Also, in the short term,
fire modifies pH through the liming effect (Gonzalez-Perez et al., 2004; Knicker,
2007). In the long term, soils acidify as a result of vegetation regrowth, which implies
the exchange of protons against cations to maintain the physiological electro-neutrality
of the vegetation (Driscoll et Likens, 1982). Contrary to hypothesis FH1, which
postulated climate and soil texture had direct effects on Cagior, hypothesis FH2 assumed
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these drivers only had indirect effects on Cgior through their influence on moss

dominance.

Baseline hypothesis for the mineral soil, MIN 1. This hypothesis assumes there are only
direct effects of environmental variables on Cgicr in the mineral soil. Climate and pH
directly control the decomposition process (see FHI1). Organic matter that bound with
the mineral phase has been recognized has an important mechanism of C protection
against decomposition (Doectterl et al., 2015; Kaiser ef al., 2002; Porras et al., 2017).
We then assumed there are direct effects of soil texture and metal oxide contents on
Caior. Following fire, the slow incorporation of charred residues from upper soil layers
into the mineral soil could decrease the organic matter quality (Johnson et Curtis,
2001); therefor, Cgior might decrease with increasing TSF. Mn availability could
directly modulate Cgior (see FH1), and exchangeable Al could impede microbial

decomposition when in excess (Kunito ef al., 2016).

Alternative hypothesis for the mineral soil, MIN2. As an alternative to hypothesis
MINI, this hypothesis only assumes that TSF, pH, metal oxides and Mn/Al have direct
effects on Cgior. Additionally, pH is assumed to decrease with TSF because of the
imbalance in nutrient uptake caused by aggrading vegetation (see FH2). Also,
exchangeable cations are dependent on pH (Sanbom ef al., 2011) and the decrease in
pH favors the creation of organometallic complexes impeding microbial decomposition
(Buurman et Jongmans, 2005; Porras ef al., 2017). Contrary to hypothesis MIN1, which
assumed direct effects of climate and soil texture on Caior, this hypothesis assumes that
climate and soil texture only have indirect effects on Cgisr. The indirect effect of
climate on Caier is mediated through its effect on mineral weathering (Doetterl et al.,
2015) and the quantity of metal oxides leached from the upper soil layers (Egli et al.,
2009). Compared to coarse-textured soils, fine-textured soils have more reactive

surface sites that can bind additional Mn and Al ions (Six ef al., 2002).
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3.4.4 Calculations and data analyses

3.4.4.1 Moss dominance index

In order to account for the effects of moss functional traits on Cpjor of the FH horizon,
we discriminated between Sphagmum spp. and feather mosses, since they have different
ecophysiological characteristics (Bisbee ef al., 2001). Based on Nalder et Wein (1999),

we calculated an index of moss dominance (IMD) as follows:

Osph

IMD =
Ospn + Opi + O + Opy

where O is the sum of occurrence for a species in the 20 microplots (see section 2.1),
sph: Sphagnum spp.; pl: Pleurozium schreberi (Brid.) Mitt.; h: Hylocomium splendens

(Hedw.) Schimp.; pt: Ptilium crista-castrensis (Hedw.).

Feather mosses dominate the moss stratum when the IMD tends toward 0, whereas
Sphagnum spp. dominate the moss stratum when the IMD tends toward 1. Some sites
(n = 5) that recently burnt did not have any moss species regrowth at the time of the
fieldwork. For these sites, we set the IMD to 0.

3.4.4.2 Soil C quality and bioreactivity

First, we wanted to estimate variation in the size of the soil C pools (bioreactive and

recalcitrant) with TSF. For each soil layer (FH, top 15 cm of mineral soil and 15 to 35
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cm of mineral soil), we scaled up to the plot scale the cumulative proportion of C
mineralized at the end of the incubations and the proportion of acid-insoluble C as

follows:

Crast = Cgior X Dg X R

Cstow = Car X Dg X h

where Cruy and Ciiow are the bioreactive and recalcitrant soil C pools (Mg.hal), Chior is
the percentage of initial mass of soil C lost through microbial respiration (%), Dp is the
bulk density (g.cm™), 4 is the soil depth (i.e., mean depth based on 20 measurements
per plot for FH; cm) and C 4y 1s the acid-insoluble C fraction (%). Hereafter, the total C
stock (Ciat), Cragt oF Csiow pool size represent, within each plot, the sum of each C pool

across all soil layers.

Second, to express the qualitative (relative) changes in soil C in relation to
environmental variables, we used the proportion of initial mass of soil C lost through
microbial respiration as an index of Cgicr (see section 2.2.4). In the statistical analyses,
we considered the whole mineral soil (top 15 em and 15 to 35 cm) as a unique soil layer

by calculating the weighted mean by depth for all mineral soil variables.
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3.4.4.3 Statistical analyses

First, we evaluated post-fire C stocks changes in functional reservoirs (bioreactive
versus recalcitrant) using the linear regression of C stocks against TSF. Preliminary
analyses with generalized additive models and piecewise regressions did not show any
significant non-lincar or segmented relationships. Second, we quantified direct and
indirect causal relationships among variables and Cgier using confirmatory path
analysis with directional separation tests (d-separation or d-sep; Shipley (2000a)),
according to the set of alternative a priori hypotheses (Figure 2). Path analysis was
used together with Fisher’s C test (Shipley, 2000b) as a simultancous test of
independence for a model basis set (i.e., all non-adjacent pairs of variables defined as
claims of independence). This led us to quantify how our data supported each
hypothetical DAG and to identify whether some hypotheses would be rejected based
on a robust statistical test (Shipley, 2009). Fisher’s C statistic was compared with a o2
distribution with 2k degrees of freedom (where k is the number of claims of
independence in a model basis set). We rejected a causal model at the significance level
o =0.05 when p < a. Prior to analyses, we standardized (reduced centered) all variables

to quantify their relative contribution to the variability of soil Cgior.

The fit of each DAG within each soil layer (FH and mineral soil) was compared using
amodel selection approach together with the second order Akaike information criterion
(AICc) in order to account for small sample size (Shipley, 2013). For model selection,
we used the relative AICc difference with the ‘best” model or relative weight (Symonds
et Moussalli, 2010). To avoid having latent variables in the models, and because we
had no a priori knowledge about which specific climate, texture or exchangeable
elements should be used for testing the validity of each hypothesis, we used the cross-

product of four climatic variables (MAT, GDDS5, MAP, WB), three soil texture
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variables (sand %, silt % and clay %), and two exchangeable elements (Al and Mn,
only for mineral soil). Therefore, we tested a total of 12 and 24 model combinations
for each hypothesis/DAG for the FH horizon and the mineral soil, respectively. Each
soil layer having two altemative causal hypotheses, we then compared 24 and 48
candidate DAG models using a model selection procedure for FH and mineral soil,
respectively. Model-averaged estimates were calculated by multiplying each estimate
within each model by the corresponding Akaike weight and by summing the resulting
values across all models; this allowed all models to influence model-averaged
estimates. By doing so, we guarded against making arbitrary decisions about which
model should be considered. We used the ‘ggm’ package to compute Fisher’s C statistic
(Marchetti et al., 2015). All calculations and statistics were made using the R software
version 3.4.3 (R Core Team, 2017). All data presented in this paper can be accessed

online for free (to be determined).

3.5 Results

3.5.1 Post-fire soil carbon pool size

Total soil C stock (Ciat), the size of the recalcitrant C pool or the size of Cgisr pool
(Cstow and Crast, respectively) all increased linearly with TSF (Figure 3.3A). A minimum
Chot value of 63 MgC.ha was observed for a 100-years-old stand, which is close to the
Ciot value of 66 MgC.ha! of the youngest (2-years-old) stand. A maximum Ciy value
of 305 MgC.ha! was observed for a 283-vyears-old stand. On average, Csow size was 6-
fold bigger than Crag size. Cras values ranged from 5 MgC.ha' to 25 MgC.ha! for a
100-year-old stand and for a 91-year-old stand, respectively. Cgow values were 29
MgC.ha' and 175 MgC.ha! for the 2-year-old stand and for a 91-year-old stand,

respectively.
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Figure 3.3 Carbon quality as a function of time since fire (TSF). The upper panel shows
the total soil C reservoir (Cit), the recalcitrant C pool (Caow) and the Crior pool (Cras)
sizes as a function of TSF (A, on the left), and the kemel density tor each pool (A, on
the right). The lower panel shows the proportion of Cyu and Crg relative to Cig as a
tunciion of TSF (B, on the lett), and their kernel density (B, on the right).

Using these simple linear trends, Cit accumulated taster than Cqqw and Crag, and Crag

showed the lowest accumulation rate (Table 2 and Figure 3A). Surprisingly, the
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proportion of Cyew and Crag remained constant over the timespan of the fire
chronosequence (Figure 3B), implying that overall soil C quality does not vary
quantitatively with TSF (R? < 0.01, p = 0.81 for both C pools; Table 2).

Table 3.2 Post-fire soil C pool size and accumulation rates.

Mean (£ sd) Equation R? p-value

Cot  MgCha®  150.80(+49.91)  120.32+0.280%(TSF)  0.20 <0.001
MgCha'l  69.01(t2579)  56.16+0.118*(TSF) 0.14 0.002
G o 46.40 (£ 9.35) 46.74 - 0.003*(TSF) <001  0.808

MgCha'  11.47 (+3.59) 9.25 + 0,020*(TSF) 0.21 <0.001
Sy of G 7.85 (£ 1.67) 7.87 — 0.0002*(TSF) <0.01  0.935

3.5.2 FH path analysis and model selection

The causal structure of the baseline hypothesis FH1, which assumes there are only
direct effects of covariates on Cgior in the FH horizon, was rejected based on Fisher’s
C statistic (p < 0.05; Figure 3.4 and Table S3.1). Instead, the causal structure of the
alternative hypothesis FH2 was supported by the data, which indicates that indirect
effects among covariates and Cgir in the FH horizon need to be accounted for to
properly assess the variation structure in the data. The model selection procedure
revealed that one model best fitted the data (hereafter, ‘best” model; Figure 3.4 and
Table S3.1); this model belonged to FH2, with MAP as the chimate variable and clay
content as the texture variable. The Akaike weight for this model (68%) was about
cight times greater than the weight of the second most supported model (8%).
Thereafter, we focused our analysis on the ‘best” FH2-based path model.
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Figure 3.4 Model comparison for the two hypotheses testing for Cri in the FH
horizon. The lefi panel (A) shows the comparison between models FH1 and FH2. The
central panel (B) shows the climate variables corresponding to each model. The right
panel (C) shows the texture variables comresponding to each model. Mode! rank: rank
based on the second order Akaike criterion (AIC:), p: p-value of Fisher’s C statistic,
with p = 0.05 (dashed line); «4/C:: AIC. difference with the ‘best’ model, with AAIC:
= 2 (dashed line); #: Akaike weight 77 /: baseline model considering only the direct
effects of covariates on the Cpir in the FH horizon; FH2: alternative model considering
the direct and indirect effects of covariates on the Cpior in the FH horizon; GDIDS:
growing-degree days above 5°C; A4 P: mean annual precipitation; A£47: mean annual
temperature; B! water balance; Clay: clay content in the top 35 ¢cm of mineral soil;
Sand: sand content in the top 35 em of mineral soil; 2:/f: silt content in the top 35 em
of mineral soil. The model that best fits the data is highlighted with a red banner.
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When accountmg for all covariables fogether, exchangeable Mn and pH of the FH
horizon showed the greatest direct and positive effects on Cgz of the FH horizon (both
with a path coefficient, pc = 0.34, p = 0.01; Figure 3.5 and Table $3.2). TSF was the
gecond most inportant relative driver with a significant direct and positive effect on
Criar (pe = 0.25, p = 0.05). Mogs dominance had no significant direct effect on Crim
(pc = 0.08, p= 0.46). In addition, TSF and moss dominance had indirect effects on
Criae through their effects on pH (TSF: pe = -0.33, p = 0.01; moss dominance: pc =
0.31, p = 0.01; Figure 3.5). Also, the model contained an indirect effect of climate
(MAP) on Cgyr through its direct and negative effect on moss dominance (pe=-0.33,
p =< 0.01). Texture (clay content) of the mineral soil had no significant effect on moss
dominance (pe = 0.06, p = 0.62). When accounting for the direct relationships of
covariates on Cgig, the hypothesis FH2 explained 30% of the variation in Cgig.

FH2 MAP | Clay

|
i ohs ey
wo
4 25 loay
-‘
sE | [ am

Figure 3.5 Model that best fitted the data to explain carbon bioreactivity (Cg,g) in the
FH horizon, Arrows indicate direct cansal relationships. The numbers are standardized
path coefficients. A4 F: mean annual precipitation; CYay: clay content in the top 35 cm
of minersl soil; A%:: exchangeable manganese; pA: pH of the FH horizon; T5F: tune
since fire; A40: index of moss dominence, (*) p=0.05; (**)p < 0.01; (***) < 0.001,
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By allowing all the medels (FH1 and FH2) to influence estimates, the model-averaging
procedure indicated that the most important variables exerting a direct control over
Crior of the FH honzon were, by decreasing importance: pH and Mn, TSF, and moss
dominance (Figure 3.6 and Table 53.2). According to the model-averaging procedure,

the direct effect of climate and texture on Cri.r Was null.
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Figure 3.6 Normalized and weighted estimates of the direct effects according to the
model-averaging procedure for the FH horizon, accounting for all the models” Akaike
weights. Orange: direct effect on Cgir; Grey: direct effect on pH of the FH honzon,
Green: direct effect on moss dominance. Symbols on the bars represent positive effects
(+), negative effects (-), or null effects (0). AMn: exchangeable manganese; pH: pH of
the FH horizon; TSF: time since fire; IAD: index of moss dominance; Climate: climate

variable, Texture: texture variable.
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3.5.3 Mineral soil path analysis and model selection

The causal structure of the baseline hypothesis MIN1, which assumed only that the
direct effects of covariates on the Cgior of the mineral soil, was rejected based on
Fisher’s C statistic (p < 0.05; Figure 3.4 and Table S3.3). Instead, the causal structure
of the alternative hypothesis MIN2 was supported by the data indicating that indirect
effects among covariates need to be accounted for assessing properly the variation in
the Csaior stock of the mineral soil. The model selection procedure revealed that one
model best fitted the data (hereafter, ‘best” model; Figure 3.7 and Table S3.3). This
model belonged to MIN2, with WB as the climate variable, clay content as the texture
variable, and Al as the exchangeable element variable. The Akaike weight for this
model (47%) was about three times greater than for the second most supported model

(14%). Thereafter, we focused our analysis on the ‘best” MIN2-based path model.
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Figure 3.7 Model comparison for the two hypotheses testing for the Cgior in the top 35
c¢m of mineral soil. From left to right: comparison between models MIN1 and MIN2
(A), climate variables corresponding to each model (B);, texture variables
corresponding to each model (C); exchangeable elements corresponding to each model
(D). Model rank: rank based on the second order Akaike criterion (AIC.); p: p-value of
Fisher’s C statistic, with p = 0.05 (dashed line), A4IC,: AIC. difference with the “best’
model, with AAIC. = 2 (dashed line); W: Akaike weight. MINI. baseline model
considering only the direct effects of covariates on Cgior 1n the top 35 ¢cm of mineral
soil; MIN2: alternative model considering the direct and indirect effects of covariates
on Cgicr 1n the top 35 cm of mineral soil; GDD3: growing-degree days above 5°C;
MAP: mean annual precipitation; MA4T: mean annual temperature; WB: water balance;
Clay: clay content in the top 35 ¢m of the mineral soil; Sand: sand content in the top
35 c¢m of the mineral soil; Siff. silt content in the top 35 ¢cm of the mineral soil; A/
exchangeable aluminum in the top 35 c¢m of the mineral soil, Mn: exchangeable
manganese in the top 35 cm of the mineral soil. The model that best fits the data 1s
highlighted with a red banner.
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When accounting for all covariables together, exchangeable Al showed the greatest
direct and negative effect on the Cgior of the mineral soil (pc =-0.43, p < 0.001; Figure
3.8 and Table S3.4). Metal oxide content and pH were the second most influential
drivers with significant and negative direct effects on the Cgjor of the mineral soil (both
with a path coefficient, pc =-0.27, p < 0.05). TSF had a small positive direct effect on
the Cgicr of the mineral soil, but this relationship was not significant (pc = 0.09, p = 1).
In addition, pH had two indirect effects on the Cgijor of the mineral soil, i.e., through its
negative and direct effects on Al and Mpy (Al: pc = -0.33, p <0.01; Mpy: pc =-0.38,
p < 0.01). Interestingly, clay content had an indirect effect on the Cgicr of the mineral
soil, through its direct and positive effect on exchangeable Al (pc = 0.24, p < 0.05).
Also, climate (here, WB) had a weak indirect effect on the Cgior of the mineral soil
through its direct effect on Mpy (pc = 0.21, p = 0.07). When accounting for the direct
relationships of covariates on Cgicr, the hypothesis MIN2 explained 22% of the

variation in Cpier in the mineral soil.
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MIN2 WB Clay

Figure 3.8 Model that best fitted the data to explain the carbon bioreactivity (Cpior) in
the top 35 cm of the mineral soil. Arrows indicate direct causal relationships. The
numbers are standardized path coefficients. A/: exchangeable aluminum in the top 35
cm of the mineral soil; pH: pH of the top 35 cm of the mineral soil; TSF: time since
fire; Mpy: metal oxide content in the top 15 cm of the B horizon; WB: water balance;
Ciay; clay content the top 35 cm of the mineral soil. (N p< 0.10; (*) p< 0.05; (**) p <
0.01; (*¥**) p < 0.001.

By allowing all the models (MIN1 and MIN2) to influence estimates, the model-
averaging procedure indicated that the most important variables exerting a direct
control over the Cgior of the mineral soil were, by decreasing importance: exchangeable
elements, metal oxide contents, pH, TSF, and climate (Figure 3.9 and Table $3.4).
According to the model-averaging procedure, the direct effect of mineral soil texture

on Cpigr was null.
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Figure 3.9 Normalized and weighted estimates of the direct effects according to the
model-averaging procedure for the top 35 cm of the mineral soil, accounting for all the
models” Akaike weights. Orange: direct effect on Cgisr; Grey: direct effect on pH of
the mineral soil; Blue: direct effect on metal oxide content in the B horizon; Green:
direct effect on echangeable elements. Symbols on the bars represent positive effects
(+), negative effects (-) or null effects (o). £g: exchangeable elements in the top 35 cm
of the mineral soil; pH: pH of the top 35 cm of the mineral soil; 7SF: time since fire;
Mpy: metal oxide content of the top 15 cm of the B horizon; Climate: climate varniable;

Texture: texture variable.
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3.6 Discussion

3.6.1 Post-fire soil C quality and bioreactivity

Most of the studies on post-fire soil C have focused on immediate- or short-term
responses and found that fire affects soil C quality by creating profound changes in the
structure of soil organic matter compounds through thermal oxidation (Certini, 2005;
Gonzalez-Perez et al., 2004). By using a long-term chronosequence of TSF ranging
from 2 to 314 years, our study was able to provide important insights into the
understanding of the trajectory of soil C quality following fire, over hundreds of years.
Our results indicate that both fast- and slow-cycling soil C pools accumulate with TSF,
and that the proportion of each C pool remains constant with TSF relative to total soil
C stock (Figure 3.2 and Table 3.1). This does not necessarily imply that fire has no
effect on soil C functional pools, because our chronosequence has a low resolution for
the first years following fire, but rather that these changes, if present, may not be long

lasting.

Our results also challenge the concept that the amount of C that soil can accumulate is
fixed and determined by soil physical properties such as clay content (AbramofY et al.,
2017, Castellano et al., 2015). Instead, our study suggests that in a humid and acidic
environment that favors the development of Podzolic soils, other soil properties related
to stabilization mechanisms (Rasmussen ef al., 2018) should be considered to better
predict soil C dynamics. Specifically, we found that the accumulation process of Cgicr
does not saturate, at least not in the first three centuries following fire, as an equilibrium
between C input and decay was not achieved. Alternatively, environmental conditions
limiting decomposition, such as cold temperatures under a thickening FH horizon

developed with TSF, protect labile C and allow its accumulation (Kane et al., 2005).
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3.6.2 Control mechanisms of the soil C bioreactivity

This study shows that Cgicr of the FH horizon and of the mineral soil is affected by
different climatic and non-climatic variables, which suggest that different mechanisms

control the decomposition process in the FH horizon and in the mineral soil (Shaw et

al., 2015; Ziegler et al., 2017).

3.6.2.1 Cgior in the FH horizon

As found in other ecosystems, soil Caior in the FH horizon was lower in warm site
conditions compared with cold ones in boreal forests (Laganiere et al, 2015). In
contradiction with these results, we did not detect any direct effect of climate on soil
Cgior in the FH horizon. Consequently, our results do not support the CQT hypothesis.
This indicates that at the regional scale of the boreal forest studied, soils that experience
different temperature conditions are unlikely to show any greater susceptibility to C
losses through decomposition with global warming, at least in the range of climate
conditions experienced over the last three centuries. This finding agrees with the results
of unchanged soil C stocks with in situ experimental warming worldwide (van Gestel
et al., 2018). Also, when synthesizing data of in situ experimental warming, Carey et
al. (2016) found no change in the temperature sensitivity of soil respiration at the global
biome scale, while changes were found to be significant for the boreal biome. The
cumulative soil C mineralization in our study was not modulated by temperature, which
supports the results of Carey et al. (2016) for their whole dataset, but not for the boreal
biome-restricted dataset. However, Carey ef al. (2016) did not study soils from the
Canadian Boreal Shield, as in our study. Our contradictory results suggest potential

intra-biome regional variations in the susceptibility to soil C losses, and that Podzolic
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soil properties and other temperature-independent factors predispose the response of

soil C dynamics as regards climate change.

As discussed above, Cgier in the FH horizon increased with TSF. Additionally, TSF
had an indirect effect on Cgijer in the FH horizon, mediated by pH. In contradiction with
our hypotheses FH1 and FH2 and with results showing a direct effect of moss
dominance on C stock in the FH horizon (Andrieux et al., 2018b), moss dominance
had no direct effect on Cpior in the FH horizon. Instead, we found an indirect effect of
moss dominance on Cgijor in the FH horizon, which was also mediated by pH. Hence,
pH appears to be a key factor regulating Cgicr in the FH horizon. Changes in pH
conditions as a function of TSF confirm our hypothesis (see hypothesis FH2 in section

3.4.3).

Our results also show that Cgior in the FH horizon inecreased with increasing
concentrations of exchangeable Mn. In our study, we did not normalize Mn to C
contents (Stendahl ef al., 2017) to avoid potentially erroneous conclusions arising from
“spurious” correlations between Mn and Cricr (Berges, 1997, Brett, 2004). As mirrored
by the high acid-insoluble fraction contained in our FH horizon samples (73 + 5% of
acid-insoluble C, data not shown), boreal evergreen coniferous species generate high
lignin contents in litters and forest floors (Laganiere ef al., 2017). Thus, soil C cycling
in this ecosystem should depend on the capacity of microbes to depolymerize lignin.
Microorganisms in the acidic soils of this ecosystem are dominated by fungi that use
metalloenzymes — such as Mn peroxidases — to metabolize lignin (Pollegioni ef al.,
2015), or are white-rot fungi (Basidiomycota) equipped with enzymes that oxidize
lignin (Cragg et al., 2015). Additionally, there is increasing evidence of enhanced
bacterial lignin degradation in the presence of exchangeable Mn through pathways that
are less efficient than those used by fungi (de Gonzalo ef al., 2016). Our study provides
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a new insight about the role of soil chemistry as a controlling mechanism of Cgjer in
the FH horizon, where pH limits the activity of soil microbes and exchangeable Mn is

a mediator of decomposition in lignin-rich environments.

3.6.2.2 Cgior in the mineral soil

As in the FH horizon, pH was found to be a key factor regulating Cgior in the mineral
soil. In addition to having a direct effect, pH was found to have two indirect effects:
the first one is metal oxide contents mediation. Low pH conditions in the mineral soil
are conducive to enhanced metal oxide contents, which in turmn decreases Caier in the
mineral soil. This result is consistent with our previous findings about mineral soil C
stock and strengthens our previous assumptions about the role played by pH in mineral
weathering and the preservation of C from decomposition through organo-metal
complexation (Andrieux ef al., 2018b). The second indirect effect of pH on Cgigr in the
mineral soil is mediation by exchangeable Al only; not Mn (Table S3.4). Microbes are,
in general, vertically stratified within the soil column (Clemmensen et al., 2013;
Ekschmitt et al., 2008; Hynes et Germida, 2013), with fungi populating the upper soil
layers because of their greater need for metabolic oxygen compared with bacteria,
which can more easily dwell in the less-oxygenated deeper soil layers. Our results
suggest that oxidative depolymerization of lignin compounds mediated by Mn
peroxidases may not be a major process for C cycling in the mineral soil, contrary to
the FH horizon (see above). Instead, the negative effect of pH on Al together with the
negative effect of Al on Cagigr in the mineral soil indicate that low pH conditions favor
a greater Al abundance, which in turn impedes C decomposition. These findings are
consistent with the mechanism of pH-dependent Al toxicity on microbial degradation
that has been described for acidic forest soils in Japan (Kunito et al., 2016) and in

laboratory experiments (Wood, 1993). However, our study goes one step further in that
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we showed that Al content is directly related to soil texture (especially clay content).
This supports the hypothesis that exchangeable Al bound to fine mineral particles, such
as clay might act as a source of stored Al that can be mobilized and complexed with C

to impede decomposition.

3.6.3 Research needs

The results of this study identified new pathways for the control mechanisms of soil
Caior that could help to predict the response of boreal forest soils to global change.
While earth system models (ESMs) commonly assume a temperature dependence of
soil C decomposition according to the CQT hypothesis for the last two decades
(Bradford et al., 2016), our study focusing on Podzolic boreal forest soils showed that
the current approach of ESMs for modeling soil C should be re-evaluated to account
for ecosystem-specific C processes. In particular, our study shows that predictive
models need to include the direct effects of soil chemistry and the indirect effects of
climate and soil texture on soil Cgjor. Moreover, while some processes were found to
affect soil Cgjer (this study) and soil C stocks (Andrieux et al., 2018b), other processes
did not. For example, moss dominance had a direct effect on C sotck of the FH horizon
(Andrieux et al., 2018b), but not on FH horizon Cgicr (this study). ESMs that would
consider the drivers of soil C stock as well as the drivers of soil Cgicr would build
confidence in the forecasted role of the boreal forest to act as a C source or a C sink in

response to global warming.

The path analyses and model selection procedure used in our study have made it
possible to distinguish direct from indirect effects of factors on soil C dynamics. We
conclude that the effect of climate on soil Cgjor 1s indirect and that of the four climatic

variables examined, only the variables related to water supply — and not temperature —
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were found to have a significant indirect effect on soil Cgier. This suggests that the
forecasted increase of 11% precipitation by the end of this century in eastern North
America (IPCC, 2013) would indirectly modulate soil C stocks (Andricux ef al., 2018b)
and soil Cgior (this study), together with the direct effects of climate on the mechanisms
of soil C stock and bioreactivity. How the boreal ecosystem C balance will evolve in
the context of global change might be assessed through further research focusing on
the changes in soil physico-chemical reactions pertaining to the mechanisms of soil
organic matter decomposition and stabilization (Thornley ¢t Canell, 2001) in Podzolics
soils, as well as in other soil types that commonly occur in the boreal biome where the
physico-chemical control over decomposition and stabilization may differ from

Podzols.

3.7 Conclusion

The bioreactivity of the large C reservoirs in boreal forest soils is a key factor regulating
future global C cycle in the context of global warming. Our study provides new insights
into the complex interplay between climatic and non-climatic factors controlling soil
Cgior. We showed that soil chemistry plays a dominant role in controlling soil Cgicr,
with exchangeable elements (Mn or Al) and soil pH being the main drivers both in the
FH horizon and in the mineral soil. The increasing Crior of the FH horizon with TSF
was outbalanced by the mediating effect of pH, which implies that acidic soil
conditions in post-fire old-growth forests favor the accumulation of labile C by limiting
the activity of soil decomposers. However, the antagonist effects of exchangeable
¢lements on the FH horizon and on the mineral soil found in this study imply that global
change might lead to different responses in mineral soil and organic (FH) soil layers.

Therefore, focusing on the amplitude of these changes in soil chemistry is a key
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challenge that remains to be addressed in future works to improve our understanding

of soil C balance with global change.

We showed that climate, expressed here as temperature and water availability factors,
has no direct effect on soil Cpigr. Moreover, the indirect effects of climate on soil Cpior
are limited to water supply factors, not to temperature. Thus, our results reinforce the
need to revise the concepts of soil C dynamics commonly used by ESMs, especially
when applied to boreal ecosystems, so that the predicted responses of terrestrial
ecosystems to climate change may be specific to ecosystems. QOur results are in
agreement with Davidson et Janssens (2006) and Davidson (2015), who suggest that
improvements to ESMs may arise from integrating the long-term effect of climate on
soil properties with the environmental constraints on microbiological degradation of

soil organic matter.
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CONCLUSION GENERALE

L’ objectif général des travaux effectués dans le cadre de cette thése de doctorat était
d’approfondir les connaissances associées aux processus de stockage du carbone dans
les sols mésiques en pessiere a mousses au Québec. Le domaine de la pessiére a
mousses au Québec comprend les plus grandes étendues forestiéres exploitables a
I’échelle de la province. Bien que défini comme unité homogéne du territoire, ce
domaine englobe néanmoins une mosaique forestiére aux caractéristiques biotiques et
abiotiques parfois hétérogénes (Ministere des Ressources Naturelles du Québec, 2013;
Saucier et al., 1998). Dans nos travaux, les plans d’échantillonnage ont été réfléchis
pour refléter les caractéristiques dominantes a 1’échelle du paysage. Les nouvelles
connaissances générées par nos travaux pourraient donc &tre transposables a la plus

grande partie de ce territoire.

4.1 Contributions a I’avancement des connaissances

4.1.1 Considérations spatiales des processus de stockage du COS

La taille des réservoirs de COS et leurs vitesses de recyclage sont largement associés
aux conditions spatiales de température et de précipitations (Carey et al., 2016,
Stockmann et al., 2015), ainsi qu’aux caractéristiques de la végétation (Laganiére et
al., 2017). La distribution zonale et/ou altitudinale des types végétaux améne ainsi une
confusion a propos de la contribution relative du climat sur les processus de stockage
du COS (Jobbagy et Jackson, 2000; Marty ef al., 2015). Circonscrits aux peuplements

d’épinettes noires, nos travaux s’affranchissent ainsi de D'effet de la composition
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végétale arborescente et permettent de mieux comprendre 1'influence des patrons

climatiques sur les processus spatiaux liés au stockage du COS.

Les travaux de cartographie prédictive effectués a I’échelle du Canada montrent que la
concentration du COS est presque exclusivement expliquée par des variables
climatiques, relativement aux variables topographiques (Mansuy et al., 2014). La
localisation géographique ou les conditions de précipitations se sont aussi révélées &tre
des prédicteurs des stocks de COS al’échelle du Québec (Marty ef al., 2015; Tremblay
et al., 2002). Les travaux réalisés dans le cadre de cette thése supportent les résultats
obtenus par les études antérieures. En effet, des tendances régionales observées pour
les caractéristiques du COS ont surtout été attribuées aux régimes climatiques (Chapitre
). De plus, les résultats obtenus dans nos travaux ont aussi montré que les variables
climatiques lides aux conditions hydriques, seules, avaient une influence sur les
processus rattachés au stockage du COS et non pas les variables de température
(Chapitre II et Chapitre III). En quantifiant la taille des réservoirs de COS et en
déterminant les facteurs qui facilitent leur décomposition, nos travaux apportent
néanmoins un regard nouveau sur les influences relatives du climat et des autres
facteurs non-climatiques dans le contréle des processus liés au stockage du COS. En
effet, nos résultats montrent que le régime hydrique n’a qu’une influence indirecte sur
les stocks de COS (Chapitre II) ou leur bioréactivité (Chapitre III), au travers de leurs
influences sur d’autres facteurs bio-physicochimiques. Ces résultats obtenus en forét
boréale sont par ailleurs cohérents avec les observations effectuées dans d’autres types

d’écosystemes (Doetterl ef al., 2015).

Parmi les faits majeurs mis en évidence par nos travaux, on peut également souligner
I’'importance du temps depuis le demier feu (TDF) sur le contréle des processus de
stockage du COS. L.e TDF avait des effets direct et indirect sur les stocks et la

bioréactivité du COS de I'horizon organique (Chapitre II et Chapitre III), et un effet
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indirect sur le stock de COS de 1’horizon minéral d’accumulation (Chapitre IT). Dans
leur ensemble, nos résultats suggérent que la structure de classes d’ages des
peuplements, dépendante en grande partie du TDF dans ces écosystémes sujets aux
incendies récurrents (Bergeron ef al, 2001), pourrait étre un prédicteur notable des
processus de stockage du COS a1’échelle du paysage (Kurz ef al., 2013). Les effets du
TDF sur les processus de stockage du COS restent mal compris, particuliérement en ce
qui a trait au sol minéral (Chapitre II). C’est sans doute la raison pour laquelle les
travaux de cartographie prédictive des propriétés du sol n’intégrent pas le TDF en

covariable (Beguin et al., 2017; Mansuy et al., 2014; Tremblay et al., 2002).

En somme, nos résultats impliquent que les prédictions spatiales des stocks de COS et
de leur évolution potentielle pourraient étre améliorées en intégrant a la fois la structure
de classes d’ages des peuplements ou le TDF, ainsi que les variables bio-
physicochimiques qui varient de concert avec le climat et le TDF. Affiner de telles
prédictions spatiales apporterait une base robuste pour quantifier les stocks de COS et

permettrait de réduire les incertitudes liées aux exercices de projection dans le temps.

4.1.2 Temporalités des processus li¢s au stockage du COS

I’évolution temporelle des processus de stockage du COS ont été abordés, dans nos
travaux, au moyen d’une chronoséquence aprés feu dans un horizon de 314 ans. Les
résultats obtenus par cette méthode nous ont permis de mettre en évidence que, méme
si I’accumulation du C dans la végétation arborescente atteignait un seuil de saturation
avec le TDF aux environs de 90 ans aprés feu, les stocks de C dans 1’écosystéme
continuaient d’augmenter et que cette augmentation était due a "accumulation
constante de C dans les réservoirs du sol (Chapitre II). En contradiction avec certaines

études (Gao et al, 2017, Wardle, Walker, et al, 2004), nos résultats supportent
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néanmoins 1’idée que les foréts anciennes continuent d’accumuler du C (Carey et al.,
2001; Curtis et Gough, 2018; Luyssaert et al., 2008), essenticllement dans les sols
(Zhou et al., 2006). En plus d’apporter une nouvelle preuve descriptive de ce
phénomeéne, nos travaux ont permis de mettre en évidence 1’'un des mécanismes
associés a ce processus, au moins propre a 1”écosysteme étudié. Si seul ’effet direct du
TDF sur la bioréactivité du COS dans 1’horizon organique avait été considéré, d’aucuns
en seraient venus a la conclusion que le réservoir de COS diminuerait avec
I’augmentation du TDF (Annexe C, Tableau S$3.2). Confirmant ce qui a &té
préalablement observé dans cet écosysteme (Ward et al., 2014), le pH de I"horizon
organique diminue avec le TDF. Or, nos données suggérent que I’effet direct et négatif
du pH sur la bioréactivité du COS dans I’horizon organique est plus important que
I’effet direct et positif du TDF. Le stock de COS dans 1’horizon organique s’ accumulait
ainsi avec le TDF (Chapitre II) — en principe sous une forme facile a décomposer, en
raison de I'inhibition de 1’activité des microbes décomposeurs par acidification du
substrat (Chapitre III). La modification de paramétres chimiques du sol, comme ici le
pH qui contrdle directement 1’activité des microbes du sol et donc les flux de C sortants
du systéme, s’opére donc a 1’échelle décennale a centennale de la régénération et de la

maturation végétale arborescente.

Le pH du sol minéral était aussi un prédicteur de la quantité d’oxydes métalliques
associés a la matiére organique (Chapitre II-III). Or, la quantité d’oxydes métalliques
exergait une influence directe sur le stock et sur la bioréactivité du COS. Encore une
fois, comme le pH variait avec le TDF, nos résultats impliquent que la formation des
complexes organométalliques dans les sols s opére dans un horizon temporel décennal

a centennal.

Ces observations revétent une importance capitale dés lors qu’on considére la dizaine

¢t centaine d’années comme étant 1°échelle opérante des changements climatiques
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(TPCC, 2013). Pour comprendre comment les processus de stockage du COS pourraient
¢voluer avec les variations des conditions environnementales li¢es au réchauffement
climatique, il est donc nécessaire de tenir compte des interactions complexes entre les

facteurs qui les contrélent (Bradford ef al., 2016).

4.1.3 Dynamique du COS intégrée a la complexité de I’écosysteme

Le modele factoriel scorpan (McBratney ef al., 2003) est une généralisation du modele
des facteurs d’état de la formation des sols (Jenny, 1994), ou plus globalement du
modele des facteurs d’état des écosystemes (Amundson et Jenny, 1997). D’aprés cette
conception, un attribut du sol est mathématiquement représenté comme une fonction
de la somme et/ou des interactions entre sept facteurs d’état (McBratney et al., 2003) :
sol, climat, organismes, topographie ou attributs du paysage. matériel parent, age,
espace ou position spatiale. Largement utilisée pour les prédictions spatiales des
propriétés du sol, cette approche ne permet pas de comprendre les processus
déterminant un attribut du sol, puisque les relations de dépendances entre les facteurs
ne sont pas explicitement formulées. Pourtant, les relations entre ces facteurs,
exprimées sur des bases mécanistiques, représentent le cceur des modéles numériques
du systéme Terre. Ces modéles pourraient étre améliorés en intégrant les connaissances
adossées aux processus de stockage du COS pour projeter et micux anticiper la
dynamique du COS en réponse aux changements environnementaux liés au

réchauffement climatique (Schmidt et al., 2011).

Un des résultats saillants de nos travaux, qui s’appuient sur une méthode d’analyse de
pistes, réside dans la représentation mécanistique des processus rattachés aux stockage
du COS (Chapitre II-III). Les analyses de piste sont généralement utilisées pour

explorer les relations de dépendance entre les facteurs impliqués dans les processus de
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stockage du COS (e.g. Zhang et al. (2008); Luo ef al. (2017)). L’approche développée
dans nos travaux, basée sur I’examen d’hypothéses a priori fondées sur les
connaissances issues de la littérature scientifique, va encore plus loin dans le sens ou
elle est confirmatoire et non exploratoire. En plus d’offrir la possibilité de falsification
des hypothéses, cette approche nous a permis de déterminer 1’importance relative des
facteurs de contréle des stocks de COS (Chapitre II) et de leur bioréactivité (Chapitre
III). A ma connaissance, il n’existe pas d’étude similaire en sciences des sols
actuellement. Les nouvelles connaissances générées dans nos travaux, avec la
quantification du poids relatif attribué aux facteurs de contrdle liés a la dynamique du
COS, pourraient s’avérer utiles pour paramétrer les modéles mécanistiques intégrant le

cycle du C, tels que les modéles numériques du systéme Terre.

Dans leur ensemble, nos travaux montrent que la dynamique du COS est contrélée par
des interactions complexes entre plusieurs facteurs bio-physicochimiques (Figure 4.1)
et apportent de nouveaux ¢léments de compréhension au regard de I'impact des
changements globaux sur les processus de stockage du COS en forét boréale. Le régime
hydrique du climat avait une influence sur la proportion relative des types fonctionnels
de mousses, ainsi que sur la quantité d’oxydes métalliques en interaction avec la
matiére organique. Or, ces deux variables exergaient un contrdéle direct sur le stock et
la bioréactivité du COS (Chapitre II-11I). Ces résultats supportent 1’'1dée selon laquelle
I’augmentation de 11% des précipitations annuelles anticipées pour la fin du 21°siécle
au Canada (IPCC, 2013) aura des effets sur la dynamique du COS au travers de
changements dans les processus biologiques et physico-chimiques du sol. Tl est
toutefois difficile de se prononcer sur I’ampleur et la direction des changements
attendus, puisque certaines propriétés du sol et d’autres facteurs qui ne varient pas avec
le climat ont des effets auxiliaires ou antagonistes sur les processus liés au stockage du
COS. Néanmoins, les travaux développés dans cette thése montrent que le statut des

conditions pédologiques non altérées par le climat prédispose la réaction du systéme
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au regard de variations climatiques. Nos travaux indiquent ainsi que le développement
pédologique est un vecteur important du potentiel présenté par les sols de la forét
boréale pour atténuer la vitesse et 'ampleur des conséquences des changements
climatiques sur les processus de stockage du COS. Le statut pédologique des sols
devrait donc &tre pris en compte dans la conception de solutions propices a la
séquestration du C dans les sols en forét boréale. A la lumiére de ces constats, il apparait
nécessaire de replacer les sols au cceur des recherches futures qui traiteront du cycle du

carbone, et en particulier dans les écosystémes de la forét boréale.
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4.2 Avenues pour la recherche

Notre étude est circonscrite a 1’étude de cas des sols mésiques en pessiére a mousses
au Québec. A I'avenir, les résultats de nos travaux devront donc étre validés avec des
données indépendantes. Pour comprendre dans quelles mesures les processus de
stockage du COS décrits dans cette thése sont généralisables a différentes échelles
spatio-temporelles et 4 d’autres écosystémes, les futurs travaux devront se focaliser sur
une plus grande gamme de valeurs observées dans les facteurs de contrdle de ces
processus. Cependant, nos travaux aménent plusieurs pistes de recherches d’intéréts

sur les plans théorique et pratique.

D’abord, nos travaux ont permis de remettre en question la validité des modéles
numériques du systéme Terre (Chapitre II-IIT), largement utilisés pour projeter
I’évolution du systéme climatique planétaire en lien avec le cycle du C. Une
modification des modeles ou le développement d’une nouvelle génération de modéles,
en tenant compte des processus de stockage du COS spécifiques a la forét boréale,
pourraient &étre une des solutions envisagées pour améliorer la confiance dans les

projections climatiques (Bradford et al., 2016).

Les processus de stockage du COS sont intimement liés aux incendies naturels
(Chapitre I-II-III). Les recherches concentrées sur la dynamique des perturbations
naturelles apparaissent ainsi essentielles pour apporter des connaissances suffisantes
sur les patrons spatiaux et temporels des perturbations qui, intégrées dans les modéles
du cycle du C, permettraient aussi de construire une meilleure confiance dans les

projections climatiques.
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Avec la canopée des foréts tropicales et les grands fonds océaniques, le sol est I'une
des trois grandes frontiéres biotiques de notre planéte. Pourtant, le sol abrite de
nombreux microorganismes impliqués dans divers processus écologiques
fondamentaux (WardleBardgett, et al., 2004), comme le recyclage du COS (Chapitre
IIT). De nombreuses avancées scientifiques centrées sur le microbio-fonctionnement
des sols restent ainsi a venir. Pour comprendre comment la forét boréale peut séquestrer
davantage de COS, la recherche future devra s’orienter sur 1’étude des facteurs qui
limitent la décomposition du COS (Chapitre III), en relations avec le microbiome des
sols dans les foréts naturelles ou aménagées (Cardenas ef al., 2015; Hynes et Germida,

2013).

Dans nos travaux, nous avons quantifié les stocks et la bioréactivité du COS ainsi que
I'importance relative des facteurs qui les contrélent en forét naturelle. Nos données
pourraient ainsi servir de base comparative pour évaluer les écarts entre les foréts
naturelles et aménagées quant aux caractéristiques des stocks de COS. Une quantité
suffisante de données, issues d’échantillonnages en foréts aménagées, serait nécessaire
pour effectuer les comparaisons. Des études réalisées dans les systémes aprés récolte
permettront d’évaluer comment le pH du sol, la strate des mousses, la complexation
organométallique et les éléments échangeables sont affectés par les opérations

sylvicoles.

D’autres études en forét aménagée devront aussi &tre développées pour comprendre
comment les pratiques forestiéres pourraient pallier au déficit de saturation en COS qui
a ét¢ identifié en forét naturelle (Chapitre I). Ce type de connaissance apporterait de
nouvelles pistes pour adapter des solutions adéquates afin de maximiser la

séquestration de C dans les sols des territoires aménagés.
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43 Solutions d’aménagements pour séquestrer le carbone dans les sols

Les résultats de nos recherches amenent plusieurs pistes de réflexions pour des
solutions potentielles et inclusives, i.e. pouvant toutes &tre développées simultanément,
menant a une optimisation de la séquestration du COS dans les territoires forestiers
soumis a I’aménagement. D’aprés nos résultats, les conditions d’acidité du sol et de
complexation organométallique propres aux foréts anciennes, ainsi que certaines
conditions chimiques liées a la disponibilité d’¢léments échangeables sont propices a
I’accumulation ¢t a la séquestration du C dans les sols (Chapitre II-III). Ces
observations ménent a proposer deux stratégies principales pour optimiser la taille du

réservoir de C du sol :

- augmenter la proportion de foréts anciennes a I’échelle du paysage ;

- adapter des pratiques de récoltes pour conserver les mécanismes responsables

de la séquestration de C dans les sols.

Il existe plusieurs solutions pour augmenter la proportion de foréts anciennes a I’échelle

du paysage (Bergeron et al., 2017) :

- protéger les territoires forestiers : conserver une proportion des foréts
productives, normalement attribuées a des fins de récolte, afin d’en faire des aires

protégées dans lesquelles les opérations sylvicoles sont bannies ;

- augmenter la durée de révolution : accroitre le temps entre les récoltes

effectuées au sein d’un méme territoire |
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- diversifier les systémes de coupe : remplacer la coupe totale par des systémes

alternatifs raisonnés pour maintenir des attributs de foréts anciennes.

Augmenter la proportion de foréts anciennes dans le paysage est une stratégie que nous
recommandons. Elle s’appuie sur la capacité des écosystémes forestiers a atteindre leur
maturité et a maintenir leur productivité en 1’absence de perturbation majeure (Ward et
al., 2014). Or, les foréts anciennes sont plus susceptibles aux perturbations et done aux
pertes nettes de C (Kurz et al., 2013). Pour pallier au risque de perturbation croissant
avec I’age de la forét et pour s’assurer de maintenir les processus qui favorisent la
séquestration de C dans I’écosystéme, cette stratégic devrait étre couplée a une
surveillance accrue de 1’écosystéme pour intervenir rapidement en cas de perturbation,
engendrant un cout financier et des enjeux de faisabilité pour les régions éloignées
(Gauthier et al., 2015). Un des autres inconvénients liés a cette stratégie réside dans la
diminution de la possibilité forestiére, ce qui souléve la question des effets collatéraux
d’ordre socio-économiques. Une diminution de la possibilité forestiere implique, par
exemple, une baisse de 1’activité et des bénéfices industriels et donc un besoin moindre

en main-d’ceuvre.

Le Québec représente un territoire qui 8°¢tend sur 1667712 km?. Parmi les 156709 km?
d’aires protégées de la province, la superficie des écosystémes forestiers au statut
‘exceptionnel’ bénéficiant d’un cadre 1égal de protection s’éléve actuellement a 352
km? (Gouvernement du Québec, 2018), soit 0.2% du territoire total. L.a protection d’une
plus grande proportion du territoire, afin d’augmenter la proportion de foréts anciennes,
pourrait &tre envisagée. Cependant, compte-tenu des limitations mentionnées plus haut,
la conservation d’une plus grande superficie de foréts naturelles ne pourrait &tre mise
en place que sur une petite portion du territoire, dans le respect d’un développement
socio-économique et écologique durable et intégré. Ces deux stratégies, conservation

et augmentation de la durée des révolutions, sont néanmoins des options viables pour
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maintenir un grand nombre de services écologiques rendus par les €cosystémes
forestiers, et particuliérement ceux rattachés aux enjeux de biodiversité (Harper et al.,

2003; Peura et al., 2018, Trivifio et al., 2017).

La coupe totale est le systéme le plus utilisé actuellement dans les pratiques sylvicoles
en foréts boréales d’Amérique du Nord (Conseil canadien des ministres des foréts,
2018) et de Scandinavie (Gelman er al.,, 2013; Siira-Pietikdinen er al., 2001).
Néanmoins, des options alternatives d’aménagement devraient &tre mises en place pour
conserver une structure de classes d’ages dans les limites de variabilités naturelles de
la mosaique forestiére, puisque cette pratique d’aménagement équien entraine un
rajeunissement des foréts (Bergeron, 2004; Bergeron ef al., 2002; Van Wagner, 1978).
Les systémes alternatifs de coupes, 1.e. les coupes partielles, sont des outils variés et
flexibles (Raymond ef al., 2009). Adaptables en fonction des besoins, les coupes
particlles peuvent étre utilisées localement pour gérer la compétition entre les arbres
ou encore favoriser la présence et la croissance radiale d’essences a grand potentiel
commercial, mais elles peuvent aussi étre utilisées pour conserver ou restaurer une
structure inéquienne des peuplements (Jandl et al., 2007, Prévost et Raymond, 2012;
Raymond et al., 2009; Vesala et al., 2005). Les coupes partielles sont aussi considérées
comme des alternatives efficaces pour diminuer les impacts écologiques négatifs liés
aux coupes totales, et notamment pour réduire les pertes de C (Jandl et al., 2007,
Keenan et Kimmins, 1993; Prescott, 1997). L altération du microclimat et des cycles
biogéochimiques a I’échelle du peuplement sont fonctions du degré d’ouverture de la
canopée (Muscolo ef al., 2014; Schliemann et Bockheim, 2014). Les coupes partielles
qui permettent une gestion a fine échelle du degré d’ouverture de la canopée pourraient
donc étre utilisées de maniére raisonnée pour maintenir des attributs de pH du sol, de
quantités d’éléments échangeables ou encore de complexation organométallique
similaires aux foréts anciennes et/ou favorables a I’accumulation et la séquestration du

COS. Le degré d’ouverture de la canopée influence aussi la couverture des mousses
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terricoles (Pacé et al., 2017). Alors que le type fonctionnel des mousses influence
directement la taille du réservoir de COS (Chapitre II) ou indirectement sa bioréactivité
(Chapitre III), une gestion a fine échelle du degré d’ouverture de la canopée permettrait

de moduler I’accumulation du COS par une gestion de la strate des mousses.

En somme, nous préconisons d’utiliser davantage les coupes partielles au détriment des
coupes totales, de manicre raisonnée pour conserver les mécanismes favorables a la
séquestration de COS sans altérer la productivité des peuplements, comme étant un
compromis a envisager pour combiner le maintien des activités de récolte avec la

séquestration de C dans les sols.



ANNEXE A

MATERIEL SUPPLEMENTAIRE DU CHAPITRE I
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Figure S1.1 Holocene fire history reconstructions based on the comparative analysis
of calibrated radiocarbon (*'C) dates of charcoal particles buried in soils. The
probabilistic age interval of a fire event (grey shading) and the attributed age of fire
event (+) are shown. B sites: Frégeau et al. (2015); C16 : Remy ef al. (2018); Al1l: this
study.
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Figure S1.2 Carbon concentration as a function of the amount of pyrophosphate
extractable metals in the illuvial horizon. A: all data; B: 153-years fire cycle; C: 183-
years fire cycle; D: 247-years fire cycle; E: 720-years fire cycle. p < 0.001 (***); p <
0.01 (**).
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see Andrieux ef a/. (2018D).



ANNEXE B

MATERIEL SUPPLEMENTAIRE DU CHAPITRE 11



Table S2.1 Model goodness-of-fit (R?) and path coefficients (columns 5 to 14) for all FH hypothesis relationships. Based on

the Akaike information criterion (AICc; see Tab.2), the hypotheses that best fit our data are shown in bold characters.

Model Climate  Texture Rz X1—=Xe X2—Xo X1—=X5 X2—=X5 X3—Xo X4—Xo X5—Xo X3—X4 X3—X5 X5—X4
FHO MAT Sand % 0.28 -0.02 0.19 - - 0.37 ** 0.10 030 - - -
FHO MAT Silt % 0.28 -0.02 -0.18 - - 0.36 ** 0.10 0.30%* - - -
FHO MAT Clay % 0.26 -0.03 -0.11 - - 0.38 ** 012 0.32%* - - -
FHO MAP Sand % 0.28 0.07 021 - - 0.36 ** 0.11 0.33 %= - - -
FHO MAP Silt % 0.28 0.07 -0.20 - - 0.35 ** 0.11 0.32%* - - -
FHO MAP Clay % 0.26 0.02 -0.11 - - 0.38 ** 012 033 ** - - -
FHO  GDDs Sand % 0.28 0.05 0.20 - - 0.36 ** 0.11 0.31** - - -
FHO  GDDS5 Silt % 0.28 0.04 -0.19 - - 0.36 ** 0.11 0.31** - - -
FHO  GDDS5 Clay % 0.26 0.03 -0.12 - - 0.38 ** 0.13 0.33 ** - - -
FHO WB Sand % 0.28 0.05 0.20 - - 0.36 ** 0.11 0.32%* - - -
FHO WB Silt % 0.28 0.06 -0.19 - - 0.35 ** 0.11 0.31** - - -
FHO WB Clay % 0.26 0.01 -0.11 - - 0.38 ** 0.12 0.33 ** - - -
FH1 MAT Sand % 043 - - -0.22 0.06 0.37 ** 0.13 0.31** -0.32 ** 0.01 0.31**
FHI MAT Silt % 044 - - -0.22 -0.09 0.37 ** 0.13 0.31** -0.32 ** 0.00 0.31**
FHI1 MAT Clay % 044 - - -0.24 * 0.08 0.37 ** 0.13 0.31** -0.32 ** 0.00 0.31 **
FH1 MAP Sand % 046 - - -0.32 *+* 0.01 0.37 ** 0.13 0.31** -0.32 ** 0.01 0.31**
FH1 MAP Silt % 046 - - -0.31 % -0.04 0.37 ** 0.13 0.31** -0.32 ** 0.01 0.31**
FHI1 MAP Clay % 046 - - -0.33 *=* 0.06 0.37 ** 0.13 0.31** -0.32 ** 0.00 0.31**
FH1 GDD35 Sand % 043 - - -0.19 0.05 0.37 ** 0.13 0.31** -0.32 ** -0.02 0.31**
FH1 GDD35 Silt % 043 - - -0.19 -0.09 0.37 ** 0.13 0.31** -0.32 ** -0.03 0.31**
FHI1 GDD5 Clay % 043 - - -0.22 0.10 0.37 ** 0.13 0.31** -0.32 ** -0.03 0.31**
FHI1 WB Sand % 044 - - -0.26 % 0.04 0.37 ** 0.13 0.31** -0.32 ** 0.00 0.31**
FH1 WB Silt % 045 - - -0.26 % -0.06 0.37 ** 0.13 0.31** -0.32 ** 0.00 0.31**
FHI1 WB Clay % 044 - - -0.27* 0.04 0.37 ** 0.13 0.31** -0.32 ** 0.00 0.31**
FH2 MAT Sand % 043 -0.02 0.19 - - 0.37 ** 0.10 030 -0.32 ** -0.03 0.31**
FH2 MAT Silt % 042 -0.02 -0.18 - - 0.36 ** 0.10 0.30%* -0.32 ** -0.03 0.31**
FH2 MAT Clay % 041 -0.03 -0.11 - - 0.38 ** 0.12 0.32%* -0.32 ** -0.03 0.31**

wl



Model Climate Texture Rz X1—=X6 X2—X6 X1—=X5 X2—=X5 X3—Xo X4—Xo X5—Xo6 X3—X4 X3—X5 X5—X4

FH2 MAP Sand% 043 0.07 0.21 - - 0.36** 011 0.33 +* -0.32 %= -0.03 03] **
FH2 MAP Silt % 043 0.07 -0.20 - - 0.35 ** 011 0.32%* -0.32 ** -0.03 0.31**
FH2 MAP Clay % 041 0.02 -0.11 - - 0.38 ** 012 0.33 +* -0.32 %= -0.03 03] **
FH2 GDDS Sand% 043 0.05 0.20 - - 0.36** 011 03] ** -0.32 ** -0.03 03] **
FH2 GDDs5 Silt % 043 0.04 -0.19 - - 0.36 ** 011 0.31** -0.32 ** -0.03 0.31**
FH2 GDDs5 Clay % 041 0.03 -0.12 - - 0.38 ** 013 0.33 ** -0.32 ** -0.03 0.31**
FH2 WB Sand% 043 0.05 0.20 - - 0.36** 011 032 +* -0.32 %= -0.03 03] **
FH2 WB Silt % 043 0.06 -0.19 - - 0.35 ** 011 0.31** -0.32 ** -0.03 0.31**
FH2 WB Clay % 041 0.01 -0.11 - - 0.38 ** 012 0.33 ** -0.32 ** -0.03 0.31**
Model-averaged estimator 0.00 -0.01 -0.26 0.04 037 0.13 0.32 -0.32 -0.01 0.31

MAT: mean annual temperature; MAP: mean annual precipitation, GDDS5: growing degree-days above 5°C; WB: water
balance; Sand, Silt and Clay: mineral soil (top 35 cm) sand, silt and clay content, respectively; X/7: climate parameter; X2:
texture parameter; X3: time since fire; X4: forest floor pH; X5: index of moss dominance; X¢&: forest floor carbon stock.

Arrows indicate direct causal relationships between variables. (*) p < 0.05; (**)p <0.01; (***) p <0.001.
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Table S2.2 Model goodness-of-fit (R?) and path coefficients (columns 5 to 12) for all mineral soil (B horizon) model
relationships. Based on the Akaike information criterion (AICc; see Tab.3), the hypotheses that best fit our data are shown

in bold characters.

Model Climate Texture Rz X1—Xo6 X2—X6 X1—=X5 X3—Xo6 X4—X6 X5—X6 X3—X4 X4—=X5
BO MAT Sand % 041 -0.07 0.07 - 0.19 -0.24 * 0.39 *** - -
BO MAT Silt % 0.40 -0.07 -0.05 - 0.19 -0.24 * 0.38 *** - -
BO MAT Clay % 041 -0.07 -0.07 - 0.19 -0.26 * 0.39 *** - -
BO MAP Sand % 041 -0.12 0.05 - 0.20 -0.21 0.4 ek - -
BO MAP Silt % 041 -0.12 -0.04 - 0.19 -0.22 0.4 #x* - -
BO MAP Clay % 042 -0.13 -0.08 - 0.20 -0.23 041 *** - -
BO GDDs5 Sand % 041 -0.11 0.05 - 018 -0.24 * 0.37 *** - -
BO GDDs5 Silt % 041 -0.12 -0.04 - 018 -0.24 * 0.37 ** - -
BO GDD5 Clay % 041 -0.11 -0.05 - 0.18 -0.26 * 0.37 =** - -
BO WB Sand % 041 -0.08 0.06 - 0.19 -0.23 040 =** - -
BO WB Silt % 0.40 -0.08 -0.05 - 0.19 -0.23 0.39 =** - -
BO WB Clay % 041 -0.09 -0.08 - 0.19 -0.25 % 041 *** - -
B1 MAT Sand % 0.56 - 0.06 0.15 - -0.30 ** 040 *** -0.28 * -0.49 #**
B1 MAT Silt % 0.56 - -0.05 0.15 - -0.30* 0.39 *** -0.28 * -0.49 #**
Bl MAT Clay % 0.56 - -0.07 0.15 - -0.32 ** 040 =** -0.28 * -0.49 ***
Bl MAP Sand % 0.58 - 0.06 0.23%* - -0.30 ** 040 =** -0.28 * -0.52 ***
Bl MAP Silt % 0.57 - -0.05 0.23%* - -0.30* 0.39 =** -0.28 * -0.52 ***
Bl MAP Clay % 0.58 - -0.07 0.23* - -0.32 ** 040 *** -0.28 * -0.52 #**
B1 GDDs5 Sand % 0.55 - 0.06 -0.01 - -0.30 ** 040 *** -0.28 * -0.46 ***
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Model Climate Texture R? X1—-X6 X2—X8 X1—-X5 X3—-X6 X4—-X6 X5—-X6 X3—-X4 X4—-X5
B1 GDDs5 Silt % 0.55 - -0.05 -0.01 - -0.30* 0.39 *** -0.28 * -0.46 ***
B1 GDDs5 Clay % 0.55 - -0.07 -0.01 - -0.32 ** 040 *** -0.28 * -0.46 ***
Bl WB Sand % 0.58 - 0.06 025* - -0.30 ** 040 = -0.28* -0.51 ***
Bl WB Silt % 0.58 - -0.05 025* - -0.30 * 0.3 *ok* -0.28* -0.51 ***
Bl WB Clay % 0.58 - -0.07 025* - -0.32 ** 040 = -0.28* -0.51 ***
B2 MAT Sand % 0.58 -0.07 0.07 0.15 0.19 -0.24 * 0.39 *** -0.28 * -0.49 #**
B2 MAT Silt % 0.58 -0.07 -0.05 0.15 0.19 -0.24 * 0.38 *** -0.28 * -0.49 #**
B2 MAT Clay % 0.58 -0.07 -0.07 0.15 019 -0.26 * 0.39 *** -0.28 * -0.49 #**
B2 MAP Sand % 0.60 -0.12 0.05 0.23%* 0.20 -0.21 040 *** -0.28 * -0.52 #**
B2 MAP Silt % 0.60 -0.12 -0.04 0.23%* 0.19 -0.22 040 *** -0.28 * -0.52 #**
B2 MAP Clay % 0.60 -0.13 -0.08 023=* 0.20 -0.23 041 **=* -0.28* -0.52 *x*
B2 GDDs5 Sand % 0.58 -0.11 0.05 -0.01 018 -0.24 * 0.37 *** -0.28 * -0.46 ***
B2 GDDs5 Silt % 0.58 -0.12 -0.04 -0.01 018 -0.24 * 0.37 ** -0.28 * -0.46 ***
B2 GDDs5 Clay % 0.58 -0.11 -0.05 -0.01 018 -0.26 * 0.37 *** -0.28 * -0.46 ***
B2 WB Sand % 0.60 -0.08 0.06 0.25%* 0.19 -0.23 040 *** -0.28 * -0.5] ***
B2 WB Silt % 0.60 -0.08 -0.05 025* 0.1% -0.23 0.3 *ok* -0.28* -0.51 ***
B2 WB Clay % 0.61 -0.09 -0.08 025* 0.1% -0.25 * 041 **=* -0.28* -0.51 ***

Model-averaged estimator -0.10 -0.02 0.15 0.19 -0.26 0.39 -0.28 -049

MAT: mean annual temperature; AMAP: mean annual precipitation, GDDS: growing degree-days

above 5°C; WB: water

balance; Sand, Silt and Clay: mineral soil (top 35 cm) sand, silt and clay content, respectively; X/7: climate parameter; X2:

texture parameter; X'3: time since fire; X'4: illuvial horizon pH; X5: pyrophosphate extractable metals in illuvial horizon; X6:

illuvial horizon (top 15 em) carbon stock. Arrows indicate direct causal relationships between variables. (*) p < 0.05; (**)p

<0.01; (***) p < 0.001.
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B Soil pit soil description. mineral soil 15 to 35 cm and iluvial horizon samplings

Figure S2.1 Diagram of the plot inventory and soil sampling.
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Figure S2.2 Pearson correlation between carbon pools. Only soil carbon pools
correlate with the whole ecosystem carbon stock, indicating that soils are the major
carbon reservoir in mesic black spruce forests. FCO: ecosystem carbon density,
ABG: living tree carbon density; FH. FH layer carbon density;, B: illuvial (B)
horizon carbon density; AMIN: mineral soil (top 35 ¢cm) carbon density. (***) p <

0.001.
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factors (blue) used in this study.
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Figure S2.6 Observed (squares) and predicted (plain lines) values for post-fire FH
variables used to compute the forest floor carbon stocks, with 95% confidence
interval (dashed lines), as a function of time since fire. Error bars represent the
standard deviation of the mean FH layer depth based on 20 records per plot. () n.s,;
(**) p < 0.01; (***) p < 0.001.



ANNEXE C

MATERIEL SUPPLEMENTAIRE DU CHAPITRE III

Table S3.1 Model fitness to the data for a priori hypotheses for the FH horizon.
Models are sorted by increasing second order Akaike information criterion (AICC).
Model: model name; Climate: climate variable; Texture: texture variable; C
statistic: statistic of the Fisher’s C test; df: degree of freedom; p: p-value of the
Fisher’s C test (when p < 0.05, the model is not supported by the data), K: number
of free parameters; A/Cc¢: second order information criterion; A4A/Cc: relative AICe

difference with the model that best fit the data (in bold); /¥ Akaike weight.

Model Climate Texture C statistic df P K AlCe  AAICe W

FF2 MAP Clay 22.295 26 0.67 11 48.77 0.00 0.68
FF2 WB Clay 26.495 26 0.44 11 52.97 4.20 0.08
Fr2 MAP Sand 27282 26 0.39 11 53.76 4.99 0.06
FF2 MAP Silt 28.553 26 0.33 11 55.03 6.26 0.03
FF2 WB Sand 28.934 26 0.31 11 55.41 6.64 0.02
FF2 MAT Silt 29.029 26 0.31 11 55.50 6.73 0.02
FF2 GDD5s  Silt 29.040 26 0.31 11 5551 6.74 0.02
FF2 MAT Clay 29287 26 0.30 11 55.76 6.99 0.02
FF2 MAT Sand 29.432 26 0.29 11 55.91 7.14 0.02
FF2 GDD5  Sand 30.118 26 0.26 11 56.59 7.82 0.01
FF2 WB Silt 30.479 26 0.25 11 56.95 3.18 0.01
FF2 GDD5  Clay 30.556 26 0.25 11 57.03 8.26 0.01
FF1 WB Clay 46.660 30 0.03 7 62.44 13.67 0.00
FF1 MAP Clay 47.954 30 0.02 7 63.73 1496  0.00
FF1 WB Sand 50.525 30 0.01 7 66.30 17.53  0.00
FF1 WB Silt 53.497 30 0.01 7 69.27 2050 0.00
FF1 MAP Sand 54.231 30 0.00 7 70.01 2124 0.00
FF1 MAP Silt 56.918 30 0.00 7 7270 2393 0.00
FF1 GDD5  Clay 57791 30 0.00 7 13.57 2480 0.00
FF1 GDD5  Sand 58.623 30 0.00 7 74.40 2563 0.00
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Model Climate Texture C statistic df P K AlCec  AAICe W
FF1 GDD5  Silt 58.888 30 000 7 7467 2590 Q.00
FF1 MAT Clay 59.816 30 000 7 7559 2682  0.00
FF1 MAT Sand 61.188 30 000 7 76.97 2820 0.00
FF1 MAT Silt 62.223 30 000 7 78.00 2923  0.00




Table S3.2 Explained variability (R?) in Cgior for cach model of the FH horizon, as well as path coefficients and model-averaged
estimators for each of the @ priori hypothesized causal relationship among variables (arrows). Model: model name; Climate: climate
variable; Texture: texture variable; 7SF: time since fire; pff: pH of the FH horizon; AMpy: pyrophosphate extractable metals; Cpgior:
carbon bioreactivity of the FH horizon. The model that best fit the data is highlighted by bold font. (*) p <0.05; (**)p < 0.01; (***)p
<0.001.

Climate Texture Climate Texture TSF pH IMD Mn TSF IMD
Model Climate Texture R? ! ! ! ! ! ! ! ! ! !
Caior Chior IMD IMD  CBioR CBioR CBioR CBioR pH pH
FF1 MAT Sand 031 0.02 -0.11 - - 0.25%  036**  0.09 0.35%* - -
FF1 MAT Silt 030 0.03 0.08 - - 0.25%  036**  0.09 0.35%* - -
FF1 MAT Clay 031 0.02 0.11 - - 0.24*  036**  0.08 0.34%* - -
FF1 GDD5  Sand 031 -0.04 -0.11 - - 0.25%  0.36**  0.08 0.33%* - -
FF1 GDD5  Silt 0.30 -0.03 0.09 - - 0.25%  0.35%*  0.08 0.33%* - -
FF1 GDD5  Clay 031 -0.05 0.12 - - 0.24*  035**  0.06 0.31%* - -
FF1 MAP Sand 0.38 -0.29%*  -0.17 - - 0.28%*  0.34%%  0.00  0.35%** - -
FF1 MAP Silt 0.38 -0.29%*  0.16 - - 0.28%*  0.34%%  0.01  0.35%** - -
FF1 MAP Clay 0.37 -0.26* 0.12 - - 0.26* 0.33**  0.00 0.34%* - -
FF1 WB Sand 0.39 -030**  -0.16 - - 0.28%* 035%  0.01  0.39%** - -
FF1 WB Silt 038 -031*  0.15 - - 0.28%* 034%*  0.01  0.40%** - -
FF1 WB Clay 0.37 -0.26* 0.10 - - 0.26%  034**  0.00  0.38*** - -
FF2 MAT Sand 0.30 - - -0.22 0.06 0.25%  034**  0.08 0.34%%  032%*  (.30**
FF2 MAT Silt 0.30 - - -0.22 -0.09  0.25% 034*  0.08 0.34%%  0.32%*  0.30%*
FF2 MAT Clay 0.30 - - -0.24* 0.08 0.25%  0.34**  0.08 0.34%%  0.32%*  0.30%*
FF2 GDD5  Sand 0.30 - - -0.19 0.05 0.25%  034**  0.08 0.34%%  032%*  (.30**

el



Climate Texture Climate Texture TSF pH IMD Mn TSF IMD

Model Climate Texture R? l l l l l 1 l 1 l l
Chior Chior IMD IMD CBioR CBioR CBioR CBioR pH pH
FE2 GDD5  Silt 0.30 - - -0.19 -0.09  0.25%  0.34%*  0.08 0.34%*  0.32%*  (.30%*
FE2 GDD5  Clay 0.30 - - -0.22 0.09  0.25% 034%*  0.08 0.34%*  0.32%*  (.30%*
FE2 MAP Sand 0.30 - - 0.32*%*  0.01 0.25%  0.34**  0.08 0.34%*  0.32%*  (.30%*
FF2 MAP Silt 0.30 - - -0.32%  -0.04  0.25% 034 0.08 0.34%*  -0.32%%  0.30%*
FF2 MAP  Clay 0.30 - - -0.33** 006 025 0.34%** 0.08 0.34%*  -0.32** 0.30**
FF2 WB Sand 0.30 - - -0.26* 0.04  025% 034** 008 0.34**  -0.32%%  0.30%*
FF2 WB Silt 0.30 - - -0.26%  -0.06  0.25% 034  0.08 0.34%*  -0.32%%  0.30%*
FF2 WB Clay 0.30 - - -0.27* 0.04  0.25% 034** 0.08 0.34%*  -0.32%%  (.30**
Model-averaged estimator 0.00 0.00 -0.30 0.04 0.24 0.34 0.08 0.34 -0.32 0.30

¢¢Cl
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Table S3.3 Model fitness to the data for a priori hypotheses for the mineral soil.
Models are sorted by increasing second order Akaike information criterion (AICC).
Model: model name; Climate: climate variable; Texture: texture variable; Eg:
exchangeable element variable ; C statistic: statistic of the Fisher’s C test; df: degree
of freedom; p: p-value of the Fisher’s C test (when p < 0.05, the model is not
supported by the data); K: number of free parameters; A/Cc: second order
information criterion; A4A/Cc: relative AICc difference with the model that best fit
the data (in bold); ¥ Akaike weight.

Model Climate Texture FEg Cstatistic df p K AICc AAICe W

MIN2 WB Clay 27757 24 027 14 6326 0.00 047
MIN2 MAP Clay 30.177 24 0.18 14 6568 242 0.14
MIN2 WB Clay 31145 24 015 14 6665 339 0.09
MIN2 GDD5 Clay 31.781 24 013 14 6728 402 0.06
MIN2 MAT Clay 32209 24 0.12 14 6771 445 0.05
MIN2 MAP Clay 32807 24 011 14 6831 3505 0.04
MIN1 GDD5  Sand 52772 30 001 7 6855 529 003
MIN2 GDD5 Clay 34342 24 008 14 6984 658 0.02
MIN2 MAT Clay 34572 24 0.08 14 70.07 681 0.02
MIN1 MAT Sand 54439 30 000 7 7022 696 0.01
MIN1 GDD5 Clay 54775 30 0.00 7 7055 729 001
MIN1 GDD5  Silt 55215 30 000 7 7099 773 001
MIN2 GDD5  Sand 35514 24 006 14 7101 775 0.01
MIN1 MAT Clay 55903 30 0.00 7 7168 842 0.01
MIN2 GDD5  Sand 36206 24 005 14 7171 B45  0.01
MIN2 WB Sand 36.261 24 005 14 7176 830  0.01
MIN1 MAP Clay 56.703 30 000 7 7248 922 0.00
MIN2 WB Sand 37141 24 004 14 7264 938 0.00
MIN1 WB Clay 57.535 30 000 7 7331 1005 0.00
MIN1 MAT Silt 57.653 30 000 7 7343 10.17 0.00
MIN2 MAT Sand 38.058 24 003 14 7356 1030 0.00
MIN2 GDD5  Silt 38188 24 003 14 73.69 1043 0.00
MIN2 MAT Sand 38.435 24 003 14 7393 10.67 0.00
MIN1 WB Sand 58565 30 000 7 7434 11.08 0.00
MIN2 GDD5  Silt 39.035 24 003 14 7453 11.27 0.00
MIN1 MAP Sand 60.145 30 000 7 7592 1266 0.00
MIN2 MAT Silt 41318 24 002 14 76.82 1356 0.00
MIN2 MAP Sand 41490 24 001 14 7699 1373 0.00
MIN2 MAP Sand 41.884 24 001 14 7738 1412 0.00
MIN2 MAT Silt 42639 24 001 14 7814 14.838 0.00

E R LR EEEEEEEEEEEEEEEEEEEEREERE
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Model Climate Texture Ep Cstatisic df p K AICc AAICe W

MIN2 WB Silt Mn 42635 24 001 14 7814 1488 0.00
MIN2 WB Silt Al 43.251 24 001 14 7875 1549 0.00
MIN1 WB Silt Mn 63715 30 000 7 7949 1623 0.00
MIN1 MAP Silt Mn 65.010 30 000 7 8079 1753 0.00
MIN2 MAP Silt Mn 47027 24 000 14 £§253 1927 0.00
MIN1 GDD5  Sand Al 67221 30 0.00 7 83.00 1974 0.00
MIN2 MAP Silt Al 47772 24 000 14 83.27 20.01 0.00
MIN1 MAT Sand Al 68.014 30 000 7 8379 20.53 0.00
MIN1 WB Sand Al 69.719 30 0.00 7 8550 2224 0.00
MIN1 MAP Sand Al 72479 30 0.00 7 8826 2500 0.00
MIN1 GDD5  Silt Al 72851 30 000 7 8863 2537 0.00
MIN1 MAT Silt Al 74414 30 000 7 90.19 2693 0.00
MIN1 WB Clay Al 74567 30 0.00 7 9035 27.09 0.00
MIN1 MAP Clay Al 74916 30 000 7 90.69 27.43 0.00
MIN1 GDD5  Clay Al 75.104 30 000 7 90.88 27.62 0.00
MIN1 MAT Clay Al 75357 30 0.00 7 91.13 2787 0.00
MIN1 WB Silt Al 78.055 30 000 7 9383 30.57 0.00
MIN1 MAP Silt Al 80.530 30 0.00 7 9631 33.05 0.00




Table S3.4

Explained variability (R?) in Csicr for each model for the mineral soil, as well as path coefficients and model-averaged estimators for
each of the a priori hypothesized causal relationship among variables. AModel: model name; Climate: climate variable; Texture: texture
variable; 78F: time since fire; pH: pH of the FH horizon; Apy: pyrophosphate extractable metals; Er: exchangeable element variable;
Cpior: carbon bioreactivity of the mineral soil. The model that best fit the data is highlighted by bold font. (*) p < 0.05; (**)p <0.01;
(***)p =0.00L

Climate Texture Climate TSF pH Mpy Ee TSF pH pH Texture

Model Climate Texture  Ex R® } } } } ) 1 1 1 } 4 4

Chicr Chim Mpy Chicr Chior. Chior. Chim pH Mpy Er Er
MINL  MAT Sand Mn 0.18 0.25% 0.23 - -0.11 -0.19 -0.32% 0.15 - - - -
MIN1I  MAT Sand Al 0.30 021 0.21 - 0.06 -0.27* -0.30%* -0 42%%* - - - -
MIN1I  MAT Silt Mn 018 0.24% -0.22 - -0.11 -0.18 -0.33* 0.14 - - - -
MINL  MAT Silt Al 0.31 021 -0.24% - 0.06 -0.26* -0.31%* -0 44 - - - -
MIN1I  MAT Clay Mn 015 0.23 -0.14 - -0.11 -0.25 -0.30* 0.17 - - - -
MIN1I  MAT Clay Al 0.26 0.18 -0.02 - 0.06 -0.31%* -0.29* -0.42%* - - - -
MINI  GDDS Sand Mn 917 021 0.24* - -0.08 -0.16 -0.28* 0.15 - - - -
MIN1  GDD5 Sand Al 029 0.18 0.22 - 0.08 -0.25* -0.26* -0.42%= - - - -
MIN1  GDD5 Silt Mn 916 020 -0.22 - -0.08 -0.15 -0.28* 0.14 - - - -
MIN1 aDDS Silt Al 0.30 0.17 -0.24% - 0.09 -0.23 -0.27* -0 44 - - - -
MIN1 aDDS Clay Mn 0.14 0.20 -0.17 - -0.09 -0.23 -0.26* 0.17 - - - -
MINL aDDs Clay Al 0.24 0.14 -0.03 - 0.08 -0.29* -0.26* -0.42%* - - - -
MINLI  MAP Sand Mn 018 0.24 0.25% - -0.09 -0.20 -0.33%* 0.13 - - - B

MINLI  MAP Sand Al 0.30 022 0.23* - 0.07 -0.28* -0.31%* -0 A2%H* - - - -

8¢1



Climate Texture Climate TSF pH Mpy Ee TSF pH pH Texture

Model Climate Texture  Eg RZ ] ] ] ] 1 ] ] ] ] 1 1

Chicr Chiwr Mpy Chicr Chiar. Chiar. Chiwr pH Mpy Ex Ex
MINI  MAP  Silt Mn 018  025% -0.26% - -0.09 -0.18 -0.34%* 0.11 - - - -
MINL  MAP silt Al 031 0.23* -0.28%* - 0.07 -0.27* -0.33%= -0 Atk - - - -
MINI  MAP Clay Mn 013 018 -0.12 - -0.09 -0.24 -0.31* 0.14 - - - -
MINI  MAP Clay Al 025 016 0.00 - 0.07 -0.31* -0.30* -0.42%* - - - -
MINI WB Sand Mn 015 016 0.22 - -0.08 017 -0.32* 012 - - - -
MINI  WB Sand Al 028 015 0.21 - 0.08 -0.27* -0.31% -0.42%4 - - - -
MINI WB silt Mn 015 018 -0.23 - -0.08 016 -0.33* 0.11 - - - -
MINI WB silt Al 0.29 017 -0.26* - 0.08 -0.25* -0.32%* -0 Atk - - - -
MINI  WB Clay Mn 011 012 -0.11 - -0.08 0.22 -0.30% 0.14 - - - -
MINI  WB Clay Al 024 011 0.01 - 0.08 -0.30% -0.30% -0.43%= - - - -
MIN2  MAT  Sand Mp 009 - - 0.14 -0.07 -0.18 -0.28* 0.12 0.16 0374 0.23 -0.07
MIN? MAT Sand Al 022 - - 0.14 0.09 -0.27* -0.27* -0 43 kek -0.16 037 -0.37%* -0.02
MIN2  MAT  Silt Mp 009 - - 0.14 -0.07 -0.18 -0.28* 0.12 0.16 0374 0.24% 0.01
MIN2  MAT  Silt Al 022 - - 0.14 0.09 -0.27% -0.27% -0.43 %4 0.16 0374 -0.35%%  -0.05
MIN? MAT Clay Mn 009 - - 0.14 -0.07 018 -0.28* 012 -0.16 037 0.27* 0.21
MIN? MAT Clay Al 022 - - 0.14 0.09 -0.27* -0.27* -0 43 kek -0.16 037 -0.33%* 0.24*
MIN?  GDDS Sand Mn 009 - - -0.04 -0.07 018 -0.28* 012 -0.16 -0 .35 0.23 -0.07
MIN2 GDD5  Sand Al 022 - - -0.04 0.09 -0.27% -0.27% -0.43 %4 0.16 -0.35%* 0.37F -0.02
MIN2  GDDS  Silt Mp 009 - - -0.04 -0.07 -0.18 -0.28* 0.12 0.16 -0.35%* 0.24% 0.01
MIN2  GDDS  Silt Al 022 - - -0.04 0.09 -0.27% -0.27% -0.43 %4 0.16 -0.35%* -0.35%%  -0.05
MINZ  GDDS  Clay Mp 009 - - -0.04 -0.07 -0.18 -0.28* 0.12 0.16 -0.35%* 0.27% 0.21
MINZ GDDS Clay Al 022 - - -0.04 0.09 -0.27* -0.27* -0 43 kek -0.16 -0 .35 -0.33%* 0.24*
MIN2  MAP  Sand Mp 009 - - 0.18 -0.07 -0.18 -0.28* 0.12 0.16 -0.39%* 0.23 -0.07
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Chicr Chiwr Mpy Chicr Chiar. Chiar. Chiwr pH Mpy Ex Ex
MIN2  MAP  Sand Al 022 - - 0.18 0.09 -0.27% -0.27% -0.43 %4 0.16 -0.39%* 0.37F -0.02
MINZ  MAP silt Mn 009 - - 018 -0.07 018 -0.28* 012 -0.16 -0.39%* 0.24* 0.01
MIN? MAP silt Al 022 - - 018 0.09 -0.27* -0.27* -0 43 kek -0.16 -0.39%* -0.35%* -0.05
MIN? MAP Clay Mn 009 - - 018 -0.07 018 -0.28* 012 -0.16 -0.39%* 0.27* 0.21
MIN? MAP Clay Al 022 - - 018 0.09 -0.27* -0.27* -0 43 kek -0.16 -0.39%* -0.33%* 0.24*
MIN?  WB Sand Mp 009 - - 0.21 -0.07 0.18 -0.28* 0.12 0.16 -0 38w 0.23 -0.07
MIN? WB Sand Al 022 - - 021 0.09 -0.27* -0.27* -0 43 kek -0.16 -0.38%** -0.37%* -0.02
MIN? WB silt Mn 009 - - 021 -0.07 018 -0.28* 012 -0.16 -0.38%** 0.24* 0.01
MIN2  WB Silt Al 022 - - 0.21 0.09 -0.27% -0.27% -0.43 %4 0.16 038 L035% 0,05
MIN2  WB Clay Mp 009 - - 0.21 -0.07 -0.18 -0.28* 0.12 0.16 -0.38%H% 0.27% 0.21
MINZ  WB Clay Al 022 - - 021 0.09 -0.27* -0.27* 0.43% %= 0.16 0.38%%*  _033** 024

0.02 0.00 016 005 0258 -0.27 -0.29 -0.15 -0.35 -0.20 0.21

Model-averaged estimator

091
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Figure 83.1 Cumulative specific respiration (Rs) as a function of the sampling Julian

day. Boxplots represent the distribution of Rs values for each of the soil layers for each

sampling day. Lines are drawn for cach of the samples. FH (green): FH horizon;

MING15 (blue): mineral soil top 15 cm; MIN1535 (salmon): mineral soil from 15 to 35

CIT.
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