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RESUME

Les foréts boréales canadiennes fournissent d’importants services écosystémiques
dont bénéficie I’industrie forestiére. L’intérét grandissant d’une intensification de
I’exploitation de ces foréts par la récolte de biomasse ligneuse incluant les débris
(e.g., branches) pour la production de bioénergie souléve néanmoins des craintes
quant aux conséquences €cosystémiques potentielles pouvant entraver leur gestion
durable. Cependant, cette évaluation reste limitée dans ces foréts, notamment en ce
qui concerne la biodiversité.

La présente thése contribue a 1’évaluation des effets de cette récolte intensive de
biomasse sur la biodiversité du sol en étudiant la réponse des communautés de deux
taxa abondants de la mésofaune, les collemboles (Collembola) et les acariens oribates
(Oribatida), par des approches taxonomiques et fonctionnelles.

Le premier objectif de cette thése fut (1) d’évaluer les effets a court terme (2 ans)
d’un gradient d’intensification de récolte de biomasse (du tronc seul jusqu’a celle de
’arbre entier (tronc, branches et cime), de sa souche et des couches organiques du
sol), établi lors de la coupe d’un peuplement de pin gris (Pinus banksiana Lambert,
1803) du Nord-est de 1’Ontario, sur la structure taxonomique des communautés de
ces deux taxa et (2) d’identifier les changements environnementaux associés les
expliquant. Bien que les deux taxons eurent des réponses quelque peu contrastées,
leurs communautés respectives présentérent de maniére significative une densité et
diversité spécifique plus faibles ainsi que des changements compositionnels suite a
I’enlévement de la biomasse comparativement & la forét non coupée. Ces
modifications furent particuliérement visibles suite aux pratiques intensives de récolte
de I’arbre entier avec sa souche et avec 1’élimination supplémentaire des couches
organiques du sol. Le gradient sembla entrainer une perte de microhabitats favorables
par la baisse du couvert organique du sol par la végétation herbacée (mousses) et les
débris ligneux.

Le deuxiéme objectif consista a (1) déterminer, avec la méme expérimentation a court
terme, la modification de la structure fonctionnelle des communautés de collemboles
et d’acariens oribates en réponse au gradient de récolte et (2) interpréter si des
modifications observées étaient reliées aux changements environnementaux. Des
traits morphologiques et d’histoire de vie des deux taxa furent mesurés et leurs
préférence de microhabitat et capacité de dispersion active déterminées afin d’évaluer
la diversité et composition communautaire des traits. Une récolte intensive de la
biomasse engendra une homogénéisation fonctionnelle des communautés d’acariens
oribates avec une diversité réduite et une composition des traits modifiée par la perte
d’espéces inféodées a la surface du sol (généralement plus grandes, sexuée et micro-
détritivores). Ce phénomeéne fut moins marqué chez les collemboles. Exacerbées



durant 1I’été, les modifications environnementales furent liées a la réduction de la
couverture organique du sol et au microclimat altéré.

Le troisieme objectif visa a (1) examiner les effets de cette récolte intensive sur la
structure taxonomique et fonctionnelle des communautés des deux taxa apres 20 ans
et (2) identifier si des changements environnementaux persistants du sol expliquaient
leur modification. Cing sites expérimentaux ayant un gradient similaire d’élimination
de la biomasse établis il y a 20 ans dans des peuplements de pins gris dans le nord-est
de 1’Ontario ont été échantillonnés. Comparées a la forét mature non coupée, les
communautés des deux taxa, surtout celles des acariens oribates, étaient toujours
modifiées taxonomiquement par la récolte, notamment par la pratique la plus
intensive, avec une densité et diversité plus faible ainsi qu’une composition changée.
Mais fonctionnellement, seules ces derniéres €taient encore homogénéisées avec un
manque d’espéces de surface, principalement micro-détritivores et dispersantes
rapidement aprés la récolte intensive contrairement a celles de collemboles. Le
manque persistant de microhabitats favorables dans les parcelles récoltées provenait
surtout d’'une plus faible couverture organique du sol par la végétation herbacée
(mousses) et les débris ligneux.

En conclusion, la mésofaune du sol fut plus modifiée et ne se rétablit pas 20 ans aprés
la récolte trés intense de la biomasse ligneuse (récolte de la souche et des couches
organiques du sol suite & la récolte de 1’arbre entier) par rapport aux pratiques
actuellement autorisées (récolte du tronc seul et de 1’arbre entier) et aux foréts non
coupées de pins gris du Nord-est de 1’Ontario. Un suivi & plus long terme couvrant les
étapes de développement ultérieures de ces foréts et incluant également la
comparaison de réponse de cette mésofaune du sol a leurs perturbations naturelles
telles que le feu est nécessaire pour confirmer ces résultats qui, a leur tour, aideront a
développer et a évaluer les pratiques de gestion forestiére durable.

MOT-CLES : Gestion forestiére durable, Débris ligneux, Collemboles, Acariens
oribates, Assemblage communautaire, Trait fonctionnel de réponse



SUMMARY

Canadian boreal forests support key ecosystem services of benefit to the forestry
industry. Recent interest in intensifying woody biomass harvesting including debris
(e.g., branches) for bioenergy production has raised concern regarding potential
ecosystem consequences that might hinder sustainable forestry practices. However,
assessments in Canadian boreal forests remain limited, especially based on
biodiversity.

This thesis offers a contribution by evaluating how biomass removal may influence
soil biodiversity by studying two highly abundant taxa of mesofauna, Collembola and
Oribatida, using taxonomic and functional approaches.

The first objective was to (1) evaluate short-term effects (2 years) of an
intensification gradient of biomass removal in jack pine (Pinus banksiana Lambert,
1803) stands following a clear-cut (harvesting of stem only, whole-tree (trunk, top
and branches) as well as stump and organic soil removal) on the taxonomic structure
of the communities of Collembola and Oribatida. The related environmental changes
that may explain observed responses were also assessed (2). While both taxa showed
somewhat contrasting responses, each community had significantly lower density and
species diversity and more compositional shifts in response to biomass removal
compared to uncut mature forest stands. These differences were especially marked
with intensive practices of whole-tree harvesting with stump and that with additional
organic soil removal. The harvesting gradient appeared to lead to a loss of suitable
microhabitats through reduced organic cover including ground vegetation (mosses)
and woody debris.

The second objective was to (1) determine, for the same short-term experiment,
whether the functional structure of Collembola and Oribatida communities changed
in response to a gradient of biomass removal and (2) interpret if observed responses
were linked to environmental changes. Morphological and life-history traits of both
soil taxa were measured and their microhabitat preference and active dispersal ability
were determined in order to assess community trait diversity and composition.
Community trait structure of both soil taxa was modified by intense biomass removal
showing lower diversity and shifts in trait composition. This functional
homogenization was especially important for Oribatida with the loss of surface-
dwelling species (larger, more sexually reproducing and mostly micro-detritivorous),
while Collembola were more resilient. Environmental changes were mostly
associated with a lower soil organic cover and modified microclimate and were
exacerbated by drier conditions in the summer.

The third objective was to (1) assess long-term effects (after 20 years) of intensive
biomass removal on the taxonomic and functional structure of Collembola and
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Oribatida communities and (2) identify if persistent changes in soil conditions
explained observed responses. Five long-term study sites established in jack pine
stands with a similar biomass removal gradient in northeastern Ontario were sampled.
Compared to uncut mature forest, taxonomic community structure of both taxa,
especially Oribatida, were still modified by harvesting, especially in the most
intensive removal practice, where significantly lower density and diversity as well as
a shifted composition were observed. But functionally, responses differed. Oribatida
communities still showed functional homogenization after 20 years, with few surface-
dwelling, mostly micro-detritivorous and rapidly dispersing species after intensive
removal, whereas trait structure of Collembola communities did not differ. Harvested
plots still had reduced organic soil cover including the absence of moss and less
woody debris, suggesting that the lack of suitable microhabitats persisted through
time.

In conclusion, soil mesofaunal communities were more modified and did not recover
20 years after very intense woody biomass removal (stump and organic soil removal
after whole-tree harvesting) compared to currently approved practices (stem-only and
whole-tree harvesting) and to uncut jack pine forests in northeastern Ontario. Longer-
term monitoring that covers later development stages of these forests as well as
comparing the mesofaunal community patterns following natural disturbance (e.g.,
wildfire) are needed to confirm these findings which, in turn, will assist in the
development and assessment of sustainable forest management practices.

KEYWORDS: Sustainable forest management, Woody debris, Collembola,
Oribatida, Community assemblage, Functional response trait



INTRODUCTION GENERALE

0.1 La forét boréale au Canada

Les foréts boréales se référent a la large zone circumpolaire de végétation des
latitudes nordiques (50 - 60°) formant, avec leurs 19 millions de km?, 1’un des plus
grands biomes terrestres (Brandt, 2009; Brandt et al., 2013). Elles représentent 33 %
des foréts mondiales en surface et s’étalent sur de nombreux pays tels que le Canada
ot elles y couvrent d’est en ouest plus de 3 millions de km? soit 30 % de sa superficie
terrestre et 77 % de sa surface foresti¢re. Dans la province canadienne de 1’Ontario ou
la présente étude a lieu, ces foréts couvrent ainsi plus de 500,000 km? dont 32 % (soit
16 % du territoire en surface) sont gérés surtout pour la production de pate a papier
(Watkins, 2011; Canadian Forest Service, 2016). Relativement jeunes au Canada
(environ 6,000 ans avec la fin de la derniére glaciation) et caractérisées par des
conditions climatiques précises, ces foréts se délimitent au nord par la toundra et au
sud par la forét tempérée (Brandt, 2009). Au-dela des foréts, la zone boréale
canadienne se définit aussi par une trés grande présence de lacs, riviéres et zones
humides dont I’importance écologique est primordiale (Brandt, 2009; Kreutzweiser et
al, 2013; Webster et al., 2015). Au Canada, ces foréts sont dominées par des
essences conifériennes telles que Picea glauca (Moench) Voss (1907), Picea mariana
(Mill.) Briton, Sterns et Poggenburg (1888), ainsi que Larix laricina (Du Roi) K.
Koch (1873), Abies balsamea (Linnaeus) Miller (1768) et Pinus banksiana
notamment a ’est et par Pinus contorta var. latifolia Engelmann (1871) et Abies
lasiocarpa (Hooker) Nuttall (1849) a 1’ouest. Elles deviennent mixtes au sud par la
présence d’especes feuillues telles que Populus tremuloides Michaux (1803), Populus
balsamifera Linneus (1753) ainsi que Betula papyrifera Marshall (1785). Les

différents habitats des foréts boréales canadiennes abritent aussi un trés grand nombre



d’espéces animales et végétales qui leur sont inféodées a I’échelle locale, voire
continentale (Brandt ef al., 2013; Venier ef al., 2014) telle que certaines espéces
emblématiques comme le grizzli (Ursus arctos Linnaeus (1758)) et le caribou
forestier (Rangifer tarandus Linnaeus (1758)) ainsi que 150 espéces d’oiseaux, soit
plus de la moitié des espéces canadiennes. La trés grande majorité de ces espéces
animales et végétales se trouve surtout au niveau du sol avec la végétation (e.g.,
mousses), les invertébrés (e.g., insectes) et la microflore (e.g., champignons) bien
qu’elles demeurent trés méconnues. Depuis 6,000 ans, le climat, le feu, les insectes
ravageurs, les maladies et leurs interactions ont été les grands moteurs naturels de la
dynamique structurelle des foréts boréales canadiennes a I’échelle locale et
continentale (Barbosa et al., 2012; Brandt et al., 2013; Maynard ef al., 2014). Ces
foréts ont aussi via leur fonctionnement un réle biogéophysicochimique majeur a ces
mémes échelles: citons la régulation de la température atmosphérique par leur albédo
relativement fort (Bonan, 2008) et des cycles des nutriments via leur stockage
important de carbone notamment dans le sol et le bois mort (Smeets et Faaij, 2007;
Hunt et al., 2010; Kurz et al., 2013; Price et al., 2013), le grand stockage de
ressources hydrologiques et le contréle de 1’érosion (Brandt, 2009; Maynard et al.,
2014; Lempriére et al., 2013).

Les foréts boréales canadiennes soutiennent aussi un grand nombre d’activités
humaines qu’elles soient économiques avec |’industrie forestiere, mais aussi
culturelles ou récréatives (Brandt et al., 2013). Elles possédent ainsi une valeur
économique et environnementale évaluée actuellement a plus de 100 milliards de
dollars canadiens (Canadian Forest Service, 2016). Les bénéficiaires de ces foréts
dépendent donc trés fortement de leur état écologique incluant leur structure (e.g.,
biodiversité) et fonctionnement (e.g., productivité). Quand 500 communautés en sont
directement tributaires pour assurer leur maintien (Bogdanski, 2008; Patriquin et al.,
2009; Brandt et al, 2013), leur exploitation par I’industrie est une composante

économique majeure des provinces telles que 1’Ontario (Puddister et al., 2011).



Bien qu’essentielles d’un point de vue écologique et socioéconomique, de nombreux
risques pésent de plus en plus sur la structure et le fonctionnement de ces foréts
boréales canadiennes. Tout d’abord, les changements -climatiques d’origine
anthropique observés a 1’échelle globale depuis plusieurs décennies, en raison de
I’augmentation de la concentration de gaz a effet de serre (GES), sont trés rapides et
intenses au Canada (IPCC, 2013). Ils se manifestent par une hausse des températures
moyennes et par la modification du régime des précipitations conduisant d’ores et
déja a2 une plus forte fréquence d’événements majeurs tels que les feux ou les
sécheresses en leur sein (Bonan, 2008; Price et al., 2013). Les feux en ont ainsi
détruit plus de 40,000 km® en 2015 (Canadian Forest Service, 2016). Ces
changements climatiques entrainent également une hausse de la présence de maladies
et d’insectes ravageurs générant de fortes mortalités dans ces foréts (200,000 km?
détruits en 2015). De surcroit, cela engendre une rétroaction positive en raison du
relargage massif de carbone di a la décomposition des arbres morts (Kurz et al.,
2013). Enfin, la présence grandissante d’espéces exotiques comme les lombrics est
clairement délétére via la perte d’espéces indigeénes (Sanderson ef al., 2012; Langor et
al., 2014). La croissance et concomitance de ces perturbations semblerait donc
entrainer une modification rapide et visible de la structure des foréts boréales
canadiennes incluant une perte de leur biodiversité ainsi qu’une altération de leur

fonctionnement (Brandt ef al., 2013; Maynard et al., 2014; Venier et al., 2014).

A I’échelle mondiale, I’intensification de I’utilisation des terres est reconnue comme
une des menaces majeures des écosystémes suivant la modification de leur structure
incluant la baisse de leur biodiversité (Foley et al., 2005; Newbold et al., 2015). Les
foréts boréales canadiennes n’échappent pas a ce constat en raison de leur utilisation
de plus en plus grande de la part des industries miniére, pétroliere (e.g., sables
bitumineux) et hydroélectrique, mais surtout forestiére (plus de 7,000 km? récoltés en
2014 - Canadian Forest Service, 2016). Cette utilisation grandissante altére la

structure de ces foréts incluant une perte de leur biodiversité ainsi que leur



fonctionnement sur 1’ensemble du pays, surtout via leur fragmentation (Brandt et al.,
2013). Depuis plusieurs années, un nouveau paradigme de la gestion des foréts
boréales au Canada se déploie pourtant autour de sa durabilité par 1’intégration de
pratiques imitant au mieux les perturbations naturelles incluant leur dynamique (e.g.,
le feu) telles que les coupes de rétention ou le maintien des arbres morts (Burton et
al., 2003; Gauthier et al., 2008). Ces foréts continuent néanmoins d’étre exploitées
assez intensivement et a large échelle notamment par 1’industrie forestiere via
différentes pratiques comme la coupe totale ou I’application de pesticides (Lattimore
et al., 2009; Brandt er al., 2013). Dans ce contexte, une récolte plus intensive de la
biomasse ligneuse lors de la coupe totale de ces foréts par le retrait des résidus (e.g.,
branches) pourrait constituer une nouvelle perturbation pour ces écosystémes et ses

effets restent encore sous-évalués aujourd’hui.

0.2  Intensification de la récolte de la biomasse ligneuse en forét boréale

Au Canada, la récolte traditionnelle de la biomasse ligneuse au cours d’une coupe
totale d’un peuplement forestier boréal consiste a prélever uniquement le tronc en
laissant sur place les autres parties de 1’arbre (cime, branches et souche) sous forme
de résidus ou débris ligneux, bien que dans certaines provinces notamment a 1’est tel
que le Nouveau-Brunswick, le Québec et 1’Ontario, les branches et la cime soient
généralement transportées aux abords des parcelles récoltées, correspondant ainsi a
une récolte de I’arbre entier (Burton et al., 2003; Puddister et al., 2011; Thiffault et
al., 2011). Cependant, ces débris ligneux au sol ainsi que les arbres non
commercialisables, les arbres morts sur pied ou a terre représentent une biomasse
résiduelle non négligeable qui pourrait étre exploitée par des pratiques de récoltes
plus intensives (Berch ef al., 2011; Puddister et al., 2011; Paré et al., 2011). En effet,
ils peuvent représenter jusqu’a parfois plus de 100 m’ ha™ (sans compter les souches)

dans les foréts de pin gris du Nord-est canadien selon leur 4ge et leur type de gestion



(Hunt et al., 2010; Vanderwel et al., 2010; Work et al., 2014). Paré et al. (2011) ont
estimé que dans les foréts canadiennes, il pourrait étre possible de récolter jusqu’a
66 m® ha” an™' dépendamment du type, de la qualité et de la gestion des peuplements
utilisés dans cette optique. La récolte additionnelle des souches permettrait une
augmentation significative de ce volume via leur contribution substantielle aux stocks
de débris ligneux post-récolte (Palviainen, 2005; Dahlberg et al., 2011; Berch et al.,
2012; Persson, 2012). Enfin, la pratique extrémement intensive du retrait des couches
organiques du sol (incluant tous les plus petits débris ligneux) suite a la récolte
compléte des arbres (employée lors de la préparation du sol avant la plantation afin de
favoriser la survie des plantules) permettrait de tester les effets d’une récolte intégrale
de la biomasse ligneuse résiduelle bien qu’elle soit généralement prohibée durant la

gestion des foréts boréales au Canada (Jeglum et al., 2003; Gauthier et al., 2009).

L’objectif principal de cette intensification de la récolte de biomasse ligneuse en forét
boréale au Canada est de permettre la production de bioénergie (Wood et Layzell,
2003; Paré et al., 2011; Lempriere et al., 2013). Cette idée n’est cependant pas
nouvelle, car depuis les années 1930, les résidus issus de 1’exploitation des ressources
ligneuses (e.g., sciure) par les scieries et les usines de pate & papier sont généralement
utilisés notamment sous la forme de granulés pour générer de 1’énergie thermique via
I’utilisation de chaudiéres (Hoogwijk et al., 2003). A I’heure actuelle, une production
de bioénergie renforcée dans le secteur forestier pourrait donc étre soutenue par
I’utilisation de cette biomasse ligneuse résiduelle ayant un bon rendement énergétique
via sa combustion directe ou sa transformation en éthanol et autres produits de
remplacement des dérivés pétroliers (Hoogwijk et al., 2003; Wihersaari, 2005; Paré et
al., 2011). La biomasse ligneuse fournit actuellement 5 a 6 % de 1’approvisionnement
énergétique au Canada, ce qui pourrait donc croitre rapidement par la mise en place
d’une utilisation relativement substantielle de ces débris ligneux (Wood et Layzell,

2003; Paré et al., 2011; Natural Resources Canada, 2016).



En effet, il faut premiérement savoir que la croissance populationnelle et
technologique de la société canadienne requiert des besoins énergétiques de plus en
plus conséquents: plus de 15 % d’augmentation prévue dans les 25 prochaines années
(Canada National Energy Board, 2016). Malheureusement, plus de 50 % de ces
besoins sont a I’heure actuelle couverts par I’utilisation de ressources d’origine fossile
telles que les hydrocarbures (Wood et Layzell, 2003), dont les graves effets de
’exploitation et de 1’utilisation sont clairement reconnus (Brandt et al., 2013; IPCC,
2013; Kreutzweiser et al., 2013). Ces énergies fossiles étant de plus en plus rares et
onéreuses & exploiter, leur utilisation devient de plus en plus limitante pour le
développement socioéconomique surtout & 1’échelle locale. Il serait donc primordial
de pouvoir assurer une transition énergétique par leur abandon progressif et la
valorisation de nouvelles sources d’énergie alternatives plus renouvelables,
abordables et ayant moins de répercussions notables dans leur exploitation et
utilisation (Wood et Layzell, 2003; Dhillon et von Wuehlisch, 2013; Lempriére et al.,
2013). Deuxiément, les changements climatiques modifiant grandement la forét
boréale canadienne (cf. supra), le Canada souhaite donc réduire son incidence sur ces
derniers en limitant ses émissions de GES (Environnement et Changement climatique
Canada, 2016). L’utilisation de la biomasse ligneuse résiduelle pourrait étre un
substitut trés pertinent aux énergies fossiles via sa plus faible émission de GES
(Wihersaari, 2005; Cherubini et al., 2011; Dhillon et von Wuehlisch, 2013) bien
qu’elle ne soit pas totalement neutre en carbone (Paré et al., 2011; Holtsmark, 2012).
Troisiemement, il faut aussi savoir que I’industrie forestiére canadienne connait
actuellement un déclin en raison de la baisse d’activité des marchés des produits
traditionnels en bois avec des répercussions socioéconomiques conséquentes,
notamment en Ontario (Puddister et al., 2011). De 2005 4 2010, le montant de la forét
récoltée annuellement dans cette province est ainsi passé d’environ 2,100 & 1,000 km?
(Watkins, 2011). L’industrie forestiére ontarienne souhaiterait donc redynamiser et
diversifier ses activités avec I’exploitation de la biomasse ligneuse résiduelle

notamment. En 2008, le gouvernement de 1’Ontario a appuyé cette démarche en



adoptant une directive dans I’optique de stimuler sa bioéconomie via 1’utilisation
accrue de cette ressource naturelle (Puddister et al., 2011). Enfin, le Canada posséde
potentiellement une forte capacité de production bioénergétique suivant la quantité de
biomasse résiduelle disponible dans ses foréts boréales gérées. Son développement
pourrait donc étre socioéconomiquement viable surtout a 1’échelle locale (Wood et
Layzell, 2003; Smeets et Faaij, 2007; Paré ef al., 2011; Lempriére et al., 2013) avec
par exemple, des communautés isolées pour qui cette ressource serait plus facilement

disponible et abordable (McCallum, 1997; Canadian Forest Service, 2016).

Pour alimenter cette production de bioénergie, le Canada voudrait s’inspirer des
pratiques intensives utilisées depuis de nombreuses années en Scandinavie,
notamment en Suéde et en Finlande (Rudolphi et Gustafsson, 2005; Bjérgeden, 2006;
Berch et al., 2011, 2012) avec la récolte de ’arbre entier (Clarke, 2012), mais surtout
I’enlévement de la souche (Lindroos, 2011; Walmsley et Godbold, 2011; Persson,
2012). A ce jour au Canada, la récolte de I’arbre entier est surtout utilisée dans les
provinces susmentionnées (c¢f Burton ef al., 2003) quand celle des souches fut
uniquement employée pour réduire la propagation de maladies racinaires (Clearly et
al., 2013). La mise en place d’une récolte intensive de biomasse a 1’échelle locale,
voire régionale, dans les foréts boréales canadiennes avec ces pratiques nécessite
cependant d’en connaitre au maximum possible les conséquences écologiques a court
et long terme sur leur structure et fonctionnement (Dagg ef al., 2011). Par souci de
concision et d’objectivité, seules les modifications écologiques du sol seront abordées
ici bien que cette récolte intensive est d’ores et déja connue pour altérer d’autres
composantes écologiques essentielles de ces foréts telles que les communautés

d’oiseaux et de mammiféres (Freeman, 2007; Berch ef al., 2011; Riffell ez al., 2011).

Avant de s’intéresser a la récolte de la biomasse ligneuse résiduelle per se, il faut
rappeler que la coupe totale des foréts boréales, que ce soit au Canada ou encore en

Scandinavie par exemple, est déja connue pour modifier trés rapidement les



conditions environnementales du sol. Elle entraine notamment des changements dans
son microclimat avec une augmentation de la température et une forte altération de
son régime hydrique via la hausse de la luminosité et du vent et I’absence
d’interception des précipitations suite a la suppression du couvert arboré (Ballard,
2000; Jeglum et al., 2003; Bourgeois et al., 2004). La récolte mécanique améne aussi
des changements dans la physicochimie du sol forestier comme une compaction ainsi
qu’une érosion parfois importante, car directement exposé au vent et aux
précipitations (Battigelli et al., 2004; Maynard et al.,, 2014), pouvant engendrer une
perte majeure en nutriments qui peut néanmoins étre compensée par ’apport de
matiére organique avec les débris ligneux (e.g., branches - Clarke, 2012). A travers
ces modifications, la récolte totale est aussi associée & une perte de microhabitats
favorables pour les organismes du sol, altérant ainsi la structure taxonomique de leurs
communautés via une abondance et/ou une richesse/diversité spécifique réduite ainsi
qu’une composition souvent modifiée. Cela fut observé pour la microflore (Siira-
Pietikdinen et al., 2001), la mésofaune (taille: 0.1-4 mm) avec les collemboles,
acariens et enchytréides (Bird et Chatarpaul, 1986; Addison et Barber, 1997; Lindo et
Visser, 2004; Siira-Pietikdinen et Haimi, 2009), la macrofaune (taille: 4-80 mm) avec
les coléopteres et araignées (Addison et Barber, 1997; Pearce et Venier, 2006; Buddle
et al., 2006; Venier et al., 2017) ainsi que la végétation (Palviainen et al., 2005;
Venier et al., 2014). Suivant ces différents changements des conditions biotiques et
abiotiques du sol forestier, certains processus écologiques tels que la décomposition

de la mati¢re organique peuvent étre clairement altérés (Symonds et al., 2013).

Quand on s’intéresse & la récolte de la biomasse ligneuse résiduelle, il faut savoir
qu’elle engendre par définition une diminution de la présence en volume du bois mort
sous forme de débris ligneux au sol, qu’ils soient grossiers (diamétre généralement
supérieur & 5 voire 10 cm, "CWD") tels que les arbres morts, les souches et les
grosses branches au sol, ou plus fins (diamétre inférieur & 5 cm, "FWD") avec les plus

petites branches ou des morceaux d’écorce par exemple. Dans les foréts boréales



scandinaves, il est d’ores et déja connu que cette récolte plus intensive a réduit a trés
grande échelle la présence du bois mort au sol, parfois & plus de 90 % (Stockland et
al., 2012). Pourtant, celui-ci a une importance écologique trés importante pour le
maintien de la biodiversité forestiére. Il fournit, en tant que support, suivant la taille et
le niveau de décomposition des débris, une multitude de microhabitats favorables et
dynamiques & de trés nombreux organismes (Kuuluvainen et Laiho, 2004) en
maintenant un microclimat relativement stable tout en fournissant un abri physique
puis des ressources alimentaires abondantes et variées (Stockland et al., 2012). On
citera en premier lieu les organismes saproxyliques, dont le cycle de vie dépend de ce
bois mort et qui participent & sa décomposition, tels que certaines familles
d’hyménopteéres, de dipteres et surtout de coléoptéres (Vanderwel et al., 2006; Jacobs
et al., 2007; Langor et al., 2008; Work et Hibbert, 2011) - ces organismes ont
d’ailleurs un taux d’extinction trés élevé dans les foréts scandinaves suite a la
disparition massive de ce bois mort (Jonsell, 2008) - et les communautés
microbiennes incluant surtout les champignons (Jacobs et Work, 2012; Toivanen et
al., 2012; Juutilainen et al., 2014). Mais une multitude d’autres organismes présents
au sol dépendent tout autant de ces conditions favorables pour leur pérennité tels que
la macrofaune avec les coléoptéres, hyménoptéres et les araignées (Freeman, 2007;
Work et al., 2013, 2014; Venier et al., 2017) et la mésofaune (dominée par les
collemboles et acariens) pouvant notamment s’alimenter des communautés fongiques
susmentionnées (Siira-Pietikdinen er al., 2008; Dechéne ‘et Buddle, 2010;
Malmstrom, 2012a). La végétation, incluant les bryophytes (mousses), et les lichens
profitent aussi des conditions bénéfiques de ce support pour s’établir, survivre et se
reproduire via des sites de germination propices (Stockland et al., 2012; Venier et al.,
2014). D’autre part, le bois mort contribue a un stockage relativement important de
carbone au sein des foréts boréales (cf. supra - Laiho et Prescott, 2004; Hunt et al.,
2010; Stockland et al., 2012) ainsi qu’a I’apport de matiére organique au sol & travers
sa décomposition. Cette derni¢re permet la libération par lixiviation ou transfert

microbien d’une grande quantité de nutriments tels que I’azote et le phosphore, mais
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aussi le calcium, le potassium et le magnésium (Laiho et Prescott, 2004).
L’importance des CWD est, d’une maniére générale, largement reconnue dans la
littérature, car plus considérés (Vanderwel et al., 2006, 2010; Riffell et al., 2011;
Stupak et al., 2011). Les souches, constituant une large proportion des nouveaux
CWD présents aprés une coupe, représentent par exemple un microhabitat spécifique
et essentiel pour de nombreux organismes précédemment cités (Walmsley et
Goldbold, 2010; Persson, 2012). Cependant, il a également été montré que les FWD
ont un role bénéfique tout aussi important pour 1’écologie du sol notamment en
abritant des communautés fongiques distinctes, voire plus riches en espéces
(Toivanen et al., 2012; Juutilainen et al., 2014) ainsi qu’une charge nutritive
supérieure (Laiho et Prescott, 2004). Le bois mort au sol constitue donc un élément
fondamental de la structure forestiére tout en étant nécessaire au fonctionnement du

sol de par le maintien d’une grande diversité d’organismes (Stokland et al., 2012).

En plus des débris ligneux, une attention particuliére doit aussi étre apportée a la
couche de mousses (Bryophyta), ou bryosphere, présente au sol des foréts boréales
matures. En effet, de par sa structure tridimensionnelle et sa trés grande diversité de
ressources disponibles, cette couche est un microhabitat trés hétérogéne permettant la
survie ainsi que la dispersion de nombreuses espéces d’invertébrés du sol (Salmane et
Brumelis, 2008; Lindo et Gonzalez, 2010; Bokhorst et al., 2014). De plus, elle est
essentielle au maintien du fonctionnement de ces foréts suivant sa capacité de
stockage important d’eau et de nutriments, son r6le de tampon microclimatique pour
le sol sous-jacent et pour la décomposition de la litiere (Lindo et Gonzalez, 2010). Sa
disparition rapide et prolongée souvent observée aprés la récolte forestiére (Olsson et
Staaf, 1995; Fenton et al., 2003; Astrém et al., 2005 - mais cf Venier et al. (2014)
pour le phénomene de paludification) semble altérer les conditions environnementales
du sol (e.g., température plus élevée en été - Startsev et al., 2007) et son biote (e.g.,
abondance et diversité réduite de la mésofaune - Salmane et Brumelis, 2008;

Bokhorst et al., 2014). Pourtant, cette évaluation reste encore trés limitée au Canada.
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Quand on s’intéresse aux conséquences des pratiques intensives de récolte de cette
biomasse ligneuse résiduelle sur 1’écologie du sol a court terme (moins de 5 ans apreés
la récolte), il fut tout d’abord montré que la récolte de 1’arbre entier (tronc, cime et
branches) réduisait significativement le volume de bois mort présent au sol en
comparaison de la seule récolte du tronc (Littlefield et Keeton, 2012; Work ef al,
2013; Kwiaton et al., 2014). Pareillement, elle modifie la chimie du sol a travers un
appauvrissement nutritif général s’expliquant par le retrait des branches et aiguilles,
relativement riches en nutriments (e.g., calcium), et une baisse du pH (Staaf et
Olsson, 1991; Thiffault ef al., 2011; Clarke, 2012). Cette pratique intensive modifie
aussi le microclimat du sol avec une augmentation de la température associée a une
baisse de I’humidité due a la perte de couverture organique du sol par les débris (Proe
et al., 2001; Roberts et al., 2005; Thiffault e al., 2011). Pour les communautés
biotiques, il a été montré que le retrait de ’arbre entier par rapport au tronc seul
pouvait nuire a la croissance des plantules d’arbres tels que celles du pin gris, bien
que leur survie n’en soit pas affectée (Bhatti er al., 1998; Fleming et al., 2006 b;
Thiffault et al, 2011), et également réduire la présence des champignons
décomposeurs (Toivanen et al., 2012). Cette récolte plus intensive modifie aussi la
structure taxonomique des communautés de macrofaune du sol via une composition
différente (e.g., araignées; Work et al., 2013, 2014) ou une perte d’espéces (e.g.,
diptéres saproxyliques; Work et Hibbert, 2011) par manque de bois mort disponible.
Enfin, elle semble engendrer une décomposition plus rapide de la litiére versus la
seule récolte du tronc a cause d’une température plus élevée du sol (Kranabetter et

Chapman, 1999) bien que cela ne soit pas généralisé (Symonds ef al., 2013).

En ce qui concerne le retrait mécanique de la souche, cette pratique représente une
perturbation relativement plus importante via la réduction voire la suppression des
couches organiques du sol autour de cette derniére plus une certaine compaction du
sol & cause de la machinerie utilisée (Hope, 2007; Persson, 2012). Cela engendre ainsi

I’exposition majeure des couches minérales du sol (jusqu’a 90 % contre 40 % par la
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récolte du tronc seul - Kataja-aho et al., 2016) avec une perte plus importante de
nutriments, notamment via la lixiviation, et une érosion plus rapide du sol ainsi qu’un
microclimat plus sec et fluctuant (Siira-Pietikdinen er al., 2003; Walmsley et
Godbold, 2010; Persson, 2012). De plus, via une diminution des conditions
abiotiques favorables (cf. Walmsley et Godbold, 2010), le retrait des souches modifie
la structure taxonomique des communautés de plusieurs taxa comme les champignons
décomposeurs (Toivanen et al., 2012), les invertébrés saproxyliques (Jonsell et al.,
1998) ou la macrofaune du sol avec les araignées et coléopteres (Kataja-aho et al.,
2016). Kataja-aho et al. (2011 b) ont eux ainsi observé une baisse de I’abondance des
enchytréides (vers décomposeurs) suite a cette pratique, ce qui pourrait engendrer une
baisse de la décomposition et du recyclage des nutriments. Cependant, la plus forte
exposition de la matiére organique du sol par cette pratique peut aussi conduire a sa
minéralisation rapide malgré une baisse du stockage édaphique de carbone via la
génération d’un fort efflux de CO, (Walmsley et Godbold, 2010; Persson, 2012).
Webster et al. (2016) ont ainsi montré que cette pratique engendrait aprés une année
une respiration hétérotrophe du sol plus faible que la récolte du tronc seul et de
1’arbre entier dans une forét de pin gris du nord de 1’Ontario. Enfin, elle semblerait ne

pas affecter les communautés microbiennes et végétales (Kataja-aho et al., 2011a,b).

Enfin, la pratique la plus intensive de récolte de la biomasse ligneuse a travers
I’enlévement total de I’arbre incluant sa souche, mais surtout celui des couches
organiques du sol forestier est une méthode de préparation des sols déja connue pour
engendrer les modifications les plus fortes des conditions écologiques du sol au
travers d’une exposition intégrale des couches minérales (Jeglum et al, 2003).
Comme aprés le dessouchage, elle entraine un microclimat du sol plus sec et trés
variable (Ballard, 2000; Siira-Pietikdinen et al., 2003; Battigelli et al., 2004) ainsi
qu’une chimie du sol significativement différente incluant peu de nutriments de par le
manque total de couverture organique (Schmidt et al., 1996). Vis-a-vis des pratiques

moins intensives, cette récolte extréme génere des conditions abiotiques tres déléteres
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pour les communautés de microflore du sol, diminuant leur biomasse et activités
enzymatiques (Tan et al., 2008; Smenderovac, 2014) tout en altérant la composition
de la macrofaune (Siira-Pietikdinen et al., 2003; Venier et al., 2017) et de la
végétation (Astrom et al., 2005). Elle entraine via ces modifications, une réduction de
la décomposition de la litiére (Kranabetter et Chapman, 1999; Symonds et al., 2013)
et de la respiration hétérotrophe du sol (Fleming et al., 2006a; Webster et al., 2016).

A plus long terme (5 ans aprés la récolte) et au travers du développement des
nouveaux peuplements forestiers boréaux (¢f Chen et Popadiouk, 2002), il a été
observé que certaines conséquences associées & la récolte de 1’arbre entier a court
terme par rapport a la récolte du tronc seul semblaient s’estomper. Par exemple,
Hazlett et al. (2014) ont montré que la perte en nutriment entre la récolte du tronc
seul et celle de I’arbre entier dans des peuplements de pin gris du nord de 1’Ontario ne
présentait plus de différence significative aprés 15 ans, bien que cela ne soit pas le cas
de fagon générale (Thiffault ef al., 2011). De méme, Webster et al. (2010) ont trouvé,
dans un de ces mémes peuplements, que la respiration hétérotrophe du sol n’était pas
significativement différente entre ces deux pratiques aprés 17 ans. Cependant,
certaines des conséquences de cette récolte par rapport a celle du tronc seul étaient
toujours visibles & long terme. Bengtsson ef al. (1997) ont, par exemple, démontré
que la structure taxonomique des communautés d’organismes de la macrofaune (e.g.,
araignées) et de la mésofaune (e.g., acariens mésostigmates) du sol était toujours
modifiée avec des densités plus faibles et des compositions différentes ainsi qu’un
réseau trophique altéré aprés 17 ans dans une forét suédoise de pin sylvestre. La
végétation herbacée semblait pareillement modifiée a long terme qu’a court terme via
un couvert réduit de mousses et de graminées et la dominance des lichens et éricacées
due au microclimat du sol plus sec (Olsson et Staaf, 1995; Astrém et al., 2005). En
comparaison, la récolte de la souche et des couches organiques du sol engendre
cependant toujours 1’altération du sol la plus marquée de par une déplétion nutritive

clairement persistante (Hazlett et al., 2014), une structure modifiée des communautés
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microbiennes (Hartmann et al., 2012) et végétales (Kaye et al., 2008) ainsi qu’une

respiration hétérotrophe constamment plus faible (Webster et al., 2010).

Bien qu’un certain nombre de conséquences écologiques des pratiques intensives de
récolte de la biomasse ligneuse en forét boréale fut présenté ici, cette évaluation reste
cependant et dans une certaine mesure relativement incompléte au Canada. Dans
I’optique d’une gestion durable des foréts boréales canadiennes, il est pourtant
impérieux d’acquérir ou de renforcer rapidement toutes les connaissances possibles
sur les effets de cette récolte intensive a court et surtout a long terme. En effet, ’'une
des priorités actuelles est d’apporter des informations fiables et précises sur
I’ensemble des méthodes de récolte envisagées, incluant possiblement des seuils en
termes de volume de biomasse ligneuse soustrayable, dans les foréts boréales
canadiennes suite & leur coupe sans altérer leur intégrité écosystémique suivant leur
structure, dynamique et fonctionnement (Berch et al., 2011; Work ef al., 2014). 11 est
pour cela nécessaire d’avoir des critéres et indicateurs écologiques adaptés permettant
d’assurer leur gestion durable via le développement de législations incluant des
procédures de certification (Lattimore ef al., 2009; Janowiak et Webster, 2010; Abbas
etal.,2011; McBride et al., 2011; Puddister et al., 2011; Stupak et al., 2011).

C’est tout I’objet de la présente thése qui s’insere dans deux projets de recherche
visant 1’évaluation des conséquences écologiques de différentes pratiques forestiéres
incluant une récolte intensive de la biomasse ligneuse au sein de foréts aménagées de
pin gris du Nord-est de 1’Ontario a deux échelles spatiales (locale et régionale) et
temporelles (2 et 20 ans). Le premier projet s’inscrit autour du dispositif expérimental
Island Lake né d’un consortium d’agences gouvernementales (Service Canadien des
foréts (SCF) de Ressources Naturelles Canada (RNCan) et le Ministere des Richesses
Naturelles et des Foréts de 1’Ontario (MRNFO)), de I’industrie forestiére (Tembec et
Ontario Power Generation), des Premiéres Nations et communautés locales (Forum

du chef régional du Nord-Est supérieur, Communauté de la forét supérieure du Nord-
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Est) et de nombreuses universités et centres d’étude (Kwiaton et al., 2014). 11 fut
implémenté en 2011 afin d’évaluer a court terme et localement les effets d’un
gradient d’intensité de récolte, incluant les différentes pratiques présentées, sur un
grand nombre de composantes écologiques dans une approche écosystémique et
interdisciplinaire. Le deuxiéme projet est inclus dans le programme "Long-term Soil
Productivity" (LTSP) visant a suivre les effets a long terme d’un gradient quasi
similaire sur 1’écologie du sol et la productivité forestiére a travers plus de 100 sites
expérimentaux mis en place dans les années 1990 (20 ans) dans les foréts nord-
américaines incluant les foréts susmentionnées a 1’échelle régionale en collaboration
avec le SCF (RNCan) et le MRNFO (Tenhagen et al., 1996; Powers, 2006).

Au sein de ces projets, I’utilisation d’indicateurs écologiques et notamment de bio-
indicateurs avec des taxa du sol pourrait se révéler pertinente. En effet, ils permettent
d’évaluer a diverses échelles spatiotemporelles et de maniére intégrative tout
changement d’état structurel d’un écosystéme suite a4 une perturbation via leur
sensibilit¢ aux changements environnementaux associés (van Straalen, 1998;
Lattimore ef al, 2009; Berch er al.,, 2011, 2012). Leur modification suivant un
gradient d’intensité de récolte de biomasse ligneuse incluant des changements
environnementaux précis fournirait ainsi des informations objectives pour évaluer la

durabilité des pratiques envisagées.

0.3  La mésofaune du sol : indicateur écologique pour la gestion forestiére

Au Canada, la faune du sol des foréts boréales est trés abondante et diversifiée bien
qu’encore méconnue (Petersen et Luxton, 1982; Behan-Pelletier, 1993). Parmi ses
organismes déja considérés comme bio-indicateurs dans le présent contexte (e.g.,
coléopteres - Pearce et Venier, 2006; Work et al., 2014), 1a mésofaune, dominée par

les collemboles et acariens oribates, reste minoritaire (Langor et Spence, 2006).
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Les collemboles (classe Collembola) sont des arthropodes hexapodes aptéres
entognates (pi¢ces buccales invaginées) considérés comme primitifs et répartis en
quatre ordres: Poduromorpha, Entomobryomorpha, Symphypleona et Neelipleona
(Figure 0.1 - Deharveng, 2004; Timmermans et al., 2008; Bellinger et al., 2017).
Mesurant généralement de 0,1 & de 3-4 mm, ils possédent notamment un tube ventral
ou "collophore" indispensable a leur équilibre hydrique et, chez beaucoup d’espéces,
un appendice abdominal appelé "furcula" leur permettant de sauter pour fuir face aux
prédateurs (Hopkin 1997). Il existe environ 8,000 espéces décrites dans le monde
(Bellinger et al., 2017), dont 412 connues au Canada (Skidmore, 1995) bien qu’il en
existerait plus de 500 (Behan-Pelletier, 2003). Leurs communautés peuvent compter
de 50,000 & plus de 100,000 individus m™ de sol pour une cinquantaine d’espéces en
forét boréale au Canada (Petersen et Luxton, 1982; Addison et Barber, 1997;
Addison, 2006). La plupart des espéces se caractérisent par une stratégie d’histoire de

66,99
I

vie plus de type (c¢f. MacArthur et Wilson, 1967) incluant une reproduction trés
rapide sexuée ou parthénogénétique (asexuée) par thelytokie (femelles produisant
uniquement une progéniture femelle par clonage) et en général itéropare (plusieurs
pontes d’ceufs séparées dans le temps), une forte fécondité, une durée de vie courte
(1-2 ans) et un taux métabolique élevé (MacLean et al., 1977; Siepel, 1994; Petersen,
2002). A travers I’observation directe du contenu intestinal (Addison et al., 2003),
I’utilisation d’isotopes (Chahartaghi et al., 2005) ou bien encore I’activité
enzymatique (Berg et al, 2004), différentes stratégies alimentaires ont été
déterminées chez les collemboles (souvent spécifique pour chaque espéce) allant de la
détritivorie primaire et secondaire (incluant une forte microbivorie et notamment des
champignons (Klironomos et Kendrick, 1995), dominant dans les sols boréaux
(Wallwork, 1970)), jusqu’a de la phyco-phytophagie et de la nécro-carnivorie
(Hopkin, 1997; Rusek, 1998). En favorisant ’activité, la dynamique et la dispersion
microbienne dans les sols (Hopkin, 1997; Rusek, 1998; Addison et al., 2003), les
collemboles sont surtout impliqués de maniére majoritairement indirecte dans la

décomposition de la litiére et le recyclage nutritif (Filser, 2002; Neher et al., 2012).
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IIs influencent notamment ces processus €cologiques via leur importante production
de boulettes fécale, leur conférant par ailleurs un réle majeur et cette fois-ci direct
dans la microstructuration du sol (MaaB et al., 2015a). D’autre part, les communautés
de collemboles sont particuliérement sensibles aux conditions environnementales du
sol forestier en termes de microclimat (température et humidité - Pflug et Wolters,
2001; Jucevita et Melecis, 2006; Lindberg et al., 2002), de chimie avec le pH (Van
Straalen et Verhoef, 1997; Loranger ef al., 2001) et la richesse nutritive (Cassagne e/
al., 2003; Heiniger er al., 2015) et en termes de structure physique via la porosité
(Lindo et Visser, 2004; Larsen et al., 2004). Elles sont également influencées par la
diversité des microhabitats disponibles (Chauvat et al., 2003) ainsi que par les
interactions biotiques via le couvert végétal (Ponge ef al., 2003), la compétition intra-
et interspécifique pour les ressources alimentaires et surtout la prédation en étant une
proie trés commune des réseaux trophiques édaphiques (contrdle top-down par les
araignées, les coléoptéres et les acariens mésostigmates en majorité - Hopkin, 1997;
Lawrence et Wise, 2004; Schneider et Maraun, 2009). Par conséquent, I’ensemble de
ces facteurs abiotiques et biotiques ainsi que leur changement régissent globalement
leur structure (ou assemblage) taxonomique en termes d’abondance, de diversité et de
composition spécifique. Concernant plus précisément le bois mort au sol, il
semblerait étre un microhabitat essentiel pour cet organisme de par les conditions
favorables qu’il fournit (Snider, 1996; Marra et Edmonds, 1998; Skarzynski ef al.,
2016) et notamment les souches ayant des communautés différentes du sol (Setéld et
Marshall, 1994; Malmstrom, 2012a) surtout a cause de leurs champignons
saproxyliques que ses espéces consomment et dispersent, participant ainsi également
a sa décomposition. Enfin, ces communautés peuvent présenter des variations
temporelles notables dans leur structure taxonomique, qu’elles soient saisonniéres,
incluant aussi une modification de leur distribution verticale dans le sol, via les
changements des conditions environnementales (e.g., microclimat estival plus sec -
Bird et Chatarpaul, 1986; Addison et Barber, 1997; Huhta et Hénninen, 2001) ou

interannuelles (Jucevita et Melecis, 2006; Malmstrém ef al., 2009).



19

Autre taxon majeur de la mésofaune édaphique, les acariens oribates (ordre
Oribatida) appartiennent a la classe des arachnides (Arachnida), a la sous-classe des
acariens (Acari) et au superordre des Acariformes (Krantz et Walter, 2009). Ils se
caractérisent par un corps ayant une cuticule sclérifée, divisé en deux parties avec le
céphalothorax portant les piéces buccales et les 8 pattes et le notogaster non segmenté
(Figure 0.2). Comparés aux collemboles, les acariens oribates sont généralement plus
petits (de 150 pm a 1,5 mm), mais beaucoup plus abondants et diversifiés avec plus
de 10,000 espéces connues mondialement (Subias er al., 2012), dont 435 sont
présentes au Canada (Behan-Pelletier, 1993). Leurs communautés peuvent ainsi
compter de 100,000 a plus de 500,000 individus avec parfois plus de 80 espéces par
m? de sol en forét boréale (Battigelli ef al., 2004; Lindo et Visser, 2004; Déchéne et
Buddle, 2010). Aussi, les espéces d’acariens oribates sont plus généralement
caractérisées par une stratégie d’histoire de vie plus de type “K” incluant une
reproduction plus lente (sexuée ou parthénogénétique par thelytokie) et globalement
itéropare, de plus faibles fécondité et taux métaboliques et une durée de vie longue
(jusqu’a 5-7 ans - Gergocs et Hufnagel, 2009). Leurs guildes trophiques (déterminées
pareillement a celles des collemboles) sont aussi diversifiées, bien que relativement
stables pour chaque espéce, incluant majoritairement de la micro-détritivorie, mais
aussi de la phyco-phytophagie et de la nécro-carnivorie (Luxton, 1972; Siepel et
Ruiter-Dijkman, 1993; Schneider er al, 2004). Associées aux communautés
microbiennes dont ils participent également a la dynamique et dispersion dans le sol
forestier (Behan-Pelletier, 1999), les acariens oribates présentent ainsi des roles
relativement similaires aux collemboles dans le fonctionnement du sol incluant la
décomposition de la litiere et le recyclage des nutriments, mais aussi la
microstructuration physique du sol via leurs boulettes fécales (Petersen et Luxton,
1982; Neher et al., 2012; MaaB et al., 2015a). Pareillement, la structure taxonomique
de leurs communautés dépend des conditions du sol incluant notamment sa chimie
(pH, disponibilité nutritive - Van Straalen er al., 1988; Maraun et Scheu, 2000;
Battigelli ef al., 2004), son microclimat (Lindberg ef al., 2002) et sa structure
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physique (Maraun et al., 2003; Battigelli et al., 2004; Lindo et Visser, 2004). Elle
dépend aussi du couvert organique du sol avec la végétation ainsi que de la diversité
des microhabitats présents (Gergdcs et Hufnagel, 2009). Enfin et en comparaison des
collemboles, cette structuration taxonomique des communautés d’acariens oribates
semble plus influencée par la compétition intra- et interspécifique pour les ressources
que par la prédation par les acariens mésostigmates par exemple, étant donné leur
arsenal défensif plus développé (e.g., sclérotisation cuticulaire - Norton, 1994;
Behan-Pelletier, 1999; Maraun et Scheu, 2000; Schneider et Maraun, 2009). A
I’instar des collemboles, il a finalement ét¢ démontré que le bois mort a un réle
important pour cette structure en étant un microhabitat spécifique pour les
communautés de ce taxon via ses conditions bénéfiques incluant notamment une forte
présence fongique (Siira-Pietikdinen et al., 2008; Skubata et Duras, 2008). Déchéne
et Buddle (2010) ont ainsi montré dans une forét boréale mixte du nord du Québec
que le bois mort au sol était caractérisé par des communautés d’acariens oribates
ayant une richesse spécifique plus importante et une composition différente de celles
du sol. Ces communautés participent aussi a sa décomposition quand certaines
espéces se nourrissent directement de fibres ligneuses en plus des hyphes fongiques
notamment pour acquérir le calcium nécessaire 4 leur sclérotisation cuticulaire
(Johnston et Crossley, 2003). Enfin, ces communautés montrent aussi des variations
saisonni¢res dans leur structure taxonomique et dans leur distribution verticale

(Petersen et Luxton, 1982; Bird et Chatarpaul, 1986; Battigelli et al., 2004).

Les collemboles et acariens oribates possédent donc des écologies assez similaires
bien que les stratégies d’histoire de vie de leurs espéces semblent différer
globalement (plus "r" vs plus "K" respectivement - Norton, 1994). De plus, au-dela
du fait qu’ils aient une vitesse ou capacité de dispersion active trés faible (quelques
centimetres par semaine) vis-a-vis d’autres taxa tels que les araignées (Hopkin, 1997,
Gergocs et Hufnagel, 2009), cette derniere semblerait aussi plus élevée de fagon

générale chez les collemboles et surtout a la surface du sol bien que certaines espéces
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d’acariens oribates puissent aussi disperser rapidement dans le sol (Ojala et Huhta,
2001; Astrém et Bengtsson, 2011; Lehmitz et al., 2012). Ces divergences ont ainsi
justifié le fait que les communautés d’acariens oribates étaient généralement plus
sensibles et se rétablissaient moins rapidement que celles des collemboles de maniére
taxonomique aux perturbations du sol forestier telles que le feu (Malstrém et al.,
2009), la sécheresse (Lindberg et Bengtsson, 2005, 2006) et la coupe forestiére
(Lindo et Visser, 2004). D’autre part, les communautés de ces deux taxa ayant une
contribution relativement plus importante dans certains processus écologiques comme
la décomposition de la litiére, de par la moindre présence de la macrofaune détritivore
comme les lombrics (Petersen et Luxton, 1982), leur modification pourrait clairement
altérer le fonctionnement du sol des foréts boréales. Il serait donc pertinent de
considérer de fagon conjointe ces deux taxa en tant que bio-indicateurs suivant la
modification potentielle respective de la structure taxonomique de leurs
communautés. Cela implique d’évaluer les changements en termes d’abondance, de
diversité spécifique o (mesurable avec l’indice entropique de Shannon-Wiener,
incluant la richesse et 1’équitabilité - Magurran, 2004) et de composition en réponse
aux différentes pratiques de récolte intensive envisagées ici. De surcroit, cela devrait
étre réalisé a différentes échelles temporelles (court et long terme) afin de suivre la
dynamique de rétablissement de ces communautés suite a leurs modifications
potentielles par ces différentes pratiques au cours du développement des peuplements
forestiers et ainsi évaluer leur durabilité. Des changements potentiels dans la variation
de leur composition taxonomique & différentes échelles spatiotemporelles
correspondant & la diversité B incluant notamment le remplacement (turnover) des
espéces (Maal3 et al., 2014; Legendre, 2014) devraient aussi étre évalués afin
d’améliorer notre compréhension des mécanismes de leur réponse. Enfin, la biomasse
de ces communautés, convenablement estimable via des équations allométriques (cf-
Petersen et Luxton, 1982), devrait également étre considéré comme un indice
taxonomique pertinent, car elle contrélerait celle des niveaux trophiques supérieurs

(Taylor et al., 2010). Cependant, a ce jour, aucune étude de ce genre n’a été réalisée.
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Dans la littérature existante, il fut néanmoins montré qu’a court terme (moins de 5 ans
apres la récolte), les communautés de ces deux taxa sont significativement modifiées
par l’intensification de la récolte de biomasse ligneuse en forét boréale. Bird et
Chatarpaul (1986) ont tout d’abord trouvé que la récolte entiére d’arbres par rapport a
I’élimination du tronc seul dans une forét boréale mixte du nord de 1’Ontario
entrainait une abondance plus faible des communautés de collemboles et d’acariens
oribates suite aux changements microclimatiques du sol en lien avec la perturbation
de son couvert organique, mais sans changement clair de leur composition. Addison
(2006) n’a pas observé cette diminution de 1’abondance des collemboles en
comparant ces deux pratiques dans des foréts d’épicéas en Colombie-Britannique ni
en termes de diversité, mais s’accordait cependant avec 1’étude précédente sur
I’absence de changement compositionnel dans leurs communautés. Pourtant,
Battigelli er al. (2004) a, dans la méme région, montré que la richesse spécifique des
acariens oribates avait diminué et que leur composition était modifiée suite a la
récolte de 1’arbre entier en raison d’une perte de microhabitats favorables pour
certaines espéces due a la modification du microclimat. Dans une forét coniférienne
finlandaise, Dighton er al. (2012) a aussi observé qu’apres la récolte du tronc seul,
une rétention plus importante des débris ligneux était associée a une abondance plus
grande d’acariens oribates. En ce qui concerne le dessouchage, bien qu’aucune étude
dans les foréts boréales canadiennes n’existe, plusieurs études scandinaves ont montré
que cette pratique diminuait 1’abondance des collemboles et modifiait leur
composition via une perte plus importante des espéces vivant plus a la surface du sol
en réponse a la perte de la couverture organique et la forte exposition du sol minéral
(Kataja-aho et al., 2011a,b; Kataja-aho et al., 2016) bien que ce phénoméne ne soit
pas généralisé (cf. Siira-Pietikdinen et al., 2003). Mais c’est surtout la pratique la plus
intensive envisagée ici i.e., la récolte totale de 1’arbre dont sa souche et le retrait des
couches organiques du sol forestier, qui a montré les effets les plus visibles par
rapport & celles moins intensives (récolte du tronc seul ou de 1’arbre entier). Ceux-ci

incluaient de fortes modifications dans la structure des communautés de collemboles
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et d’acariens oribates a travers une abondance et une richesse / diversité spécifique
plus faible ainsi qu’une composition altérée (Addison, 2006; Battigelli et al., 2004).
Elles résultaient des conditions environnementales trés perturbées incluant moins de
ressources trophiques par la réduction de la matiére organique disponible et un

microclimat plus instable soit moins de microhabitats favorables pour moult espéces.

A plus long terme, Bengtsson et al (1997) ont trouvé que 1’abondance des
communautés de collemboles était toujours plus faible et que leur composition était
encore modifiée 17 ans aprés la récolte de ’arbre entier en comparaison d’une coupe
avec une rétention des débris ligneux. Cependant, aucune étude n’existe a long terme
pour les acariens oribates en ce qui concerne cette pratique ainsi que pour le
dessouchage a I’instar des collemboles. Pour ce qui est de la récolte de I’arbre entier
incluant sa souche et des couches organiques du sol, Addison (2006) a montré que 10
ans aprés son utilisation, les communautés de collemboles étaient toujours modifiées
comme a court terme par rapport aux pratiques de récolte du tronc seul et de I’arbre
entier. Berch ef al. (2007) ont quant & eux trouvé que 7 ans aprés la coupe totale
d’une forét coniférienne subalpine en Colombie-Britannique incluant une exposition
du sol minéral (préparation pour la plantation), I’abondance des collemboles était
toujours plus faible et les communautés d’acariens oribates étaient toujours altérées
avec une composition modifiée par rapport aux parcelles sans cette exposition. Cela

semblait d( & un microclimat plus sec et variable et d’un manque de nutriments.

Au regard de ces études, il y a toujours peu d’informations sur le temps nécessaire au
rétablissement (ou résilience) taxonomique complet des communautés de ces deux
taxa dans le contexte d’une récolte intensive de la biomasse ligneuse. Bien que les
travaux nécessaires a l’acquisition de telles informations soient souvent assez
conséquents, complexes et onéreux a réaliser (et pas seulement pour la mésofaune du
sol), ces derniéres sont pourtant utiles aux gestionnaires forestiers pour évaluer la

durabilité des pratiques de récolte envisagées. Addison (2006) a néanmoins observé
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des signes de rétablissement des collemboles aprés 10 ans sauf dans le cas d’une
récolte trés intensive (arbre entier dont sa souche plus retrait des couches organiques
du sol) alors que Battigelli et al. (2004) et Berch et al. (2007) estiment eux qu’il
faudrait bien plus de 10 ans aux acariens oribates pour s’en rétablir. Il faut savoir que
le processus de rétablissement des communautés biotiques incluant leur
recolonisation dépend non seulement de la survie de leurs espéces aux conditions
environnementales altérées par une perturbation, mais aussi de leur mode de
reproduction (sexuée vs parthénogénétique), de leurs stratégies d’histoire de vie et
enfin de leur capacité de dispersion active (cf supra - Siepel, 1994; Debouzie et al.,
2002; Domes et al., 2007; Chahartaghi et al., 2009). Précisons qu’une dispersion
passive, surtout par le vent et I’eau, est aussi connue chez ces deux taxa et pourrait

aussi permettre cette recolonisation (Dunger ef al., 2002; Lehmitz et al., 2011).

De surcroit, I’ensemble des études précédemment citées restent souvent limitées
quant & leur compréhension assez précise des mécanismes écologiques des réponses
des communautés de ces deux taxa a la perturbation du sol forestier par la récolte
intensive des débris ligneux. En effet, bien qu’il soit tout de méme possible d’établir
des liens entre leurs réponses et les changements des conditions environnementales
abiotiques voire biotiques du sol forestier (c¢f supra), la connaissance limitée de
I’écologie de ’ensemble des espéces de ces communautés reste un frein certain a une
compréhension plus claire des processus €cologiques associés aux modifications de
leur assemblage taxonomique. Par cette récolte intensive de biomasse ligneuse et les
fortes perturbations du sol associées, il pourrait notamment se produire un
phénomeéne d’homogénéisation biotique de ces communautés au niveau de leur
structure taxonomique i.e., la prédominance de quelques especes capables de survivre
aux conditions environnementales altérées (Olden et Rooney, 2006; Pool et Olden,
2012). Cela serait notamment détectable par une diminution de leur diversité
spécifique o (perte d’espéces), mais surtout [ (baisse de la variation

compositionnelle) suivant 1’échelle spatiotemporelle considérée (MaaB3 et al., 2014;
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Mori et al., 2015a,b). Observé a I’échelle mondiale en réponse a I’intensification de
I’usage des terres notamment via 1’agriculture et la foresterie, ce phénoméne
d’homogénéisation est d’ores et déja connu pour altérer la structure, la dynamique et
le fonctionnement des écosystémes terrestres (Ponge et al., 2003; Foley et al., 2005,
Lobo et al., 2011; Tsiafouli et al., 2015; Karp et al., 2012; Mori et al., 2015a,b). 1l

faudrait donc vérifier s’il serait présent ici et tenter d’en appréhender les mécanismes.

0.4  Intérét de I’utilisation des traits fonctionnels des espéces

Quand on s’intéresse & 1’écologie des communautés, identifier et comprendre les
facteurs régissant leur assemblage incluant la coexistence, distribution et dynamique
de leurs espéces selon le partitionnement de leur niche écologique ainsi que leur
réponse aux changements environnementaux liés aux perturbations est fondamental.
Suivant les théories développées, 1’assemblage des communautés et sa dynamique
sembleraient ainsi déterminés, au-deld des processus de spéciation et stochasticité,
par des mécanismes de dispersion puis de sélection des espéces en réponse aux
conditions biotiques et abiotiques de leur environnement ie., le filtrage
environnemental (Belyea et Lancaster, 1999; McGill et al, 2006; Vellend, 2010;
Weiher et al., 2011; Gotzenberger et al., 2012). Plus précisément, trois filtres majeurs
furent identifiés pour tenter d’expliquer conjointement 1’assemblage local d’une
communauté & partir de 1’ensemble des espéces présentes & plus large échelle
spatiotemporelle (McGill et al., 2006; Violle et al., 2012; Pey et al., 2014; Kraft et
al., 2015; Brousseau et al., 2018a): (1) le filtre de dispersion, sélectionnant les
especes suivant leur capacité a arriver dans un nouvel habitat ou a le recoloniser suite
a sa perturbation, et deux filtres relativement plus intrinséques & cet habitat
sélectionnant ainsi les espéces suivant (2) leur capacité a survivre aux conditions
abiotiques de cet habitat et suivant (3) leurs interactions biotiques intra- et

interspécifiques (e.g., prédation, compétition).
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Pour évaluer I’action de ces différents filtres environnementaux de maniere globale
comme individuelle, il fut montré qu’une approche basée sur les traits fonctionnels
des espéces semblait pertinente (Lavorel et Garnier, 2002; McGill et al., 2006; Violle
et al., 2007). Il s’agit de tout attribut morphologique (e.g., longueur du corps),
physiologique (e.g., résistance a la dessiccation), phénologique et d’histoire de vie
(e.g., espérance de vie) ou comportemental (e.g., mode de dispersion) associé a des
fonctions spécifiques des espéces (déplacement, systéme sensoriel, alimentation,
reproduction, défense). Mesurables a 1’échelle de I’individu et comparables entre les
especes, ils sont liés a la performance de ce dernier donc a sa valeur sélective (survie,
biomasse et succeés reproducteur) suivant la plasticité phénotypique et la diversité
génétique. En effet, les espéces seraient sélectionnées via les filtres susmentionnés
selon les traits spécifiques qu’elles possédent leur permettant de survivre dans un
habitat, car adaptées a ses conditions environnementales. Suite & une perturbation
environnementale, il serait ainsi possible d’évaluer les modifications de 1’assemblage
des communautés et surtout de mieux en comprendre les mécanismes écologiques
sous-jacents via la réponse des espéces selon certains de leurs traits, appelés "traits de
réponse"”, donc des changements de leur structure fonctionnelle selon la diversité et la
composition de ces dits traits (Lavorel et Garnier, 2002; Violle et al., 2007; Wellstein
et al., 2011; Lindo et al., 2012). 11 est aussi possible de considérer la diversité et la
composition de certains traits des espéces ayant une influence concréte sur des
processus écologiques spécifiques (e.g., la production de boulettes fécales vs la
microstructuration physique du sol), ainsi appelés "traits d’effet" (Hooper et al.,

2005; de Bello et al., 2010; Roscher et al., 2012; Lavorel et al., 2013).

L’utilisation des traits fonctionnels de réponse, initialement faite en écologie végétale
(Garnier et Navas, 2012), est de plus en plus reconnue non pas comme une approche
alternative, mais comme un complément pertinent & I’approche taxonomique (McGill
et al., 2006; Vanderwalle et al., 2010; Mouillot et al., 2013), bien que parfois plus
informative (Cadotte et al., 2011; Hedde er al., 2012; Widenfalk et al., 2015). Elle
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reste cependant encore relativement peu utilisée dans les études de conservation de la
biodiversité (Feld et al., 2009). Depuis une quinzaine d’années, elle s’est popularisée
dans I’étude de la faune du sol avec les coléoptéres, les lombrics ou les araignées,
permettant notamment de renforcer le role indicateur de ces taxa dans le contexte des
perturbations (Ribera ef al., 2001; Decaéns et al., 2011; Hedde et al., 2012; Pey et al.,
2014). Par exemple, la taille (longueur, largeur ou volume) du corps des espéces est
un trait de réponse généralement utilisé chez les communautés de ces organismes via
sa grande sensibilité aux changements environnementaux (Moretti ef al., 2017) tout
en étant relié a leur métabolisme général et utilisation des ressources dans leur habitat
(Brown et al., 2004; Chown et al., 2007). L utilisation des traits de réponse chez la
faune du sol est cependant parfois critiquable par une identification floue des filtres
environnementaux associés a la perturbation, une sélection inappropriée des traits de
réponse suivant ces filtres et enfin un manque de précision sur les réponses attendues
(Brousseau et al., 2018). Pour les communautés de collemboles et d’acariens oribates
du sol, il existe déja de nombreuses études ayant néanmoins généralement employé
avec rigueur et pertinence cette approche dans I’évaluation des effets de perturbations
a différentes échelles spatiales telles que les changements climatiques (Lindberg et
Bengtsson, 2005; Makkonen et al., 2011; Bokhorst ef al., 2012; Lindo et al., 2012), le
feu (Huebner er al., 2012; Malmstrém, 2012b), la pollution (Prinzing et al., 2002;
Hedde et al.,, 2012; Santorufo et al., 2014), I'utilisation des terres incluant la
fragmentation des habitats (Martins da Silva et al., 2012, 2016; Heiniger et al., 2014;
Santorufo et al., 2015) ou encore la gestion forestiére avec la plantation par exemple
(Zaitsev et al., 2002; Maraun et al., 2003; Vanderwall et al., 2010; Farské et al.,
2013, 2014a,b; Mori et al., 2015a,b). Cependant, au-dela du fait que I’utilisation
conjointe des traits de réponse chez ces deux taxa soit encore assez rare (Bokhorst et
al., 2012; Lindo et al., 2012; Farska et al., 2014a,b), elle n’a surtout jamais été
utilisée pour chacun d’eux dans le cadre d’une récolte intensive de biomasse ligneuse.
Cela aiderait pourtant la compréhension de leur réponse taxonomique respective a

cette perturbation en dévoilant plus clairement les mécanismes écologiques associés.
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En effet, les espéces de collemboles et les acariens oribates du sol possedent une large
gamme de traits de réponse utilisables incluant la taille du corps, la longueur des
pattes, le niveau de pigmentation ou de sclérotisation cuticulaire, la présence
d’organes sensoriels, le mode de reproduction, 1a morphologie des piéces buccales ou
encore les attributs morphologiques associés a la défense face aux prédateurs
(Tables 2.1 et 2.2; Figures 2.1 et 2.2). La plupart de ces traits varient notamment
selon la distribution verticale des espéces dans le sol i.e., leur préférence en termes de
microhabitat (ou trait écologique - Pey et al., 2014; Moretti et al., 2017) suivant les
conditions biotiques (e.g., ressources trophiques) et abiotiques (e.g., microclimat)
permettant de les regrouper en trois grandes catégories (Figures 0.1 et 0.2): les
espéces épiédaphiques vivant plus a la surface du sol, celles hémiédaphiques vivant
dans les couches organiques et organominérales du sol et celles euédaphiques vivant
dans les couches organominérales et minérales du sol (Gisin, 1943; Krivolutsky,
1995; Maraun et Scheu, 2000; Rusek, 2007). De plus, ces différentes especes ayant
des roles distincts dans les processus écologiques du sol (e.g., les espéces
épiédaphiques influencent I’initiation de la décomposition de la litiére quand celles
euédaphiques en affectent les stades plus tardifs - Rusek, 1998; Behan-Pelletier,
2003; Berg et Bengtsson, 2007), la modification fonctionnelle des communautés de

ces deux taxa suivant cette préférence pourrait donc altérer son fonctionnement.

A travers la littérature existante sur le filtrage abiotique, Lindo et al. (2012) a par
exemple montré une diminution générale de la taille et du niveau de sclérotisation de
la cuticule des espéces d’acariens oribates i.e., une perte d’espéces majoritairement
épiédaphiques en réponse a la sécheresse dans une expérimentation sur les
changements climatiques dans le nord du Québec. En Allemagne, Zaitsev et al.
(2014) ont eux mis en lumiére un phénoméne inverse en réponse aux modifications
physicochimiques (e.g., structure spatiale, ressources trophiques incluant la
microflore) de la couche de litiere via un changement dans sa composition (aiguilles

seules vs aiguilles plus feuilles) suite a la conversion d’une monoculture d’épicéas en
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une forét mixte. Via un changement dans la structure spatiale de la litiére suite a la
conversion d’une forét naturelle mixte en plantation de méléze au Japon, Mori et al.
(2015a,b) ont également observé une baisse généralisée de la taille des espéces
d’acariens oribates. Pour les collemboles, Vanderwalle et al. (2010), étudiant la
méme perturbation au Portugal, ont eux trouvé moins d’espéces épiédaphiques,
déterminées selon plusieurs traits morphologiques tels que la taille et la pigmentation
du corps ainsi que le nombre d’ocelles (organe visuel), tout en invoquant les mémes
causes de changement. Suite au passage d’un feu dans une forét tempérée du sud du
Québec, Huebner et al. (2012) ont pareillement montré que cela avait un effet
délétére sur les espéces ayant généralement un grand corps, une pigmentation élevée
et beaucoup d’ocelles i.e., majoritairement épiédaphiques que sur celles ayant les
traits inverses (i.e., plus euédaphiques) suivant la perte de leur microhabitat avec la
disparition de la litiere. Le changement brutal associé du microclimat du sol serait
aussi délétére pour cette catégorie d’especes de collemboles a court terme (Lensing et
al., 2005) comme cela fut observé suite a une coupe totale (Siira-Pietikdinen et
Haimi, 2009), le retrait de la couche muscinale (Bokhorst et al., 2014) ou via
I’exposition du sol minéral suite au dessouchage (Kataja-aho et al, 2016).
Cependant, Malmstrém (2012 b) a montré qu’aprés plusieurs années suite a la
destruction compléte de la litiére par feu dans une forét coniférienne suédoise, ce sont
globalement ces espéces de collemboles qui se sont rétablies le plus rapidement via la
recolonisation. En effet, elles seraient mieux adaptées aux habitats plus ouverts
incluant des conditions environnementales plus variables, dont un microclimat
fluctuant (Siira-Pietikdinen et al., 2003; Makkonen et al., 2011; Bokhorst et al., 2012;
Martins da Silva et al., 2012, 2016; Salmon et al., 2014) surtout par leur grande taille
qui serait associée a une plus grande résistance a la dessiccation (Kersgaard ef al.,
2004), mais auraient aussi de plus fortes capacités de dispersion que celles plus
euédaphiques (Ponge et al., 2006). Cela semblerait aussi di a leur reproduction
majoritairement sexuée, comme observée par Malmstrom (2012 b), leur permettant

de s’adapter rapidement a ces conditions instables via le maintien d’une plus forte
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diversité génétique a I’instar des acariens oribates (Hamilton, 1980; Siepel, 1994;
Domes et al., 2007; mais cf. Norton (1994)). A I’inverse, la parthénogenése chez ces
deux taxa serait associée a des conditions environnementales plus stables comme
dans les habitats plus fermés tels que les foréts, mais aussi plus pauvres en termes de
ressources comme dans les couches plus profondes du sol, donc généralement
présente chez les espéces euédaphiques (Norton et Palmer, 1991; Petersen, 2002;
Chahartaghi et al., 2006; Domes et al., 2007; Chernova et al., 2010; Salmon et al.,
2014). Ces especes euédaphiques et parthénogénétiques sont parfois moins affectées
et deviendraient dominantes suite aux perturbations en surface grace a leur capacité
morphologique & migrer plus profondément dans le sol pour y survivre (Behan-
Pelletier, 1999; Maraun et al., 2003; Malmstr6m, 2012b; Farska et al., 2014a; mais cf.
Lindberg et Bengtsson, 2005; Makkonen ef al., 2011; Bokhorst et al., 2012, 2014).
Elles sont aussi associées au rétablissement des populations suite aux perturbations
chez les deux taxa (Prinzing et al., 2002; Maraun et al., 2003; Lindberg et Bengtsson,
2006) notamment par une possible recolonisation dans le sol surtout chez les acariens
oribates (Hagvar, 2010; Lehmitz et al., 2012). Enfin, les traits des espéces des deux
taxa reliés a la détection sensorielle des conditions du sol (e.g., chemorécepteurs)
suivant leur distribution verticale pourraient aussi affiner cette compréhension de leur
réponse en changeant. Comparées aux espéces euédaphiques, celles épiédaphiques
possédent ainsi des antennes plus longues, des bothriotricha (soies modifiées) et pas
d’organe post-antennaire (PAQO) chez les collemboles (Salmon et al., 2014) et un

sensillus plus court chez les acariens oribates (Karasawa et Hijii, 2004).

Concernant le filtrage biotique, Santorufo er al. (2014) ont montré, en évaluant la
préférence d’alimentation des espéces de collemboles via la structure morphologique
de leurs piéces buccales (mandibules et maxilles), que la suppression progressive de
la couche de litiere et des ressources alimentaires conjointes (i.e., feuilles en
décomposition et microflore associée) par I’urbanisation affectait significativement

les espéces ayant des piéces buccales plus développées i.e., surtout micro-détritivores
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(¢f Malcicka er al. (2017) - Figure 2.1). Bien que cette perte d’espéces micro-
détritivores fut aussi observée pour les acariens oribates par Lindo et Visser (2004)
suite & une coupe totale dans une forét mixte en Alberta, leur étude ne se basait pas
sur les piéces buccales des espéces. Néanmoins, Prinzing et al. (2002) ont démontré
que I’application d’un pesticide inhibant la synthése de chitine sur le sol d’une forét
allemande était mieux tolérée par les espéces d’acariens oribates se nourrissant de la
litiére i.e., principalement micro-détritivores (préférence trophique majeure) suivant
la morphologie de leurs chélicéres (cf Figure 2.2 - Kaneko, 1988; Perdomo et al.,
2012), car les ressources de cette derniere furent moins altérées (e.g., champignons).
Ce trait pourrait donc, comme chez les collemboles, étre considéré comme un trait de
réponse pertinent chez ce taxon au vu des changements associés a la récolte intensive
de biomasse ligneuse dans les ressources alimentaires disponibles notamment a la
surface du sol avec la litiére incluant le bois mort (e.g., microflore). D’autre part, les
espéces des deux taxa possédent aussi certains traits impliqués dans la défense face
aux prédateurs suivant leur préférence de microhabitat. Chez les collemboles, une
furcula plus longue (Baeur et Christian, 1987), la présence d’écailles (soies
modifiées) et une pigmentation forte et présentant des motifs (Hopkin, 1997)
permettraient aux espéces épiédaphiques de fuir ou se camoufler des prédateurs
(Salmon et al., 2014), tout comme la présence de pseudocelles (répulsion chimique)
chez les espéces plus hémi-euédaphiques (Negri, 2004). Chez les acariens oribates,
cela passerait par une plus forte sclérotisation cuticulaire (Schneider et Maraun, 2009)
et la présence des ptéromorphes (Krantz et Walter, 2009), aussi associés a la
résistance a la dessiccation (Krantz et Walter, 2009; Lindo et al., 2012), ainsi que par
la capacité de ptychoidie (enroulement intégral - Schmelzle et al., 2009) notamment
chez les espéces plus épiédaphiques ou encore la présence de glandes exocrines
(répulsion chimique - Heethoff ef al., 2011). Ces traits pourraient étre considérés ici,
car leurs prédateurs sont aussi affectés par une récolte intensive (Bengtsson et al.,
1997, Work et al., 2014; Venier et al., 2017) engendrant un changement potentiel de

pression de prédation pouvant influer sur leur réponse.
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Enfin, I’importance de la dispersion active chez ces deux taxa dans le processus de
rétablissement de leurs communautés respectives fut déja mentionnée et notamment
dans leur dynamique de recolonisation suite a une perturbation (cf supra). Certaines
études ont déja tenté d’utiliser plusieurs traits morphologiques conjointement pour
¢valuer la capacité de dispersion active des espéces chez les collemboles en
déterminant que celles avec des pattes et des antennes plus longues ainsi qu’avec un
systéme visuel complet (8 ocelles), des traits majoritairement associés aux espéces
épiédaphiques, dispersaient plus rapidement notamment dans des conditions plus
instables (Ponge et al., 2006; mais cf Auclerc et al., 2009). Cependant, une telle
approche n’a jamais été pareillement employée chez les acariens oribates bien que
des études aient tout de méme montré que des espéces euédaphiques (e.g., Oppiella
nova Oudemans, 1902) pouvaient se disperser relativement rapidement (Ojala et
Huhta, 2001; Lehmitz et al., 2012). Une des pistes possibles établissant ce lien entre
la morphologie des espéces et leur capacité de dispersion active fut partiellement
trouvée par Karasawa et Hijii (2004). Ces derniers déterminérent que la longueur du
sensillus et la morphologie des griffes divergeaient entre une espéce vivant dans le sol
forestier (un sensillus plus long et une seule longue griffe) ou sur le tronc des arbres
(un sensillus plus court et trois petites griffes), un microhabitat beaucoup plus
instable et reliérent ces différences a la capacité des espéces a se déplacer activement
dans ces deux microhabitats différents. Il serait donc pertinent d’évaluer la capacité
potentielle de dispersion active (trait de réponse écologique) des espéces des deux

taxa, suivant ces traits morphologiques, dans le processus de rétablissement.

Si on souhaite étudier la réponse fonctionnelle des communautés de ces deux taxa
suite a la perturbation du sol, il est donc nécessaire d’évaluer les changements dans
leur structure fonctionnelle en termes de diversité et de composition des traits de
réponses de leurs espéces (Vanderwalle et al., 2010; Moretti et al., 2013; Mori et al.,
2015a,b). Pour cela, il est souvent conseillé d’utiliser ensemble les deux métriques

suivantes au regard de leur pertinence et complémentarité (Ricotta et Moretti, 2011):
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(1) la diversité fonctionnelle (FD pour "functional diversity", incluant la richesse,
I’équitabilité et la divergence) correspondant & la variation (dissimilarité) présente
dans I’espace multidimensionnel associé a 1’assemblage d’une communauté
d’espéces déterminé selon leurs traits et abondances relatives (Mason et al., 2005;
Villéger et al., 2008; Mouchet et al., 2010). Elle permet de mesurer le nombre
d’espéces maximalement distinctes suivant leurs traits dans une communauté (FD o),
mais aussi la variation de composition fonctionnelle des communautés a des échelles
spatiotemporelles distinctes (FD B - Ricotta et Burrascano, 2008; Garnier et Navas,
2012); (2) la valeur moyenne pondérée (i.e., dominante) de chacun de ces traits au
sein de la communauté (CWM pour "Community weighted mean" - Garnier et al.,
2004; Ricotta et Moretti, 2011) informant précisément sur sa composition
fonctionnelle. Ainsi, quand une diminution de la FD implique une plus faible
variation dans la composition des traits des espéces a 1’échelle communautaire
suivant cette perturbation via le filtrage environnemental associé, les changements
des CWM des traits permettent eux d’appréhender plus précisément les mécanismes
écologiques en montrant les changements de cette composition (e.g., baisse de la
taille moyenne du corps). Pour mesurer la FD, plusieurs indices existent dont
I’entropie quadratique de Rao dont I’utilisation est souvent recommandée, car elle
permet de considérer plusieurs traits et indices de dissimilarité tout en intégrant au
mieux ses trois composantes et est insensible a la richesse taxonomique des

communautés (Botta-Dukat, 2005; Petchey et Gaston, 2006; Mouchet et al., 2010).

Dans I’évaluation du phénoméne d’homogénéisation biotique des communautés de
faune du sol, les changements dans les traits fonctionnels de réponse des espéces suite
aux perturbations du sol dans la littérature susmentionnée pourraient potentiellement
se traduire par une homogénéisation, mais cette fois-ci fonctionnelle des
communautés de mésofaune du sol. En effet, les espéces capables de survivre a ces
perturbations partageraient des traits plus similaires (especes plus généralistes ou

tolérantes au stress) par le filtrage environnemental associé¢ (Cornwell et al., 2006;
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Olden et Rooney, 2006; Weiher ef al., 2011; Pool et Olden, 2012). Ce phénoméne de
convergence serait ainsi détectable par une baisse de la FD (variation fonctionnelle)
et par des changements de composition en traits (CWM) des communautés. Il fut déja
observé chez différents groupes taxonomiques tels que les mammiféres en réponse a
I’intensification de 1’utilisation des terres a différentes échelles spatiales (Flynn et al.,
2009; Gamez-Virués et al., 2015) ainsi que chez les collemboles et acariens oribates
en réponse a la gestion forestiere (Vanderwalle ef al., 2010; Mori et al., 2015a,b).
Mais cela n’a jamais été montré suite a la récolte intensive de biomasse. De plus,
cette homogénéisation des communautés de mésofaune du sol pourrait altérer le
fonctionnement du sol via I’importance de leur diversité et composition fonctionnelle

(Cadotte et al., 2011; Bardgett et Van der Putten, 2014; Handa et al., 2014).

Il serait aussi nécessaire d’évaluer si et comment le phénoméne inverse i.e., une
divergence fonctionnelle, se met en place au sein des communautés se rétablissant
suite a la récolte intensive de biomasse a travers le retour au cours du temps d’espéces
aux traits différents. Normalement associée a 1’assemblage des communautés par le
filtrage biotique via les interactions telles que la compétition, excluant les espéces
trop semblables a coexister en leur sein, cette divergence est en effet aussi relié au
rétablissement des communautés par le processus de recolonisation d’un habitat suite
a une perturbation (Weiher ef al., 2011; Garnier et Navas, 2012; Mori e al., 2015a,b;
Widenfalk ef al., 2016). Détectable par une hausse de la FD et par des changements
de composition des traits (CWM) des communautés, il serait donc pertinent d’évaluer
si et comment cette divergence s’opére ici chez les deux taxa. Malmstrém (2012 b) a
par exemple observé un rétablissement fonctionnel des collemboles 10 ans aprés un
feu en forét boréale en considérant la taille du corps, le mode de reproduction, la
préférence de microhabitat et la capacité de dispersion des espéces. Lindberg et
Bengtsson (2005, 2006) ont quant a eux observé un rétablissement plus rapide des
communautés de collemboles que d’acariens oribates 6 ans aprés une sécheresse en

forét boréale via ces mémes traits plus la stratégie d’histoire de vie des especes.
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0.5  Objectifs de recherche et hypothéses associées

La présente étude vise donc a évaluer la réponse taxonomique et fonctionnelle des
communautés de collemboles et d’acariens oribates a la récolte intensive de biomasse
ligneuse dans des foréts de pin gris du Nord-est de 1’Ontario & deux échelles

spatiotemporelles. Elle s’organise en trois chapitres aux objectifs respectifs suivants:

Objectif 1 (Chapitre I): il s’agira de (1) mesurer les effets d’un gradient d’intensité
de récolte de la biomasse ligneuse et de perturbation du sol (du tronc seul a celle de
I’arbre entier, de sa souche et du retrait des couches organiques du sol), implanté lors
de la coupe totale d’un peuplement de pin gris sur le site expérimental Island Lake, a
court terme (2 ans post-récolte) sur la structure taxonomique des communautés de
collemboles et d’acariens oribates, et (2) d’évaluer si et comment les changements
environnementaux associés au gradient pourraient étre associés aux modifications

taxonomiques possiblement observées au cours du temps incluant différentes saisons.

Objectif 2 (Chapitre II): il conviendra de déterminer plus clairement les mécanismes
écologiques expliquant les réponses taxonomiques des communautés de collemboles
et d’acariens oribates au gradient d’intensité de récolte de biomasse ligneuse
observées & court terme (cf. Chapitre I). Pour cela, il faudra pareillement (1) évaluer
les modifications potentielles dans leur structure fonctionnelle respective en
considérant la diversité et la composition des traits de réponse spécifiques de leurs

especes et (2) les associer aux filtres environnementaux majeurs les expliquant.

Objectif 3 (Chapitre III): il s’agira de (1) déterminer 1’évolution & plus long terme
des effets potentiellement observés a court terme et localement de la récolte intensive
de biomasse sur les communautés de collemboles et d’acariens oribates (cf
Chapitres I et II) en utilisant un gradient de récolte quasi similaire (souches et
couches organiques du sol furent récoltées ensemble ici) appliqué il y a 20 ans suite a

la coupe totale de 5 peuplements de pin gris (sites expérimentaux LTSP) ainsi que les
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approches taxonomique et fonctionnelle. 11 faudra enfin (2) relier leurs modifications

possiblement persistantes aux conditions environnementales associées au gradient.

Pour D’objectif 1, il est estimé (i) qu’une modification claire de la structure
taxonomique des communautés des deux taxa aprés la coupe totale devrait étre
observée avec une réduction de leurs densité, biomasse et diversité spécifique (o)
ainsi qu’une altération compositionnelle suite aux changements environnementaux
drastiques du sol (e.g., microclimat modifié surtout en été). (ii) Cette modification
devrait ensuite s’accentuer selon le gradient de récolte et notamment aprés une récolte
intensive par la disparition plus importante de microhabitats favorables pour de
nombreuses espéces en raison de la réduction croissante de la couverture organique
du sol forestier incluant les débris ligneux. (iii) Ces modifications pourraient enfin
étre plus marquées chez les acariens oribates via leur plus forte sensibilité aux
perturbations du sol forestier en raison de leur stratégie d’histoire de vie plus lente et

de leur plus faible vitesse de dispersion par rapport aux collemboles en général.

Pour I’objectif 2, il est supposé que (i) les modifications taxonomiques des deux taxa
le long du gradient de récolte et notamment aprés une récolte intensive devraient étre
associées a une baisse de la diversité fonctionnelle et un changement de composition
des traits des espéces. Ceci proviendrait d’une perte d’especes inféodées a la surface
du sol (plus grande, se reproduisant plus sexuellement et plus micro-détritivores) vs
une survie majeure des espéces vivant plus en profondeur dans le sol et généralement
parthénogénétiques. (ii) Cette homogénéisation fonctionnelle résulterait de la perte de
couverture organique du sol et des ressources alimentaires associées ainsi que du
microclimat altéré et pourrait étre exacerbée durant 1’été en raison des effets
concomitants avec ceux de la récolte intensive (e.g., microclimat plus variable). (iii)

Elle pourrait enfin étre plus prononcée chez les acariens oribates, car plus sensibles.

Pour I’objectif 3, il est fait I’hypothése que (i) ces modifications taxonomiques (plus

faibles densité, biomasse, et diversité spécifique ainsi qu’une composition altérée) et
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fonctionnelles (diversité plus faible et composition modifiée avec moins d’espéces de
surface) devraient étre encore présentes dans les communautés des deux taxa en
comparaison de la forét mature non coupée (pas de rétablissement) et notamment
chez celles des acariens oribates, car plus sensibles a la récolte de biomasse. (ii) Ces
modifications persistantes devraient étre plus marquées suite aux pratiques intensives
de récolte et (iii) le manque persistant de microhabitats favorables a la surface du sol
dans ces parcelles intensément récoltées devrait en étre la raison suivant une

couverture organique encore réduite incluant peu de débris ligneux.

Le Chapitre I est publié sous la forme de I’article scientifique suivant: Rousseau, L.,
Venier, L., Hazlett, P., Fleming, R., Morris, D. & Handa, I.T. (2018). Forest floor
mesofauna communities respond to a gradient of biomass removal and soil
disturbance in a boreal jack pine (Pinus banksiana) stand of northeastern Ontario

(Canada). Forest Ecology and Management, 407, 155-165.

Le Chapitre Il correspond au manuscrit de [’article scientifique: Rousseau, L.,
Venier, L., Aubin, 1., Gendreau-Berthiaume, B., Moretti, M., Salmon, S. & Handa, T.
Intense woody biomass removal leads to functional homogenization of boreal soil

mesofaunal communities. Soil Biology and Biochemistry (soumission imminente).

Le Chapitre III est publié sous la forme de I’article scientifique suivant: Rousseau,
L., Venier, L., Fleming, R., Hazlett, P. Morris, D. & Handa, I.T. Long-term effects of
biomass removal on soil mesofaunal communities in northeastern Ontario (Canada)

jack pine (Pinus banksiana) stands. Forest Ecology and Management, 421, 72-83.

L’innovation de ce doctorat est donc de considérer dans le présent contexte deux taxa
majeurs de la mésofaune du sol aux écologies similaires, mais ayant des stratégies
d’histoire de vie et vitesses de dispersion différentes, comme bio-indicateurs via la
réponse conjointe de leurs communautés suivant deux échelles spatiotemporelles

distinctes en utilisant des approches taxonomique et fonctionnelle de concert.
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1.1 Résumé

La biomasse ligneuse est de plus en plus récoltée dans les foréts boréales canadiennes
pour la production de bioénergie. Cependant, il existe une préoccupation quant a la
durabilité environnementale des pratiques de récolte. Nous avons évalué comment les
communautés de mésofaune du sol forestier ont répondu & un gradient d’intensité
croissante de récolte de la biomasse ligneuse et de perturbation du sol établi aprés la
coupe d’une forét de pin gris (Pinus banksiana) dans le Nord-est de 1’Ontario et si la
modification de leur structure taxonomique était liée aux changements
environnementaux. Cinq traitements expérimentaux ont été considérés incluant (1) la
forét non coupée (pas de récolte) comme contrdle, (2) la récolte du tronc seul, (3) de
I’arbre entier (tronc, cime et branches), (4) de I’arbre entier avec prélévement de la
souche et (5) avec I’élimination des couches organiques du sol forestier. Deux ans
aprés I’application des traitements, nous avons comparé la structure des communautés
de collemboles (Collembola) et d’acariens oribates (Oribatida) dans les échantillons
de mousses et de sol le long de ce gradient. Bien que les deux taxa ont montré des
réponses quelque peu contrastées, chaque communauté avait en général une densité et
une diversité (o) d’espéces nettement plus faibles ainsi qu’une composition modifiée
en réponse a la récolte de la biomasse par rapport a la forét non coupée. Ces
différences étaient particuliérement visibles dans les deux traitements de récolte les
plus intensifs (récolte d’arbres entiers avec prélévement de la souche et I’élimination
du sol forestier). Nous avons attribué ce résultat a la perte majeure d’espéces de
surface aprés la récolte et le long du gradient, en particulier dans les communautés
d’acariens oribates, probablement en raison de la perte de microhabitats favorables
fournis par la mousse et les débris ligneux. Les changements environnementaux
observés le long du gradient, au-dela de la perte de ces microhabitats, ont été conduits
par 1’élimination du sol forestier, en diminuant la richesse en nutriments et I’acidité et
en augmentant la température du sol. Les communautés de mésofaune ont été

clairement modifiées par les pratiques plus intensives de récolte par rapport a la seule
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récolte seule de la biomasse du tronc et de I’arbre entier. Des études & long terme
seront nécessaires pour déterminer comment ces observations varient dans le temps

afin d’informer la gestion durable de cette récolte de biomasse ligneuse dans ces

foréts.

Mots-clés: Collemboles, Acariens oribates, Récolte des résidus, Bryophyte



42

1.2 Summary

Woody biomass is increasingly harvested in Canadian boreal forests as a source of
bioenergy. However, there is concern over the environmental sustainability of
harvesting practices. Our study assessed how forest floor mesofauna communities
responded to an increasing intensity gradient of biomass removal and soil disturbance
in a jack pine (Pinus banksiana) forest in northeastern Ontario, and whether any
modification in community structure could be related to environmental change. Five
experimental treatments were established that included (1) a mature jack pine control
stand (no recent harvesting) and harvesting of (2) stem-only, (3) whole-tree (stem, top
and branches), (4) whole-tree with stump removal and (5) whole-tree with stump and
forest floor (organic layer) removal. Two years after treatment application, we
compared the structure of springtails (Collembola) and oribatid mites (Oribatida)
communities in moss, organic and mineral soil samples along this gradient. Despite
both taxa showing somewhat contrasting responses, in general, each community had
significantly lower density and species a-diversity and more compositional
dissimilarities in response to biomass removal compared to mature uncut stands.
These differences were especially marked in the two most intensive removal
treatments (whole-tree harvesting with stump removal and that with the additional
forest floor removal). We attributed this result to the major loss of surface-dwelling
species after harvesting and along the biomass removal gradient, especially in
Oribatida communities, likely due to the loss of favourable microhabitats provided by
moss and woody debris. Environmental changes observed along the gradient, beyond
the loss of these microhabitats, were driven by the removal of forest floor decreasing
soil nutrient richness and acidity and increasing soil temperature. Forest floor
mesofaunal communities were clearly modified by more intensive biomass removal
practices as compared to stem-only and whole-tree biomass harvesting. Long-term

studies will be needed to investigate to what extent these patterns vary through time
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in order to inform sustainable management of woody biomass removal in this

ecosystem.

Keywords: Collembola, Oribatida, Logging residues, Bryophyte
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1.3 Introduction

In response to concerns about non-renewable energy sources and potential
consequences of climate change, scientists, policy makers and the forestry industry
are now considering additional woody biomass beyond that removed for traditional
wood products (i.e., saw logs, pulp and paper) as a viable feedstock for renewable
bioenergy (Paré et al., 2011; Lempriére et al., 2013). Within North America, the
forestry industry has given this resource increasing attention to potentially diversify
the energy supply (Puddister et al., 2011). This woody biomass includes roadside
stem wood processing debris (tops and branches), undersized plus undesirable tree
species and potentially stumps and could constitute until 66 m’ ha! yr! of additional
biomass harvested in Canadian boreal forests stands depending on their age and

management type (Berch et al., 2011; Puddister et al., 2011; Paré et al., 2011).

Ecological consequences of additional biomass removal including stumps have been
well studied in Scandinavia due to older and more intensive management (Berch ef
al., 2011; Persson, 2012). In North American forests, these consequences are less
understood (Lattimore et al., 2009; Hazlett et al., 2014; Work et al., 2014), despite
such an understanding being a critical step towards developing sustainable practices
(Stupak et al., 2011; Clarke, 2012). In general, harvesting of whole-tree biomass
(stem, top and branches) or more intensive practices including harvesting of stumps
decrease dead wood volume, ground vegetation, moss and organic soil cover in
boreal forests (Astrém et al., 2005; Berch et al., 2011; Persson, 2012). Other changes
to environmental properties of the forest floor include nutrient depletion (Thiffault ez
al., 2011; Hazlett et al., 2014, Kwiaton et al, 2014) and modified microclimate
(Fleming et al., 1998; Proe et al., 2001; Jeglum et al., 2003) while supplementary
alterations can be due to site preparation including forest floor removal which is
frequently done in order to facilitate tree planting and seedling growth by limiting

competition and providing a warmer microclimate (Jeglum er al, 2003). These
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environmental changes are above all already known to alter forest floor biotic
communities due to less favourable microhabitats (Battigelli ef al., 2004; Hartmann et
al., 2012; Work et al., 2014), as well as to lead to clear modifications of ecological

processes such as nutrient cycling (Thiffault e al., 2011; Symonds et al., 2013).

One approach to better understand the consequences of more intensive forestry
practices is to measure the response of relevant ecological indicators along a broad
gradient of biomass removal that bracket and extend beyond current recommended
practices. Forest floor fauna includes sensitive ecological indicators of disturbance
(Langor et Spence, 2006; Berch er al., 2011). In boreal forest floors, invertebrate
communities and in particular mesofauna such as Collembola and Acari (especially
Oribatida) can reach density of more than 200,000 individualsm™ (Petersen et
Luxton, 1982). These organisms are essential to ecological processes such as organic
matter decomposition, nutrient cycling and physical microstructuring of soils (Neher
et al., 2012; MaaB et al., 2015a). The presence of downed dead wood is beneficial to
mesofauna, providing a range of favourable microhabitats (Siira-Pietikdinen et al.,
2008; Déchéne et Buddle, 2010; Malmstrém, 2012a). Dead wood also maintains
forest floor moisture, reduces temperature fluctuations, facilitates the establishment of
ground vegetation and provides food resources that are beneficial to forest floor

mesofauna (Skubala et Duras, 2008; Stokland et al., 2012).

Previous short-term studies (1-5 years) in North American boreal forests have
demonstrated that compared to stem-only harvesting, whole-tree biomass removal
leads to lower density and species richness as well as compositional changes in
Collembola and Oribatida communities (Bird et Chatarpaul, 1986; Battigelli et al.,
2004). Similar responses have also been observed for both taxa with more intensive
management practices such forest floor removal (Battigelli et al., 2004; Addison,
2006). Effects of stump removal on forest floor mesofauna has been studied only in

Scandinavian forests where similar modifications were found due to greater mineral
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soil exposure (Kataja-aho et al., 2016), although stumps have been recognized as
important habitats in coniferous forests in Sweden (Malmstrém, 2012a) and western
Canada (Setéléd et Marshall, 1994). However, we know of no North American studies
that have included a species-level analysis of the taxonomic responses of these both

taxa simultaneously along a broad gradient of biomass removal including forest floor.

Here, we present results from an experimental study conducted in a 40-year old,
second-growth jack pine (Pinus banksiana) stand in northeastern Ontario where a
gradient of biomass removal and soil disturbance was implemented to manipulate
woody biomass volume and organic matter retention. We aimed to (1) determine
short-term effects on the taxonomic structure of Collembola and Oribatida
communities; and (2) assess how environmental changes associated with the
treatments could be potentially linked to mesofaunal responses. We hypothesized that
both indicator taxa would show compositional shifts and a decrease in density and o-
diversity in response to harvesting in general, and along the gradient of biomass
removal and soil disturbance due to less suitable microhabitat conditions on the forest
floor. We also hypothesized that Oribatida communities would be more sensitive
indicators to disturbance than Collembola as shown previously (Bird et Chatarpaul,
1986; Lindo et Visser, 2004; Lindberg et Bengtsson, 2005) due to their different life
history strategies (K vs r - Maraun et Scheu, 2000; Petersen, 2002) and lower
dispersal rates (Astrém et Bengtsson, 2011 but ¢f Ojala et Huhta, 2001).

1.4  Materials and methods
1.4.1 Study area and experimental design

Our study was carried out at the Island Lake Biomass Harvest Experiment near
Chapleau, Ontario, Canada (47° 42' N, 83° 36' W) in the boreal forest in the Ontario
Shield Ecoregion 3E (Figure 1.1 - Kwiaton ef al., 2014). Mean annual temperature is
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Figure 1.1 Map of the Island Lake Biomass Harvest Experiment area near

Chapleau (Ontario, Canada) as indicated by the star. Each experimental plot is
identified by the block number and the abbreviation of the harvesting treatment: C =
control (mature stand without harvesting); T = tree-length (stem-only harvesting); F =
full-tree biomass (whole-tree harvesting (merchantable and unmerchantable stem, top
and branches)); S = stumped (whole-tree harvesting with removal of stump); B =
bladed (whole-tree harvesting with removal of stump and of the forest floor).
Modified from Kwiaton et al. (2014).
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1.7 °C with a mean total annual precipitation of 797 mm. Growing season is typically
93 frost-free days, from the beginning of June to September. Soils are a coarse to
medium outwash sand with a variable depth loess cap (silty fine sand to silt loam).
The soil profile is representative of a Dystric Brunisol and is overtopped with a
fibrimor humus layer (average depth of 10 cm). Dominant understorey vegetation
included the shrubs Vaccinium angustifolium Aiton (1789) and Prunus pensylvanica
Linnaeus f. (1782) the graminoid Carex umbellata Schkuhr ex Willdenow (1805) and
an important moss cover dominated by Pleurozium schreberi (Willdenow ex Bridel)
Mitten (1869). The area was harvested by clear-cutting in 1959 and replanted with
jack pine in 1962. In January 2011, 49.2 ha was harvested again, but approximately 8
ha of uncut forest (control) was left in the southeast portion of the study area
(Figure 1.1). Four biomass removal treatments were then implemented from July to
September 2011 in a randomized complete block design with five replicates. These
involved (from lowest to highest degree of biomass removal intensity): (1) stem-only
harvesting ("tree-length™), (2) whole-tree harvesting (stem, tops and branches of all
merchantable and unmerchantable trees; "full-tree biomass"), (3) whole-tree
harvesting followed by stump removal ("stumped") and (4) whole-tree harvesting
followed by removal of stumps, ground woody debris and forest floor ("bladed"). The
tree-length treatment was applied operationally by retaining all tops, branches and
non-merchantable trees on plots. In the full-tree biomass treatment, the entire
aboveground portion of the harvested trees were removed and processed (ie.,
branches and tops removed) at roadside. Standing dead trees were pushed over and
retained in the harvest blocks. The stumped treatment was done using a bucket
excavator with forked teeth to pull out stumps and attached coarse roots from the soil
vertically with minimal disturbance and move them 10 m beyond the plot boundary.
The same excavator, equipped with a blade, was used to remove remaining woody
debris, stumps, roots, and forest floor in the bladed treatment. As with the stumped
treatment, bladed material was moved to a minimum of 10 m outside the plot

boundaries. Treatment plots were separated by at least 20 m from each other to
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mitigate reciprocal influences. Full-tree biomass harvesting was applied in the buffer
zones. All treatment plots were 70 x 70 m to minimize edge effects and were located
at least 20 m from the edge of the uncut stand. Site preparation was completed using a
disc trencher (+ 2.1 m between trenches) in all plots except for those bladed. Each
plot was then subdivided into four 35 x 35 m subplots. During May 2012, the two
northern subplots of each biomass removal treatment plot were planted with jack pine
and the two southern subplots with black spruce (Picea mariana). Five plots (70
x 70 m) were also established in 2012 within the uncut stand ("control" treatment;

Figure 1.1) and each plot was randomly assigned to a specific block of treatments.

1.4.2 Forest floor mesofauna sampling

Field sampling of mesofauna was conducted by taking one soil core in the early
growing season (June 24-25, 2013) and in the late season (August 6-7, 2013) in the
flat, undisturbed area between trenches in the northeastern (jack pine) subplot or in
the equivalent subplot of control plots. Additionally, all subplots were resampled in
the early season (May 27, 2014) with two soil cores to reduce variability associated
with spatial heterogeneity. PVC soil corers (5 cm diameter, 10 cm depth) were used
to collect organic (L, F, H horizons combined) and the upper mineral soil within each
core. Due tp its importance as a microhabitat for mesofauna (Salmane et Brumelis,
2008; Bokhorst et al., 2014), we collected the thick stratum of mosses (Bryophyta)
above the organic F horizon in control plots only (not present in significant amounts
in the harvested plots) using a 10 x 10 cm quadrat. Moss depth was assessed by
measuring the distance between the top of the moss stratum and the F horizon so as to
express mesofauna per unit volume. In total, we collected 25 soil and 5 moss samples

for each sampling date in 2013 and 50 soil and 10 moss samples in 2014.
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Soil samples were transported in PVC soil corers wrapped in aluminium foil and
placed in sealed polyethylene bags. Moss samples were placed directly in bags. All
samples were kept in coolers at + 4 °C until mesofauna extraction within 48 hours. In
the laboratory, intact soil samples were extruded from the corers using a sharp knife.
For the June 2013 collection the entire core was processed as a single sample,
however, in the other sampling periods, the core was separated into organic (L, F, H
combined) and mineral soil horizons. Soil and moss samples were weighed (fresh)
and placed in a Tullgren dry-funnel apparatus for 6 days (two days each at 30 °C,
35°C and 40 °C) in a temperature-controlled room. Forest floor mesofauna was
recovered in 70 % ethanol and sorted using a dissecting microscope. All specimens
(juveniles and adults) were counted as Collembola, mites and others (e.g,
pseudoscorpions). Collembola species (juveniles and adults) were identified from all
sampling dates. Identification of Oribatida species was limited to adult specimens and
only done in 2013. Very small species (e.g., Brachychthoniidae) were probably
overlooked. All specimens were cleared in 88 % lactic acid, mounted in Hoyer's
medium and identified using a contrast phase microscope LeicaDM1000 (800X
magnification). Christiansen et Bellinger (1998) and Fjellberg (1998, 2007) were
primary sources for Collembola identification. Behan-Pelletier et al. (2014) and
Krantz et Walter (2009) were primary sources for Oribatida identification. Species
nomenclature followed Bellinger et al. (2017) for Collembola and Subias et al.
(2012) for Oribatida. Species density was determined by counting specimens per
sample while a-diversity (effective number of species) was assessed using the
exponential form of the Shannon-Wiener index (Magurran, 2004). We calculated
mesofauna biomass using allometric equations (one equation for all Oribatida species
based on their body length and width (Caruso et Migliorini, 2009) and one equation
for each Collembola family based on the species body length (Caballero et al., 2004).
Density and biomass data were standardized on a per unit volume basis of each
sample (soil and moss). In 2014, data of the two sampling points from each plot were

combined to provide a plot-level average (experimental unit) for statistical analyses.
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1.4.3 Assessment of environmental variables

We measured several environmental variables in all experimental plots where
mesofauna were sampled. Ground vegetation cover (shrubs, grasses, mosses and
forbs) was estimated visually (to the nearest 5 %) in 1 m® quadrats centred over each
soil core. Its a-diversity was measured using the exponential value of the Shannon-
Wiener index calculated using the percentage cover of the species present.
Belowground (coarse and fine root) biomass was measured to a depth of 10 cm in
July 2013 within a 1 m? area in the same subplots (see Laigle (2018) for details on
methods). Likewise, soil microbial biomass was measured in June 2013 using a
pooled sample of LFH horizons and mineral soil (Smenderovac (2014) for methods).
At each sampling position, we also measured the thickness of organic (L, F, H
horizons in harvested plots and F, H horizons in uncut plots) and mineral soil
horizons in the first 10 cm of each soil profile. In 2014, soil temperature was recorded
at the time of mesofauna sampling at 5 cm depth using a Cooper Atkins digital
thermometer. In addition, soil temperature and moisture were recorded daily from
May to October in 2013 and 2014 using data loggers installed at the organic-mineral
horizon interface and at 10 cm depth in the mineral soil in two of the five blocks.
These descriptive data aided in the interpretation but were not included in any
analyses. Woody debris volume was measured on each plot in July 2012 using the
line intercept and fixed quadrat methods (cf Kwiaton ef al. (2014) for more detail) to
quantify fine (diameter < 5 cm; "FWD") and coarse (diameter > 5 cm; "CWD")
debris. After mesofaunal extraction, soil and moss samples were dried (24 h at
105 °C) to determine soil bulk density and forest floor moisture (gravimetric water
content of soil and moss). pH was measured on forest floor (moss, organic and
mineral soil horizons) samples while total carbon, total nitrogen, available
phosphorus, available and total potassium, calcium and magnesium concentrations
and cationic exchange capacity were measured on organomineral soil following

methods described by Kwiaton et al. (2014); ¢f. Chapitre I1I, section 3.4.4.).
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1.4.4 Data analyses

We tested the effects of biomass removal treatments and sampling date (early and late
season 2013 for both taxa and early season 2014 only for Collembola) on density,
biomass and species a-diversity of each taxon in combined samples (mosses, organic
and mineral soil ) using linear mixed models (Zuur et al., 2009). These two factors,
including their interaction, were considered as fixed, block was considered as random
and maximum likelihood (ML) was used to estimate variance components. We tested
if this complete model explained significantly the variance of our data compared to a
null model (without fixed factors) based on their Akaike Information Criterion (AIC)
using analysis of variance (ANOVA). If it was the case, we tested by ANOVA each
factor and their interaction. Density and biomass data for both taxa were transformed
as (arcsine(square-root(density + 1) and log(biomass+ 1) to respect normal
distribution and homoscedasticity. Tukey Honest Significance Difference (HSD) tests

were used as post-hoc contrasts.

In order to assess compositional differences of Collembola and Oribatida
communities among treatments and sampling dates with block as a random factor, we
used a distance-based permutational multivariate ANOVA (perm-MANOVA -
Anderson, 2001). This method measured the percentage of variation i.e., inertia
(coefficient of determination, R?) of the community explained by treatment, sampling
date, and their interaction. Species densities were Hellinger-transformed prior to
calculating Bray-Curtis index dissimilarity matrices (Legendre et Legendre, 2012).
Then, treatment and sampling date differences in community composition were
assessed using a permutational pairwise mean distance comparison test on this
dissimilarity matrix with a false discovery rate (fdr) correction for multiple tests
(Benjamini et Hochberg, 1995). Compositional variation within plots of each
treatment was measured using mean distances to centroids in multivariate ordination

(larger distance indicated more variation) and differences were tested using ANOVA
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and Tukey HSD tests (Betadisper test - Anderson et al., 2006). We also tested if this
variation changed over time. Variation across biomass removal treatment plots and

across time was considered as an indicator of B-diversity (Mori et al., 2015a,b).

Given the importance of moss as a microhabitat, we also compared community
structure of both taxa between strata (moss and soil horizons) in the control treatment
(uncut forest) for each sampling date. We did not consider any block effect because
previous analyses showed that conditions were homogeneous. Density, biomass and
a-diversity for both taxa were tested with a Kruskal-Wallis H-test, while shifts in

community composition between strata were tested using a perm-MANOVA.

To understand environmental changes along the gradient, we first analysed the
overall differentiation between treatments per sampling date using a Principal
Component Analysis (PCA). Then, we compared each environmental variable

separately among treatments using linear mixed models (as described above).

To evaluate how environmental changes influenced mesofaunal community structure
at each sampling date and across all sampling dates, we used redundancy analysis
(RDA). Soil nutrient data were synthesized in a "soil chemistry index" created by
using the score of the first PCA axis and interpreted as nutrient richness. Some
variables were restricted to particular years: soil microbial biomass and belowground
biomass in 2013 and soil temperature in 2014. After removing strongly collinear
variables (correlation coefficient > 0.8), a permutational backward selection of
variables was done from the RDA on Hellinger-transformed density data (Legendre et

Legendre, 2012). Explained and adjusted (adj.) inertia (R?) were tested by ANOVA.

All analyses were done with R (v. 3.1.2, 2014) and data permutations consisted of
99,999 iterations. Analyses were implemented with the following packages: Ime4
(Bates et al., 2015) for linear mixed models, agricolae (de Mendiburu, 2017) for
Tukey HSD tests, vegan (Oksanen et al., 2017) for Hellinger-transformations,
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dissimilarity matrices, perm-MANOVA, Betadisper tests and RDA, RVAideMemoire
(Hervé, 2016) for permutational pairwise mean distance comparisons, pgirmess
(Giraudoux, 2015) for Kruskal-Wallis H-tests and ade4 (Dray et Dufour, 2007) for
PCA.

1.5  Results
1.5.1 Summary of sampled mesofauna communities

We collected 4,096 Collembola specimens comprising 58 different species (Annexe
A: Table A.1). Abundant (> 5 %) Collembola species in the early season (June 2013
and May 2014) included Folsomia nivalis Packard (1873), Hymenaphorura similis
Folsom (1917), Hymenaphorura subtenuis Folsom (1917), Mesaphorura yosiii
(Figure 0.1C) and Isotomiella minor Schaeffer (1896). Later in the season (August
2013), F. nivalis remained the most abundant species, but other abundant taxa
included Willemia anophthalma Borner (1901) and Parisotoma ekmani Fjellberg
(1977). In 2014, we found two specimens of Choreutinula americana Palacios-
Vargas, Castafio-Meneses & Gao (2010) which was a first record for Canada
(Palacios-Vargas et al., 2010). For Oribatida (Annexe A: Table A.2), we collected
3,484 specimens comprising 36 species in 2013. Dominant early season Oribatida
included Oppiella nova, Scheloribates pallidulus (Figure 0.2A), Oppia nitens Koch
(1836) and Suctobelbella spl Jacot (1937). These four species remained the most

abundant in the later season in addition to Ceratozetes mediocris Berlese (1908).

1.5.2 The importance of mosses for boreal mesofaunal communities
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Density, biomass and a-diversity of Collembola and Oribatida in control plots were
significantly higher in mosses than in soil horizons in June 2013 (Figure 1.2A-B: p <
0.05). In August 2013, Collembola a-diversity remained significantly higher in the
mosses than in organic and mineral soil (Figure 1.2A: p < 0.01), but density and
biomass did not differ between horizons. Both Oribatida a-diversity and biomass
were higher in the mosses than in the mineral soil (Figure 1.2B: p < 0.05) in August
2013. In May 2014, Collembola density and biomass were significantly higher in
mosses than in mineral soil (Figure 1.2A: p < 0.05), but both were not different from
the organic horizon. Similar to June 2013, Collembola a-diversity was two times
higher in mosses than that in either soil horizons in May 2014 (Figure 1.2A: p <
0.01). Finally, composition differed between the moss stratum and soil horizons for
both Collembola and Oribatida communities (data not shown) at both the early season

(p <0.05) and even moreso, the late season sampling dates (p < 0.001).
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1.5.3 Responses of Collembola and Oribatida communities to biomass removal

treatment and sampling date

Density, biomass and species a-diversity of Collembola communities in the forest
floor were significantly higher in the control treatment than in all other treatments
(Table 1.1: p < 0.001). Collembola density was significantly higher in the tree-length,
full-tree biomass and stumped treatments than in the bladed treatment. Other notable
differences included a higher a-diversity of Collembola in the stumped as compared
to bladed treatment and a higher Collembola biomass in the tree-length treatment
compared to the bladed treatment (Table 1.1). Biomass removal gradient explained
11 % (R? of Collembola community composition and was largely driven by
differences between the control and all the harvested treatments (Table 1.2: p <
0.001). The compositional variation of Collembola communities was also
significantly higher in the bladed treatment than in the control, full-tree biomass and
stumped treatments and higher in the tree-length treatment than in the control
treatment (Table 1.2: p < 0.001). Collembola density was nearly two times higher in
May 2014 than in June 2013 (Table 1.1: p < 0.05) and o-diversity was higher in
August 2013 than in June 2013 (p < 0.05). Community compositional similarity
differed among three sampling dates (Table 1.2: R* = 18 %, p < 0.001) and a clear
interaction with treatment was observed (R>= 16 %, p <0.001) with a higher overall

variation in June 2013 than in May 2014 (p < 0.05).



Jooy} 32103 ay3 Jo pue durms

Jo [eaowas yim SursaAtey 29.4-9[0ym = pape[d ‘duwmys Jo [eAOwAI im SunsaAtey san-o[oym = padwmig ‘(seyourlq pue do} ‘wie)s s[qejueydISWUN
pue s[qejueysJomi) SulisaAtey 294-9[0YM = SSBUWIOIG 291-[[n] ‘Bunssley AJuo-wals = fJuo[-0al], (Burisaaley JNOYNM puelS 2InjBll = [ONUOD) i
100°0> @ sxx “S0°0 > d 4 (S0°0 < @) JueOYIUBIS JOU = SU |

su su su su ~ su a
3yep Sunjdures - JuUaWI)BIL) [BAOWAL SSEWIOLY UOIIBINU]
su su su % su . 4
- qe(8°0) [1'¥ (€2°0) 660 2(81) 001 10T Ae
(65°0) €5°S (zeo) 81l (se) 61¢ 2(19°0) Ov'¥ (91°0) 99°0 qe (91) +8 €10z Jsndny
80 ¥1°S (€T°0) 0g'1 (9€) 8¥T q(ev0) Tr'e (€1°0) $9°0 q(6) 6v €10g ounf
ayep sundureg
* %k K * ok * ok k * ok * sk ok * kK +Q
Q(sy'0)60C  2(#0°0) 01°0 o(11) z€ 2(9€0) ¥6'1 9(L00)SI°0 2(¢) TI papeld
2(58°0) 0S°S q(0Z'0) 08°0 q (v€) 081 qQ(9g0)eLe  29(€I0) €50 q(L1) 69 padwmnyg
e(Ly0)¥SS q(by0) LET qe (s¥) 76T 29 (6£'0)81'€  29(Z10) 6¥°0 q(91) 0L ssewiolq san-[|ng
B(SL°0) 18°S q(820)9Z'1 qe (z9) L8T 29 (€0)60€  q(€£1°0) 890 q(L1) 08 yi3uo|-vai],
e(pS0)EL’L  8(95°0)89°C e(vv) 9LE 8(75°0) €6'L 2 (0€°0) L6 e (17) LSI Jonuo)
_u-_o—:u-wo.: [eAOWIDI sseUIOlYg
(xopur vomeydX®)  (J00[ 15910§ (J0o0[J 1210 (xopur voueygdX®)  (00[J 38310§ (1o0[J 15210

ANSISAIP Jo .wo 3i) Jo . wp “pu) A)ISI2AIP Jo o grl) Jo . wp *pur) J[qelBA

-0 so10adg ssewiolg Ausus(q -0 so100dg ssewolg Ansuag
BpnEqLIQ g[oquId[[0) BXE],

"SI9)9] ISBOIIMO]
TUSISMJIP Aq PIYESIpUI 98 S[OPOU PIXIUWI JESUT| WOIJ SIOUIIJJIP JUeOIJIUSIS “91Is [ejuswIadxs ayp7 pupjsy sY) 18 UOTIORISIUI
Ioy) pue 9ep 3urdwes quaunean [BAOWDI SSBWOIq 9y} O} 9suodsal ul SaNIUNWWOd BpIeqLI) PuB B[OqUId[[0)) (Sossour

pue [10S) I00[J 15910} JO (JOL1d pIepuels F) AJNSISAIP-D sa10ads pue ssewolq ‘A)isusp uesw Jo uosureduwro) I'I31qeL

89



39

For Oribatida communities, density in tree-length and full-tree biomass treatments
did not differ significantly from the control treatment. However, Oribatida density
was significantly lower in the more intensive treatments compared to the control with
only half as many individuals in the stumped treatment and only one tenth as many
individuals in the bladed treatment (Table1.1: p < 0.001). When considering
Oribatida biomass, tree-length, full-tree biomass and stumped treatments had only
half the biomass observed in the control, while the bladed treatment differed from all
other treatments with < 5 % of what was measured in the control (Table 1.1: p <
0.001). The bladed treatment also showed the lowest a-diversity of Oribatida
compared to all other treatments (p < 0.001). Across sampling dates, the
compositional similarity of Oribatida communities was significantly different
between the control and all biomass removal treatments (Table 1.2: R* = 22 %, p <
0.001). Among biomass removal treatments, tree-length and full-tree treatments
differed significantly from the stumped and bladed treatments. Temporal change of
Oribatida communities was only observed for compositional similarity which differed

between June and August 2013 (Table 1.2: R> =8 %, p <0.001).
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Table 1.2 Changes in taxonomic composition (similarity and variation) of forest
floor (soil and mosses) Collembola and Oribatida communities in response to biomass
removal treatment, sampling date and their interaction at the Island Lake experimental
site. Significant differences in composition (similarity) from the perm-MANOVA are
indicated by different colors (R? corresponds to the inertia explained). Significant
differences in compositional variation from Betadisper tests are indicated by different

lowercase letters.

Taxa Collembola Oribatida
o Variation 5 i Variation
Composition Sm(lllig)rlty (mean distance to Sm(lfli?)r ity (mean distance to
centroids) centroids)

Biomass removal treatment’

Control 0.39¢ 0.22b
Tree-length 0.51 ab 0.33 ab
Full-tree biomass 0.49 be 0.34 ab
Stumped 0.49 be 038a
Bladed 0.62 a 0.33 ab
pT 11 9% *** %k 22 0 k% *
Sampling date

June 2013 0.53a i S 0.35
August 2013 0.45 ab i 0.34
May 2014 , 0410 -

pT 18 9 *** * 8 U ¥** ns

Interaction Biomass removal treatment - Sampling date

p! 16 % *** - 9 % ns -

' ns = not significant (p > 0.05), *p < 0.05, ***p <0.001

! Control = mature stand without harvesting; Tree-length = stem-only harvesting; Full-tree biomass =
whole-tree harvesting (merchantable and unmerchantable stem, top and branches); Stumped = whole-tree
harvesting with removal of stump; Bladed = whole-tree harvesting with removal of stump and of the forest
floor
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1.5.4 Effects of biomass removal treatments on environmental variables

Environmental variables differed significantly among treatments except organic soil
thickness (which was excluded from further analyses as it was completely absent
from the bladed treatment) and available phosphorus concentration in June 2013
(Table 1.3; Figure 1.3 for May 2014). The most marked differences were driven by
the loss of forest floor associated with the bladed treatment where variables differed
significantly from intermediate biomass removal treatments (tree-length, full-tree
biomass and stumped) and from controls. Although similarities were observed among
intermediate treatments, total woody debris volume in the tree-length treatment was
three times greater than the two other intermediate treatments (Table 1.3: p < 0.001;
Figure 1.3). Based on the PCA of May 2014, drivers of environmental variation on
the first axis showing a gradient between bladed and control treatments included
ground vegetation cover, forest floor moisture, forest floor pH, soil chemistry index,
soil temperature and soil bulk density (Figure 1.3). The second axis, which
differentiated intermediate biomass removal treatments, was driven by CWD and
FWD volumes (measured in 2012) and, to a lesser extent, ground vegetation diversity
(Figure 1.3). Patterns were similar in 2013, with soil microbial biomass and root
biomass of ground vegetation also differing between bladed and control treatments

but with varied responses for intermediate treatments (Table 1.3).
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[Ground vegetation cover | [Ground vegetation diversity]
Forest floor moisture

Forest floor pH

Soil temperature

Soil chemistry inde

[Crganic soil thickness

Axis 2 (20 %)
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Figure 1.3  Principal component analysis (PCA) biplot of (A) environmental
variables measured in May 2014 (except woody debris volumes measured in 2012) at
the Island Lake experimental site and (B) shown by treatments. Percent inertia
associated with each principal component is shown in parentheses. Ellipses represent
95 % of inertia attributed to environmental variables within each treatment. C =
control (mature stand without harvesting); T = tree-length (stem-only harvesting); F =
full-tree biomass (whole-tree harvesting (merchantable and unmerchantable stem, top
and branches)); S = stumped (whole-tree harvesting with removal of stump); B =
bladed (whole-tree harvesting with removal of stump and of the forest floor). The

colour scale represents the increasing intensity of the disturbance among treatments.
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1.5.5 Relationships between environmental variables and mesofauna communities

The structure of both Collembola and Oribatida communities were predicted by
environmental variables along the biomass removal gradient (Figures 1.4 and 1.5
respectively). Overall, forest floor moisture, CWD volume, ground vegetation cover,
organic horizon thickness and soil chemistry index (proxy for nutrient richness) were
important predictors of community structure, but explanatory power varied

considerably depending on sampling date (Figures 1.4 and 1.5).

For Collembola, CWD volume, soil chemistry index and forest floor moisture
explained 31 % of the inertia present in the community structure in June 2013
(Figure 1.4A: adj. R* =21 %; F = 3.14, p < 0.001). The first axis (18 % of inertia; F
=5.52, p <0.001) was driven by forest floor moisture while the second axis (7 %; F =
1.98, p < 0.01) was influenced by CWD volume. Soil chemistry index influenced the
ordination along both axes. In August 2013, soil chemistry index and forest floor
moisture explained 27 % of inertia (Figure 1.4B: adj. R> = 20 %; F = 4.08, p <
0.001). The first axis (21 %; F = 6.48, p < 0.001) was again associated with moisture,
while the second axis (5 %; F = 1.68, p < 0.05) was related to soil chemistry index. In
May 2014, ground vegetation cover, organic horizon thickness and CWD volume
explained 30 % of inertia (Figure 1.4C: adj. R? = 20 %; F = 2.94, p < 0.001).
Vegetation cover was related to the first axis (18 %; F = 5.45, p <0.001) while CWD
volume was related to the second axis (6 %; F = 2.57, p < 0.05) and organic horizon

thickness was associated with both axes.
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Figure 1.4  Ordination diagrams (RDA) of variance in Collembola community
structure constrained by environmental variables in response to biomass removal
treatments in June 2013 (A), August 2013 (B) and May 2014 (C) at the Island Lake
experimental site. C = control (mature stand without harvesting); T = tree-length
(stem-only harvesting); F = full-tree biomass (whole-tree harvesting (stem, top and
branches)); S = stumped (whole-tree harvesting with removal of stump); B = bladed

(whole-tree harvesting with removal of stump and of the forest floor).
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For Oribatida, soil chemistry index (nutrient richness), forest floor pH and moisture
plus CWD volume explained 36 % of inertia in June 2013 (Figure 1.5A: adj. R> =25
%; F =3.44, p <0.001). The first axis (14 %; F = 5.56, p < 0.001) was related to soil
nutrient richness and, to a lesser extent, pH while the second axis (11 %; F=4.44,p <
0.001) was related to CWD volume. Forest floor moisture was an important driver to
both axes. In August 2013, forest floor moisture, soil nutrient richness and FWD
volume explained 31 % of inertia (Figure 1.5B: adj. R* = 21; F = 3.11, p < 0.001)
with moisture related to the first axis (18 %; F = 5.57, p < 0.001) and nutrient
richness and FWD volume linked with the second axis (9 %; F = 2.73, p < 0.05).
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LRI "Joe
BT o arT
| B F o Forest floor moisture w4 ®F o
as us
aB uB
= HH FWD volume B
£ * (=]
- o
poy " i
" o o~ o
L) [
3 i & f
®cwop 5 a"a
= : s
’ Forest floor pH {volume P "] o O Forestfioor moisture
Soil chemistry index o
("( D
u
] oo Soll chemistry index a
% T T T T T 1 ’ T T T T T 1
a 2 a o 9 2 3 2 Kl 0 1 2 3 4
Axe1=18%

Axe1=14%

Figure 1.5  Ordination diagrams (RDA) of variance in Oribatida community
structure constrained by environmental variables in response to biomass removal
treatments in June (A) and August 2013 (B) at the Island Lake experimental site. C =
control (mature stand without harvesting); T = tree-length (stem-only harvesting); F =
full-tree biomass (whole-tree harvesting (merchantable and unmerchantable stem, top
and branches)); S = stumped (whole-tree harvesting with removal of stump); B =

bladed (whole-tree harvesting with removal of stump and forest floor).
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1.6 Discussion

Our study demonstrated that two years after biomass removal and soil disturbance,
Collembola and Oribatida communities differed from uncut forest. The most
intensive biomass removal treatment (bladed) where both stumps and the forest floor
were removed showed the greatest loss of density and diversity. The three
intermediate biomass removal treatments did not exhibit strong differences for either
taxon although stump removal (stumped treatment) led to similar Oribatida
community composition as in the bladed treatment and greater variability than in
uncut forests (Table 1.2). The divergent responses of Collembola and Oribatida may
be due to their different ecology in response to the varying environmental variables.
Our results suggest that observed changes in forest floor mesofauna may be linked to
the loss of epiedaphic (surface-dwelling) species, particularly Oribatida. Our short-
term study suggests that the loss of forest floor microhabitats (loss of organic cover
including ground vegetation, mosses and woody debris) and lower moisture and
nutrient richness measured after harvesting and along the biomass removal gradient

may be drivers of these observed changes.

1.6.1 Sampling effort of our mesofauna communities

We report similar dominant taxa and species richness (58 species of Collembola and
36 species of Oribatida; Tables A.1 and A.2 respectively) to that observed in other
Canadian boreal forest studies for Collembola (Addison et Barber (1997) and
Addison (2006) with 42 and 47 species, respectively) and Oribatida (Lindo et Visser
(2004) and Berch et al. (2007) with 39 and 27 species, respectively). Some studies
such as Battigelli ef al. (2004) and Déchéne et Buddle (2010), however, found higher
species richness (87 and 80 species, respectively) due to greater spatial and temporal

sampling effort as well as more complete sampling (e.g,, including woody debris)
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than conducted here. In addition, we collected relatively fewer individuals for both
taxa (approximately 20,000 Collembola and 60,000 Oribatida specimens m™ of soil
with mosses) compared to previous studies such as Battigelli e al. (2004) who found
40,000 Collembola and 80,000 Oribatida m? of boreal forest floor. The use of
Tullgren-funnel extractors as opposed to Macfadyen high-gradient extractors, used in
many of the aforementioned studies and known to be more efficient (Krantz et
Walter, 2009), could explain these differences as well as the sampling of different soil

profiles and the inherent site-specific conditions (see Kwiaton et al., 2014 for details).

1.6.2 Significant changes in forest floor mesofauna in response to biomass removal

treatments

After two years, we observed changes in the communities of both taxa in response to
the less intensive harvesting practices of stem-only and full-tree biomass compared to
uncut forests (control) which support results from previous studies in North American
(Bird et Chatarpaul, 1986; Addison et Barber, 1997; Lindo et Visser, 2004) and
Scandinavian boreal forests (e.g., Siira-Pietikdinen et Haimi (2009) but ¢f Huhta
(1976) cited by Battigelli et al. (2004) for exceptions). Furthermore, we did not detect
any overall difference between these two practices for both taxa, supporting previous
studies of Addison (2006), Battigelli et al. (2004) except for Oribatida and Bird et
Chatarpaul (1986) except for Collembola.

We observed several well-known and primarily epiedaphic (surface-dwelling)
families of Oribatida (Euphthiracaridae and Crotoniidae) and Collembola
(Katiannidae and Sminthuridae) in unharvested control plots, but not in harvested
plots. Absence of these taxa may be due in part to disruption of the living (green)
“bryosphere” (sensu Lindo et Gonzalez, 2010) that is disturbed or dies from full
sunlight exposure after forest harvesting (Olsson et Staaf, 1995; Astrom et al., 2005).
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Uncut control plots had a thick layer (from 3 to 12 cm) of feather mosses (primarily
Pleurozium schreberi and Dicranum polysetum Swartz (1801)) in addition to needle
litter on the forest floor. Loss of this bryosphere can decrease species richness and
density of Collembola and Oribatida (Lindo et al., 2012; Bokhorst et al., 2014) as
well as Mesostigmata (predatory mites; Salmane et Brumelis, 2008). In control plots,
we observed in overall more abundant, richer and compositionally different
communities for both taxa in mosses than in the soil strata. These differences support
the idea that mosses provide a complex microhabitat for mesofauna with essential
food resources and favourable (moist, cool and stable) abiotic conditions (Astrom et
al., 2005; Salmane et Brumelis, 2008; Lindo et Gonzalez, 2010). Spring and summer
differences in vertical stratification of Collembola and Oribatida density and biomass
(Figure 1.2) in the uncut control could have been due to migration from the moss
stratum to the organic soil of some abundant species (e.g., F. nivalis, O. nova). Such
behaviour enables mesofauna to avoid harsh conditions during drier periods (Addison
et Barber 1997, Huhta et Hinninen, 2001). Additionally, some soil-dwelling
(euedaphic) species, such as Hypogastrura pseudoarmata Voegtlin (1982) and
Microppia minus Paoli (1908) were not sampled in May 2014 because they may not

have been active in the early season.

The two most intensive biomass removal treatments (stumped and bladed) had the
strongest impact on community structure differences for both taxa when compared to
communities in unharvested control plots. Our results support previous studies in
boreal spruce forests of British Columbia that showed modified composition two
years following a blading treatment for both taxa (Battigelli ef al., 2004; Addison,
2006). Kataja-aho et al. (2016) showed similar results five years after whole-tree
harvesting and stump removal in Scandinavian boreal forests that exposed more
mineral soil. Such differences may be the consequence of lower species richness
associated with intensely disturbed treatments (Karp ef al, 2012) or higher

environmental variability (e.g., stronger fluctuations in soil microclimate at our site



72

was observed when mineral soil was exposed) leading to biotic homogenization with
survival of only a few generalist species (Sousa et al., 2006; MaaB et al., 2014; Mori
et al., 2015a,b).

The most notable component of our observed responses of forest floor mesofauna to
biomass removal was the loss of epiedaphic species. Forest floor disturbance and
removal, with associated environmental changes observed along the gradient was
deleterious to several Collembola species from the families Lepidocyrtidae,
Tomoceridae and Sminthuridae and Oribatida species from the families
Ceratozetidae, Trhypochthoniidae and Achipteriidae. The loss of epiedaphic species
was previously reported for Collembola (Addison et Barber, 1997) and Oribatida
(Maraun et al., 2003) in response to forest floor mechanical disturbance. Epiedaphic
species that are larger and reproduce more sexually are often more sensitive to
disturbance in short-term (Battigelli et al, 2004; Siira-Pietikdinen et Haimi, 2009)
even if some of them, also known to be pionner (e.g., Bourletiella hortensis Fitch,
1863 - Alvarez et al., 2000; Hagvar, 2010), were found in intensively harvested plots.
Several small euedaphic species (e.g., Collembola: W. anophthalma and F. nivalis,
Oribatida: O. nova - Lindo et Visser, 2004; Berch et al., 2007), also decreased in
density along the gradient possibly due to their sensitivity to changes of forest floor
pH and soil bulk density associated with soil horizon differences of the bladed
treatment (Battigelli e al., 2004; Lindberg et Bengtsson, 2005). Alternatively,
generalist and parthenogenetic species, such as /. minor (Addison et Barber, 1997),
Suctobelbella spp. and T. velatus (Figure 0.2C - Maraun et Scheu, 2000; Battigelli et
al., 2004; Malmstrom et al., 2009) were dominant in harvested plots, possibly due to
their ability to migrate deeper (Huhta et Hanninen, 2001; Battigelli et al., 2004) or by
bacterivorous food preferences (e.g., Suctobelbella spp.; Battigelli et al., 2004) that
are favoured by the higher bacteria to fungi ratio generated by harvesting (Hartmann
etal.,2012).
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1.6.3 Collembola and Oribatida, a potential different response to biomass removal

Although our comparison of Collembola and Oribatida is limited to one growing
season, inclusion of both taxa in our study revealed different responses to biomass
removal depending on the choice of the bio-indicator. Oribatida communities
exhibited less temporal variation in their community structure (only community
composition differences) than Collembola which varied in density, a-diversity and
composition between sampling dates. Temporal changes in Collembola communities
have been observed in harvested boreal forests seasonally (e.g., Bird et Chatarpaul,
1986), or interannually (e.g., Malmstrém et al. (2009) after clear-cut burning). Such
variation may suggest that Collembola communities are less sensitive to harvest
disturbance than Oribatida communities (Bird et Chatarpaul, 1986; Lindo et Visser,
2004; Lindberg et Bengtsson, 2005). Collembola typically show faster active
dispersal (Astrdm et Bengtsson, 2011 but ¢f Ojala et Huhta, 2001), a shorter life span
and a higher reproduction rate (r-strategy) than Oribatida species which show a more
prevalent K-strategy. Mesofauna recovery after disturbance is largely dependent on
survival of some species but also on recolonization of disturbed plots by species
coming from adjacent, undisturbed source populations (Debouzie et al., 2002;
Chabhartaghi et al., 2009). The increase in Collembola density over time observed in
our plots due to fast-reproducing and parthenogenetic species (e.g., I. minor, M. yosiii
(Figure 0.1C)), in addition to the survival of fast-dispersing epiedaphic species
adapted to open, dry and unstable environments (e.g., Orchesella imitari Snider
(1997), Entomobrya sp. 3 Rondani (1861) - Lindberg et Bengtsson, 2005, 2006;
Malmstrém, 2012b), points towards a faster recovery of Collembola than Oribatida
communities. Such a pattern confirms previous findings (Addison, 2006; Lindberg et
Bengtsson, 2006; Berch et al., 2007; Malmstrém, 2012b) and an ongoing study in
long-term research plots 20 years after biomass removal (¢f/ Chapitre III). However,
since the active dispersal of Collembola species is very low in absolute (as well as for

those of Oribatida - Ojala et Huhta, 2001; Astrom et Bengtsson, 2011), it is unlikely
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that any active recolonization has already taken place here within 2 years after the
harvesting even if it would be possible by a passive way such by wind (Dunger et al.,

2002).

1.6.4 Environmental changes due to biomass removal and links to mesofauna

communities

For the majority of environmental variables, the bladed treatment differed from all
other treatments (Table 1.3; Figure 1.3), likely due to the loss of the organic soil
layer and different environmental characteristics of the mineral soil (Lattimore et al.,
2009). Other studies showed that the mechanical harvesting reduces organic cover
(ground vegetation, and leaf litter) on the forest floor (Olsson et Staaf, 1995; Jeglum
et al., 2003; Astrém et al., 2005) which depletes nutrients (Hazlett et al., 2014) and
decreases microbial biomass (Hartmann ef al., 2012; Smenderovac, 2014). Although
we did not see evidence of nutrient loss associated with harvesting in our short-term
study, soil moisture decreased in the blading treatment on one sampling date
(Table S3). Associated microclimate changes in the forest floor due to the loss of
living mosses and tree cover include decreased moisture, higher temperature (Roberts
et al., 2005; Fleming et al, 2006a; Lindo et al., 2012) and greater fluctuations of
these conditions (Proe er al, 2001; Siira-Pietikdinen et Haimi, 2009) which both
influence arthropod communities. Finally, the tree-length treatment did not differ
clearly from full-tree biomass and stumped treatments according to the measured
environmental variables (excepted for the woody debris volume, that was expected)

contrary to previously reported results (Thiffault ef al., 2011; Persson, 2012).

While our study does not allow us to infer directly how changes to the environment
influenced mesofauna community structure, our results are consistent with Lindberg

et Bengtsson (2005, 2006) on the importance of maintaining high forest floor
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moisture for Collembola communities which are associated with thick organic soils
and significant ground vegetation cover including moss (Roberts et al, 2005;
Bokhorst et al., 2014; Kataja-aho et al., 2016). We also found a significant
relationship between the woody debris volume and the assembly of communities of
Collembola and Oribatida (Figures 1.4 and 1.5 respectively), which supports existing
studies (Addison, 2006; Siira-Pietikdinen et al., 2008; Malmstrém, 2012a). For
Oribatida, soil nutrient richness and higher pH influenced community composition

corroborating previous results (Maraun et Scheu, 2000; Gergocs et Hufnagel, 2009).

1557 Conclusion

In this first simultaneous species assessment of Collembola and Oribatida
communities to woody biomass removal and soil disturbance in boreal jack pine
forests, we showed that both taxa were modified by the most intensive treatment
(whole-tree biomass harvesting with stump and forest floor removal), compared to
treatments where the forest floor was not removed. Forest floor removal reduced
suitable microhabitats and led to the loss of surface-dwelling species, especially in
Oribatida. Although some effects of removing stumps were detected in Oribatida
communities, this practice did not strongly modify forest floor mesofaunal
communities in comparison to the less intensive harvesting approaches. In addition,
whole-tree biomass harvesting did not appear to modify more significantly
mesofaunal community structure compared to tree-length harvesting. This result is
important in that whole-tree harvesting has been criticized due to the potential impact
of harvest residue removal on soil organisms. Even with the removal of undersized
and poor quality stems that would have normally been retained on site in an
operational whole-tree harvest, we were unable to demonstrate differences with tree-

length harvesting.
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We remain cautious about how our results translate into concrete recommendations
for forest managers. The dominant forest management paradigm in Ontario, and
many other jurisdictions, is the emulation of natural disturbance, which in the boreal
forest implies that sustainability can be measured as similarity between post-harvest
and post-fire conditions. Our study did not, however, have a fire control. Instead, we
compared our treatment plots to an unharvested stand. As expected, there were
differences between the recently harvested plots and the uncut forest. As our study
progresses through time, this comparison will allow us to examine how quickly the
treatment plots converge with the unharvested stand. However, in the more
immediate term, we do not expect that differences between the harvested and
unharvested plots represent a lack of sustainability. While we cannot definitively say
that whole-tree biomass or tree-length harvest are sustainable based on our results
since we lack a fire comparison, deadwood volumes measured at a nearby jack pine
plantation fire site of a similar age to our experimental plots were similar, albeit
slightly higher and more variable, to those after tree-length and whole-tree biomass
harvest (Venier et al., 2017). These results suggest that from a deadwood supply
perspective, tree-length and whole-tree biomass management should not prove to be
an issue for mesofauna communities in the short-term, even if both practices lead to
the disappearance of the moss cover present on the ground of the mature forest which
alters soil mesofauna communities as observed here. Integrating other taxa and their
interactions in multitrophic approaches and conducting longer-term studies will
inevitably improve our understanding of the effects of biomass removal and help

identify sustainable management practices for boreal forests in eastern Canada.
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2.1 Résumé

L’intensification de I’utilisation des terres, connue pour engendrer une
homogénéisation taxonomique des communautés biotiques, pourrait aussi entrainer
leur homogénéisation fonctionnelle ayant des conséquences déléteres potentiellement
importantes sur le fonctionnement des écosystémes. Dans les foréts boréales, il est de
plus en plus envisagé d’intensifier la récolte de la biomasse ligneuse incluant celle
des débris (e.g., branches) dans l’optique d’une production bioénergétique.
Cependant, la réponse fonctionnelle de la faune du sol, dépendant pourtant des
microhabitats associés a cette biomasse, reste trés peu connue. Nous avons évalué les
effets a court terme (2 ans) d’un gradient d’intensité de récolte de biomasse et de
perturbation du sol implanté lors de la coupe totale d’un peuplement de pin gris
(Pinus banksiana) du Nord-est de 1’Ontario sur la structure fonctionnelle des
communautés de deux taxa majeurs de cette faune, les collemboles (Collembola) et
acariens oribates (Oribatida). Le gradient comprenait (1) la forét mature non coupée
(témoin) et 4 traitements de récolte allant de (2) la récolte du tronc seul a la récolte
intensive de biomasse via (3) 1’arbre entier (tronc, cime et branches) plus (4) le retrait
de sa souche et (5) celui des couches organiques du sol. Nous avons mesuré des traits
de réponse morphologiques, d’histoire de vie et écologiques (préférence de
microhabitat et capacité de dispersion) des espéces des deux taxa pour déterminer les
modifications de la structure fonctionnelle de leurs communautés via la diversité et la
composition des traits des espéces en réponse au gradient et aux changements
environnementaux connexes. La structure fonctionnelle des communautés des deux
taxons fut globalement modifiée par I’élimination intensive de la biomasse a travers
une diversité plus faible et une composition altérée des traits des espéces. Cette
homogénéisation fonctionnelle était particuliérement importante chez les
communautés d’acariens oribates avec la perte d’espéces de surface (plus grandes, se
reproduisant plus sexuellement et principalement micro-détritivores) alors que les

communautés de collemboles furent plus résilientes potentiellement en raison de leur
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écologie différente. Exacerbée par des conditions plus seéches en été, la perte de
microhabitats favorables incluant un microclimat modifié et des ressources
alimentaires altérées expliqua ces modifications en raison de la disparition importante
de la couverture organique du sol forestier apres I’enlévement intensif de la biomasse.
Cette homogénéisation fonctionnelle pourrait affecter le fonctionnement des foréts
considérées ici et devrait donc étre prise en compte pour aider au mieux leur gestion
durable. Des études a long terme seront nécessaires pour évaluer si ce phénoméne

persiste au cours du temps.

Mots-clés: Gestion, Collemboles, Acariens oribates, Traits de réponse, Filtrage

environnemental
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2.2  Summary

Land-use intensification can lead to taxonomic homogenization of biotic
communities, which may in turn result in a functional homogenization with
consequences for ecosystem functioning. In boreal forests, forest managers are
increasingly considering intensifying woody biomass removal for bioenergy, but
associated functional effects on soil fauna that use microhabitats associated with this
biomass remain poorly understood. Two years after harvesting, we assessed the
effects of an increasing intensity gradient of biomass removal in northeastern Ontario
jack pine (Pinus banksiana) stand on the functional structure of Collembola and
Oribatida communities, two major forest floor taxa. The gradient ranged from (1)
uncut mature forest to (2) stem-only harvesting to intense biomass removal through
(3) whole-tree (stem, top and branches) harvesting with (4) stump removal and (5)
additional forest floor removal. We measured species morphological, life-history and
ecological traits (microhabitat preference and dispersal ability) of both taxa to
determine changes in the functional diversity and species trait composition of
communities in response to the gradient and related environmental changes. We
found that the functional structure of communities of both taxa was overall modified
by intense biomass removal through a lower diversity and shift in species trait
composition. This functional homogenization was especially important for Oribatida
communities with the loss of surface-dwelling species (larger, more sexually
reproducing and mostly micro-detritivorous), while Collembola communities, which
have a contrasting ecology, were less affected. The loss of suitable microhabitats,
notably via modified microclimate and altered food supply, due to the greater
disappearance of forest floor organic cover including ground vegetation after intense
biomass removal, explained these functional changes and was exacerbated by drier
conditions in summer. Our short-term study showed that intense biomass removal led
to a functional homogenization of soil mesofauna. Such changes could affect

functioning of boreal forests and may be relevant to consider in improving
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sustainable management practices. Long-term studies will be needed to assess if this

phenomenon persists through time.

Keywords: Management, Collembola, Oribatida, Response traits, Environmental

filtering
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2.3 Introduction

Land-use change is a major driver that threatening soil biological diversity through
loss of species and homogenization of communities (Ponge et al., 2003; Foley et al.,
2005; Tsiafouli et al, 2015). Taxonomically, homogenization is known as the
increased similarity of species composition due to the dominance of few widespread
species (Olden et Rooney, 2006). Homogenization can also be assessed functionally,
by measuring functional traits of species (morphological, physiological, phenological
or behavioural features linked to their fitness - Violle et al., 2007; Pey et al., 2014).
Such an approach can allow for a better understanding of community responses to
environmental filtering (biotic and abiotic changes) and to test hypotheses associated
with underlying ecological mechanisms (Garnier et Navas, 2012; Mouillot et al.,
2013; MaalB} et al., 2015 b). After an intense disturbance, a functional homogenization
of a community can occur when remaining species tend to share the same traits
(convergence) allowing them to survive changed environmental conditions (Olden et
Rooney, 2006; Flynn et al., 2009). Such convergence has been observed for soil
fauna in response to land-use intensification (Gamez-Virués et al., 2015) and forest
management (Vanderwalle et al., 2010; Aubin et al., 2013; Mori et al., 2015a,b).
Since the functional diversity of soil fauna is important for many ecological processes
such as litter decay and nutrient cycling (Cadotte ef al., 2011; Bardgett et Van der
Putten, 2014; Handa et al., 2014), its homogenization may also alter ecosystem

functioning.

An example of recent land-use change in the boreal forest is the increasingly used
woody biomass removal as a source of renewable energy following forest harvesting
(Dhillon et von Wuehlisch, 2013). In managed boreal forests, residual biomass from
stem-only harvesting i.e., tree tops and branches, unmerchantable trees as well as
stumps constitute a significant additional biomass that could be harvested (Berch et

al., 2011; Paré et al., 2011; Persson, 2012). In Scandinavian forests, this intensified
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removal is already known to have effects such as nutrient loss and altered
microclimate due to greater mineral soil exposure (Clarke, 2012; Persson, 2012;
Kataja-aho et al.,, 2016). However, such effects remain relatively understudied
especially in North American forests despite concerns for sustainable management
practices (Berch et al., 2011; Stupak et al., 2011). Woody debris provide favourable
microhabitats to many soil fauna species (Siira-Pietikdinen et al., 2008; Malmstrém,
2012a; Stokland et al., 2012) such as diverse and abundant springtail (Collembola)
and oribatid mite (Oribatida) communities. Both taxa contribute to ecological
processes including litter decay, nutrient cycling and soil physical microstructuring
(Petersen et Luxton, 1982; Neher ef al., 2012; MaaB et al., 2015a). Previous short-
term (2 years) taxonomic studies showed that these taxa are sensitive to intense
biomass removal which resulted in lower species diversity and modified composition
of communities (¢f Chapitre I - Battigelli et al., 2004; Kataja-aho et al., 2016).
However, these studies were unable to clearly highlight underlying mechanisms from
intense removal, although it was suggested that a loss of suitable microhabitats due to
changes in food supply and as well as warmer, drier and more variable forest floor

microclimate were drivers of these changes.

Functional response traits reflecting morphological, life history, dispersal and feeding
differences of both Collembola and Oribatida have been identified in recent years and
may offer some hypotheses as to how these taxa may respond to biomass removal and
forest floor disturbance (cf respective synthesis in Tables 2.1 and 2.2). For example,
within forests, in response to fire (Huebner et al, 2012), clear-cutting (Siira-
Pietikdinen et Haimi, 2009), plantations (Vanderwalle er a/., 2010) and moss cover
removal (Bokhorst et al., 2014), large and pigmented surface-dwelling species
disappeared from Collembola communities. Similar findings have been shown for
Oribatida with fewer large and highly sclerotized species following drought
(Lindberg et al., 2002; Lindo et al., 2012) or forest conversion (Zaitsev et al., 2014).

The dominance of soil-dwelling species, which are smaller and mostly
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parthenogenetic (Norton et Palmer, 1991; Chahartaghi ez al., 2006), has often been
observed in communities after forest floor disturbance such as fire for Collembola
(Malmstrém, 2012b) and intense management for Oribatida (Battigelli et al., 2004;
Farska et al., 2014a). These species likely avoid surface disturbance by living deeper
in the soil. Communities of both taxa could also respond to changes in food supply
after forest harvesting (Lindo et Visser, 2004; Siira-Pietikdinen et Haimi, 2009)
which might be reflected in differing mouthpart morphologies. For example,
Santorufo et al. (2014) showed that Collembola species with complex mandibles and
maxillae ie., mostly micro-detritivores (cf Malcicka et al, 2017), were more
abundant in rich and thick litter while Prinzing ez al. (2002) found that the Oribatida
species which resisted more to pesticide application on forest soil were mostly micro-
detritivory (litter), based on their more compacted chelicerae (¢f Perdomo et al.,
2012). Finally, although both taxa live in similar habitats, Collembola communities
are generally less sensitive and known to recover faster to forest floor disturbance
than those of Oribatida (Lindo et Visser, 2004; Lindberg et Bengtsson, 2005, 2006;
Malmstrém et al., 2009). This contrasting response may be due to different ecological
strategies with Collembola being overall more r-selected (relatively short lifespan and
high reproduction rate) and relatively faster dispersers compared to Oribatida, which
are usually more K-selected (Siepel, 1994; Petersen, 2002; Astrdm et Bengtsson,
2011). Both these taxa could thus respond differently to biomass removal when
assessed functionally as observed with other forest disturbances (Lindberg et
Bengtsson, 2006; Farska et al., 2014a).

We assessed the functional response of Collembola and Oribatida communities to a
gradient of biomass removal and forest floor disturbance after two years in a
northeastern Ontario (Canada) jack pine (Pinus banksiana) stand. We expected
increasing functional homogenization (i.e., reduced diversity and modified
composition of species traits) of the communities of both taxa was expected along the

gradient and especially after intense biomass removal due to the loss of suitable
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microhabitats. We hypothesized that the proportion of surface-dwelling and micro-
detritivorous species would decrease and that of soil-dwelling and parthenogenetic
species would increase, particularly for Oribatida, over our two-year study. Finally,
functional responses of both taxa may be more marked in late summer due to a

warmer, drier and more fluctuating microclimate following intense removal.

2.4  Materials and methods
2.4.1 Study area and experimental design

Our study was conducted at the Island Lake Biomass Harvest Experiment near
Chapleau, Ontario, Canada (47° 42' N, 83° 36' W - Figure 1.1) where a 40 year-old
boreal stand of jack pine was harvested in 2011 and a gradient of biomass removal
and soil disturbance was applied (Kwiaton ef al., 2014). The four treatments studied
were: (1) tree-length (stem-only harvesting), (2) full-tree biomass (whole-tree
harvesting i.e., stem, tops and branches of all merchantable and unmerchantable
trees), (3) stumped (whole-tree harvesting followed by stump removal) and (4) bladed
(whole-tree harvesting followed by removal of stump, ground woody debris and
organic soil strata by blading). Following harvest, site preparation for plantation was
done using a disc trencher (x 2.1 m between trenches) in all plots except for those
bladed. Whole-tree harvesting is a widespread practice in Ontario and has been
considered as the first intensification level while stump removal and blading are very
intensive practices with clear forest floor disturbance. We had a randomized complete
block design with five replicate plots of 70 x 70 m per treatment. Each plot was
subdivided into four 35 x 35 m subplots and planted with jack pine (two northern
ones) and with black spruce (Picea mariana - two southern ones) in May 2012. Five
plots (70 x 70 m) were also established within an uncut area of the stand as a

"control" treatment. Each plot was assigned randomly to one treatment block.
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2.4.2 Forest floor mesofauna sampling

The field sampling of mesofauna was conducted in June 2013 (late spring) and
August 2013 (late summer) to capture seasonal changes of communities. One soil
core (5 cm diameter, 10 cm depth) was taken in the flat, undisturbed area between
trenches, or anywhere after blading, in the northeastern (jack pine) subplot of each
planted plot and in the equivalent subplot of control plots. The moss stratum, which
was only present in the control plots, was also collected as one 10 x 10 cm sample per
plot. The thickness of collected moss stratum was assessed to the nearest cm to
calculate sample volume. Moss stratum was included as it represents an essential
microhabitat for mesofauna (Bokhorst et al., 2014). Additionally, in May 2014 (early
spring), we resampled (and identified Collembola only) in all treatments to see
whether patterns persisted. In this second sampling, subplots were resampled with
two soil cores and moss samples to further reduce variability associated with spatial
heterogeneity (data of the two sampling points from each plot were combined to

provide a plot-level average used as the experimental unit).

Mesofauna were extracted from soil and moss using a Tullgren dry funnel (two days
each at 30 °C, 35 °C and 40 °C) and recovered in 70 % ethanol. Collembola and
Oribatida specimens were sorted from other taxa (e.g., mesostigmatid mites) using a
dissecting microscope. All specimens were cleared in 88 % lactic acid, mounted in
Hoyer's medium and identified to species level using a contrast phase Leica DM 1000
LED microscope (800X magnification). Identification keys included Christiansen et
Bellinger (1998) and Fjellberg (1998, 2007) for Collembola and Behan-Pelletier et al.
(2014) plus Krantz et Walter (2009) for Oribatida. Collembola species (juveniles and
adults) were identified for all sampling dates, but identification of Oribatida species
was limited to adult specimens. Finally, species abundances were standardized per
unit volume of substratum (soil and moss combined) to calculate density (cf

Chapitre I, section 1.4.2 for further detail).
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2.4.3 Selection and measurements of the response traits of mesofauna species

Morphological and life-history traits (sensu Moretti et al., 2017) of Collembola
(Table 2.1; Figure 2.1) and Oribatida (Table 2.2; Figure 2.2) species were chosen
for their association with specific functions (sensory system, food consumption,
displacement, defence against predators, homoeostasis and reproduction) and for their
sensitivity to environmental changes. For Collembola species, these included body
length, body shape ratio, relative antennae, leg and furcula lengths, ocelli number,
body pigmentation level, presence of post-antennal organ, bothriotricha and scales,
mouthpart structure and sexual reproduction strategy (Table 2.1; Figure 2.1).
Similarly, for Oribatida species, we selected body length, body shape ratio, relative
sensillus length, relative claw length, claw number, cuticle sclerotization, presence of
pteromorphae, mouthpart structure and sexual reproduction strategy (Table 2.2;
Figure 2.2). Using a microscope micrometric scale (+ 5 pm), we measured all
morphological traits on three randomly chosen females per species (to avoid any
potential sexual dimorphism) and per sample when possible. Mouthpart morphology
(mandibles and maxilla for Collembola; chelicerae for Oribatida) was visually
determined and when necessary validated with supporting literature for each species
of both taxa (Tables 2.1 and 2.2). Sexual reproduction (life-history trait) was defined

by the presence of males in populations if not parthenogenesis was considered.

Combining specific morphological traits, we also determined two ecological
(synthetic) traits. The first of these traits was microhabitat preference (vertical
stratification) of species: euedaphic (soil-dwelling), hemiedaphic (litter-dwelling) and
epiedaphic (surface-dwelling —respectively Tables 2.1 and 2.2 plus Figures 0.1 and
0.2). For Collembola, this preference was assessed using body length, ocelli number,
pigmentation level and presence of a post-antennal organ (Vanderwalle et al., 2010;

Martins da Silva et al., 2012; Widenfalk ef al., 2016). For Oribatida, we used body
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length, cuticle sclerotization level and claw number (Karasawa et Hijii, 2004; Lindo
et al., 2012). The second ecological trait was the relative ability of species to disperse
actively (Tables 2.1 and 2.2). For Collembola, it was inferred using the relative
lengths of antennae and legs and the number of ocelli: species with longer antennae
and legs plus eight ocelli (complete visual apparatus) should generally disperse faster
(Ponge et al., 2006). We considered the furcula length would not be directly involved
in dispersal ability but rather predator avoidance (Tables 2.1 - Bauer et Christian,
1987). For Oribatida, the relation between morphology and active dispersal ability is
poorly understood (Lehmitz er al, 2012). However, Karasawa et Hijii (2004)
suggested that species with three (tridactyly) short claws and small sensilli move
more efficiently in unstable microhabitats (e.g., variable microclimate) such as tree
trunks, in contrast to forest soil-dwelling species, having generally one longer claw
and larger sensilli. We thus hypothesized that species having three relatively short

claws and a relatively smaller sensilli would generally disperse faster.

Trait data were collected for 53 Collembola species (797 individuals) and 34
Oribatida species (641 individuals - Annexe A: Tables A.3 and A.4 respectively).

2.4.4 Environmental variables

Associated with mesofauna sampling, different environmental variables were
measured including forest floor (soil and moss) moisture and pH as well as the soil
nutrient richness, bulk density, microbial biomass, temperature and thickness of
organic horizons. The percentage cover. species diversity and root biomass of ground
vegetation as well as the volume of woody debris were also determined (cf

Chapitre I for further details on methods, dates of measurement and data).
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2.4.5 Data analyses

We first created three data matrices gathering the data from all sampling dates for
each taxon: matrix L (species densities), matrix Q (species traits) and matrix R
(harvesting treatments, sampling dates, blocks and environmental variables). The
bladed treatment was not considered for Oribatida communities due to insufficient
specimens sampled in these plots. A Hellinger transformation was applied to L
matrices to give less importance to rare species in analyses (Legendre et Legendre,
2012). The collinearity among selected traits never exceded r = 0.8. Then, the
community weighted mean values (CWM) of each trait of both taxa were calculated
using their respective L and Q matrices (Ricotta et Moretti, 2011). Using Rao's
quadratic entropy as a powerful multi-trait dissimilarity index (Botta-Dukat, 2005;
Mouchet et al., 2010), we measured the functional diversity (FD) of communities of
both taxa based on all species traits, but excluded ecological traits (microhabitat
preference and dispersal ability) as they are related to several morphological traits.
For both taxa, the FD of each trait was also measured and varied similarly along the
gradient and across sampling dates (data not shown), so we only conserved this
overall multi-trait index. This index was transformed (FDgao) according to Ricotta et
Szeidl (2009) to obtain the number of most functionally dissimilar species among
communities, ie., functional a-diversity. Laliberté et Legendre (2010) showed this
index can also be considered as a measure of the variation in the species trait
composition of communities i.e., functional B-diversity (Ricotta et Burrascano, 2008).
FDrao Was thus considered as an overall measure of functional diversity to assess
homogenization, but was used together with CWM (calculated for each trait) to better

understand hypothesized ecological mechanisms (Ricotta et Moretti, 2011).

To assess the overall effect of biomass removal treatment, sampling date (temporal
changes) and their interaction on functional trait composition of communities for each

taxon, we used a non-parametric distance-based permutational multivariate ANOVA
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("perm-MANOVA"; Anderson, 2001). This technique determines how much
variation (R?) of functional trait composition is associated with each factor and tests
its significance. Block was considered as a random factor. To do so, we created a
dissimilarity matrix with Bray-Curtis index (Legendre et Legendre, 2012) from the
matrix of all CWM data of species traits (except microhabitat preference and
dispersal ability) scaled from 0 to 1 to give them the same weight in analysis
(Widenfalk et al., 2016). If the perm-MANOVA was significant, we evaluated how
composition differed significantly between treatments and between sampling dates
using a permutational pairwise mean distance comparison test with a false discovery
rate (fdr) correction for multiple comparisons (Benjamini et Hochberg, 1995) on the
same matrix. These changes were represented by a non-metric multidimensional
scaling (NMDS) and we considered that a stress value lower than 0.1 meant a robust
ordination (Legendre et Legendre, 2012). Then, we used a perm-ANOVA to test
factors and their interaction on each trait (scaled CWM data) with block as random
factor (Anderson, 2001). A similar perm-ANOVA was used for species ecological
traits (raw CWM data) and for FDg4,. Differences between treatments and between
sampling dates were tested by a permutational pairwise comparison t-test with a fdr
correction for multiple tests. We finally used the Fourth-Corner analysis (with fdr
correction) to test by permutation all the relations between species traits of both taxa
and environmental variables per sampling date (Dray et Legendre, 2008; ter Braak et

al.,2017).

All statistical analyses were done in R software (v.3.1.2, 2014). Data permutation
consisted of 99,999 iterations across sampling points. We used specific packages: FD
(Laliberté et Legendre 2010) to calculate CWM and FDg,, values, ade4 (Dray et
Dufour, 2007) for the Fourth-Corner analysis, vegan (Oksanen et al., 2017) for
dissimilarity matrices, Hellinger transformations and perm-MANOVA, /mPerm
(Wheeler, 2016) for perm-ANOVA and RVAideMemoire (Hervé, 2016) for NMDS

and pairwise post-hoc comparison tests.
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2.5 Results
2.5.1 Functional responses of mesofaunal communities to biomass removal gradient

Collembola communities showed a significantly higher functional diversity (FDgao)
in the control (uncut forest) and stumped treatments than in the bladed treatment
while tree-length and full-tree biomass treatments did not differ (Figure 2.3: p <
0.01). Biomass removal treatments explained 15 % (R?) of variation in functional trait
composition, with tree-length, full-tree biomass and bladed treatments having a
composition significantly different compared to the control treatment, while stumped
treatment did not differ from all other treatments (Figure 2.4: p < 0.001). These
changes were significantly driven by several species traits including sexual
reproduction strategy (SRS), body shape ratio (BSR), relative leg length (RLL) and
scales (SP— Table 2.3). Species from control plots had on average lower BSR than
in other treatments, while the opposite pattern was observed for RLL. Likewise,
species with scales were more present in control than in bladed plots. Similarly,
sexually reproducing (SRS) species were more present in control as compared to tree-
length, full-tree biomass and bladed treatment plots. Finally, species microhabitat
preference (MH: EU, HEMI and EPI) and dispersal ability (DA) did not change

significantly in communities along the gradient (Table 2.3).

Oribatida communities also showed a significantly higher functional diversity (FDgao)
in control as compared to harvested treatments (Figure 2.3: p < 0.05). Treatments
explained 15 % of the variation in functional trait composition and was significantly
different between control and harvested treatments (Figure 2.4: p < 0.05). Control
plots were dominated by species with significantly longer body length (BL) and were
more sexually reproducing (SRS) when compared to all other treatments (Table 2.4).
Species in control plots also had higher cuticle sclerotization (CS) than those of tree-

length treatment, more compacted mouthparts (higher MPS) than those in full-tree
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Figure 2.3 Mean values (= 95 % confidence interval) of the functional

diversity (FDgrao) of Collembola (upper panels) and Oribatida (lower panels)
communities in response to biomass removal treatment (excepted the bladed
treatment for Oribatida communities - ¢f section 2.4.5 Data analyses) and sampling
date. C = control; T = tree-length; F = full-tree biomass; S = stumped; B = bladed.
Significant differences from perm-ANOVA are indicated by different lowercase

letters (p-values are indicated in the text - ¢f. section 2.5. Results).
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*kp < 0,01, **+%p < 0.001.
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biomass treatment and a lower BSR than those in bladed treatment. The proportion of
epiedaphic species (EPI) was finally double in control than in full-tree biomass and

stumped treatments (Table 2.4).

2.5.2 Temporal changes of the functional structure of mesofaunal communities

We did not find any significant difference of FDg,, between June 2013 (late spring)
and August 2013 (late summer) for Collembola communities in all treatments
(Figure 2.3). However, trait composition clearly differed (Figure 2.4: R> =9 %, p <
0.01; Table 2.3) with a lower prevalence of epiedaphic species (i.e., a decreased
dominance of species with strong mouthparts (MPS), high ocelli number (ON),
bothriotricha (BOP), longer (always relative to body and head length, respectively)
furcula (RFL), legs and antennae (RAL) while euedaphic species (MH.EU), having

generally a post-antennal organ (PAO), became dominant.

In May 2014 (early spring), Collembola communities had a FDg,, significantly higher
than in June and August 2013 (Figure 2.3: p < 0.05) as well as a clearly different trait
composition (Figure 2.4: p < 0.01; Table 2.3) when compared to June 2013 (not the
case with August 2013 despite clear changes of BL, BOP, PAO and MPS). These
differences were due to a higher proportion of euedaphic species reflecting an
increased dominance of species with lower BL, RFL, RAL, RLL and MPS (reduced
mouthparts). Finally, significant interactions were found between treatment and
sampling date for FDgg, (p < 0.05 —data not shown) and trait composition (R = 28
%, p < 0.001 —data not shown) for all traits except BL, ON, SP, SRS and
hemiedaphic species (MH.HEMI; Table 2.3).

Oribatida communities also did not show a significant seasonal change of FDg,,
(Figure 2.3), but again, trait composition differed between June and August 2013
(Figure 2.4: R =7 %, p <0.05). These differences were due to a decrease of BL



105

and MPS (Table 2.4). Finally, only trait composition showed a clear interaction (R? =
16 %, p < 0.01 —data not shown) due to BL, BSR, CS, MPS and euedaphic species
(MH.EU; Table 2.4).

2.5.3 Effects of environmental conditions on functional structure of mesofauna

Significant relationships with forest floor environmental conditions along the gradient
were only observed for Collembola species traits (Table 2.5: p < 0.05). In June 2013,
species with a longer furcula were more prevalent in soils having higher pH and bulk
density. Higher soil pH was also positively associated with species with longer legs
while species with shorter legs were more prevalent where the ground vegetation was
more diversified. In August 2013, species with longer legs plus higher ocelli number
and body pigmentation level were more found in soils with higher moisture and
ground vegetation cover contrary to species with a larger body shape ratio. Species
with stronger mouthparts, bothriotricha and no PAO were also more prevalent with a
higher moisture while those with scales were more present where the vegetation
cover was higher and those with a longer furcula were more prevalent in plots with a
lower bulk density. In May 2014, species with a larger body length were more present
where the vegetation cover was higher while those with longer furcula and legs plus a
lower body shape ratio were more present where the vegetation cover and moisture
were higher and the bulk density was lower. These species, as well as those without
PAO, were also more prevalent where the soil temperature was lower. Species with
stronger mouthparts, bothriotricha, scales, no PAO and reproducing sexually were
more present where the organic soil strata were thicker and pH was lower (although
no association was observed for species that were sexually reproducing or having a
PAO). Hemiedaphic species were more present in soils with higher nutrient richness
and lower bulk density. Finally, we found that the epiedaphic and fast-dispersing

species were more prevalent where soils had thicker organic strata and lower pH.
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2.6 Discussion

Our study showed that intense biomass removal (whole-tree harvesting plus stump
and forest floor removal) led to functional homogenization of mesofauna two years
after harvesting of a jack pine stand in eastern boreal Canada. In these treatments, we
generally observed lower diversity and shifted composition of species response traits
of Collembola and Oribatida communities compared to uncut forest (control).
Oribatida communities were particularly modified with a significant loss of
epiedaphic species that were larger, more sexually reproducing and mostly micro-
detritivorous, while euedaphic species that were smaller and more parthenogenetic,
became dominant. Collembola communities were less affected by intense biomass
removal, possibly due to different ecological strategies and faster dispersal rates as
compared to Oribatida. These changes, further exacerbated in the summer, were
associated with a loss of suitable microhabitats for these species due to the greater
disappearance of forest floor organic cover including a modified microclimate and

food supply.

2.6.1 Functional responses of mesofaunal communities to biomass removal gradient

Although tree-length, full-tree biomass and stumped treatments did not reduce the
funcﬁonal diversity of Collembola communities compared to uncut forest, functional
trait composition differed significantly in all biomass removal treatments (except the
stumped treatment) compared to uncut forest. We observed a decrease in species
reproducing sexually, having longer legs and a lower body shape ratio. This loss of
species having traits adapted to surface-dwelling life was also observed after clear-
cutting of boreal forest (Siira-Pietikdinen et Haimi, 2009) and following fire
(Huebner et al, 2012; Malmstrém, 2012b). We explain these changes by the

disturbance of the forest floor organic cover including the loss of moss cover by
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harvesting. The resulting less complex vertical structures, a possibly altered food
supply and fluctuating microclimate conditions (Siira-Pietikdinen et Haimi, 2009;
Lindo et Gonzales, 2010) may have impeded the survival of some epiedaphic species

(Huebner ef al., 2012; Malmstrom, 2012b; Bokhorst et al., 2014).

The most significant change in Collembola communities along the biomass removal
gradient was observed with the most intense removal practice (bladed treatment).
Functional homogenization has previously been observed for Collembola after forest
conversion (Vanderwalle ef al., 2010) and fire (Huebner et al., 2012), but our study is
the first to document a reduction in functional diversity and shifted trait composition
in response to very intense biomass removal, confirming, in part, our initial
hypothesis. Bladed plots also had the most strongly modified environmental
conditions along the gradient including scarce ground vegetation cover and an
exposed mineral soil due to the removal of the forest floor (¢/ Chapitre I). This
change in soil microhabitats implied a modified chemistry (lower nutrient richness
and higher pH) and a microclimate with higher temperature, lower moisture and
stronger fluctuations. Species that survived in these harsh conditions shared overall
similar morphological including high body shape ratio, short legs and a PAO. These
traits are thought to represent adaptations related to soil-dwelling preference i.e.,
euedaphic species (Huebner ef al., 2012; Malmstrém, 2012b; Salmon et al., 2014).
Likewise, the general increase of parthenogenesis (life history trait) in these
communities after forest harvesting and intense biomass removal including blading
could be due to this reproduction strategy being more widespread among euedaphic
species due to resource-poor environment with greater difficulties to meet sexual

partners in deeper soil (Chahartaghi et al., 2006 2009; Chernova et al., 2010).

In contrast to Collembola communities, response of Oribatida communities to all
biomass removal treatments was more pronounced suggesting clear functional

homogenization when compared to the uncut forest. Confirming our hypothesis, this
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reduced diversity and modified trait composition was mainly driven by the loss of
epiedaphic species after intense biomass removal. We generally found less species
having larger body lengths, lower body shape ratio, more sclerotized cuticles and
reproducing more sexually. This finding is relatively consistent with existing
Oribatida studies showing that species sharing these traits were more affected in the
short and long term by various forest disturbances such as drought (Lindberg et al.,
2002; Lindo et al., 2012), management including mechanical perturbation (Maraun et
al., 2003; Farska et al., 2014a) and natural forest conversion to plantations (Farska et
al., 2013; Zaitsev et al., 2014; Mori et al., 2015a,b). Although no significant
relationship between Oribatida species traits and environmental changes were found
along the biomass removal gradient (probably due to the exclusion of the bladed
treatment from analyses), the observed shifts of several traits in these communities
can provide possible insights into environmental filters leading to functional
homogenization. For example, the lower proportion of species with compact
mouthparts ie., mostly micro-detritivorous (Perdomo et al, 2012) in full-tree
biomass treatment compared to uncut forest may suggest changes in food resource
supply such as fungi when organic cover including mosses is disturbed by harvesting
(Lindo et Visser, 2004; Lindo et al., 2012; Bokhorst et al., 2014) and intense biomass
removal (Battigelli er al., 2004). As well, the dominance of small and parthenogenetic
species (e.g., Tectocepheus velatus) in harvested treatments was likely due to the
higher survival of euedaphic species being mostly parthenogenetic (Tables A.2 et
A.4 - Norton et Palmer, 1991; Domes et al., 2007). As for Collembola, these species
are well adapted to live deeper and thus to avoid disturbance at soil surface (Maraun

et al., 2003; Battigelli et al., 2004; Farska et al., 2014a).

Although we observed functional homogenization for both taxa to different extents,
not all selected traits in our study (Tables 2.1 et 2.2) responded to environmental
filtering associated with biomass removal. For example, in Collembola communities,

microhabitat preference did not change after whole-tree harvesting and stump
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removal (stumped treatment) compared to uncut forest. This result contrasts with
Kataja-aho et al. (2016) who showed that the epiedaphic species (categorized based
on a large body size) were negatively affected in the short term (5 years) by stump
removal due to higher mineral soil exposure. Here, epiedaphic species as well as fast-
dispersing ones, such as Orchesella imitari and Entomobrya sp. 3, were well present
after stump removal (Tables A.1 et A.3). The survival of these species in the more
unstable and xeric soil conditions resulting from stump removal could be explained
by the fact that they were mostly sexually reproducing (Table A.3 - Chahartaghi et
al., 2009; Hagvar, 2010), which generally maintains higher genetic diversity and
therefore also potential higher (Makkonen et al., 2011; Bokhorst et al., 2012;
Malmstréom, 2012b). It must nonetheless be specified that a potential active
recolonization from adjacent undisturbed areas after two years is highly unlikely to
explain their presence, based on the low active dispersal of Collembola in overall
(Astrdm et Bengtsson, 2011), although some of these species may potentially have
dispersed passively by wind (Dunger et al., 2002) which generally increases after
forest harvesting (Jeglum et al., 2003). But the fact that most of these surviving
Collembola species also conserved high active dispersal ability (Table A.3) could
explain why this ecological trait equally did not change at the community scale along
the gradient despite the fact that it was positively related to a thick organic soil
(Table 2.5). Most visible in June 2013, the constant presence of epiedaphic and fast-
dispersing species along the biomass removal gradient would explain why the CWM
of several morphological traits including body length, ocelli number, relative antenna
length, presence of bothriotricha and PAO did not change significantly (Table 2.3).
Although we did not expect these results, they partially corroborate those of
Malmstrém (2012b) in the context of the recovery of Collembola communities after
forest fire. Likewise, the expected loss of Collembola micro-detritivorous species
(with stronger mouthparts) was not observed along the gradient (Table 2.3) contrary
to Oribatida (Table 2.4), despite a shift in available food resources (e.g., organic soil

thickness, microbial biomass—cf Chapitre I). This lack of change in CWM of
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mouthparts reflects that epiedaphic species generally have stronger mouthparts than
euedaphic species (Table A.3). As well, the constant presence of species with scales
(although absent in the bladed treatment due to forest floor removal) and high
pigmentation level along the gradient may be one more line of evidence explaining
the survival of epiedaphic species in the drier and more open conditions associated
with intense biomass removal (Table 2.1). These morphological adaptations help to
avoid water loss and protect against UV light (Table 2.1 - Makkonen et al., 2011).
We made a similar observation in Oribatida communities where species having
pteromorphae and well-sclerotized cuticles, two traits having similar functions
(Table 2.2 - Krantz et Walter, 2009; Lindo et al., 2012) did not change clearly in
proportion remained similar in proportion along the gradient (despite a significant
decrease in epiedaphic species which generally have both these traits). However, as
both these traits are also related to defense against predators, Oribatida species having
them may equally have survived in the harvested plots by maintaining their defense
against surface predators (Table 2.2). A similar hypothesis regarding predation is
plausible for Collembola communities as well as surviving species had in overall
relatively long furcula and to a lesser extent scales (Table 2.1 - Makkonen et al.,

2011; Farska et al., 2014a; Salmon et al., 2014).

2.6.2 Temporal changes in the functional structure of mesofaunal communities

In 2013, we found that the functional trait composition of Collembola and Oribatida
communities differed between June (early growing season) and August (late growing
season) due to a lower proportion of epiedaphic species and an increasing dominance
of euedaphic species. More marked in Collembola communities, this difference may
be explained by the enhanced effect of intense biomass removal on forest floor
microclimate conditions during summer (drier season - ¢f. Chapitre I), which could

have negatively affected epiedaphic species despite their resistance to harsh
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conditions (Huebner et al., 2012; Farska et al., 2014a,b; Kataja-aho et al., 2016).
Euedaphic species may have better tolerated these conditions given their ability to
live and, if necessary, migrate deeper in the soil to avoid dry surface conditions.
Shifts in mouthpart morphology of communities of both taxa may provide some
evidence for this shift towards euedaphic species. For example, the proportion of
Collembola species with reduced mouthparts and of Oribatida species with elongated
mouthparts i.e., mostly scavengers or predators (Tables 2.1 et 2.2 — Perdomo et al.,
2012; Malcicka et al., 2017) increased between these two sampling dates (Tables 2.3
and 2.4), suggesting dominant food resources present in the deeper soil such as

nematodes (Zaitsev et al., 2002).

In 2014, the higher proportion of euedaphic species in Collembola communities
sampled in comparison to late spring of 2013 mostly resulted from the strong increase
in density of species such as Isotomiella minor and Mesaphorura yosiii, possibly due
to fast reproduction by parthenogenesis (Lindberg et Bengtsson, 2005; Chahartaghi et
al., 2006). Alternatively, epiedaphic species were maybe less active at the beginning
of the growing season or due to a higher predation by early active spiders as
suggested by Kataja-aho et al. (2016). Nonetheless, these species as well as
hemiedaphic and fast-dispersing ones seemed favoured by a thick organic layer which
was partially disrupted or even entirely removed by intensive practices (cf

Chapitre I).

2.6.3 Relevance of multi-taxa and trait-based approaches in forest management

Our study showed that two years after intense biomass removal, Oribatida
communities were clearly more functionally homogenized than Collembola
communities with a higher loss of epiedaphic and micro-detritivorous species.

Supporting existing studies on other forest disturbances (Lindberg et Bengtsson 2005,
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2006; Farska et al., 2014a), this strong response to intense biomass removal could be
mostly explained by Oribatida species being generally more K-selected and having
overall a lower active dispersal rate than those of Collembola. Moreover, the higher
functional diversity and somewhat different trait composition found in 2014
compared to 2013 in Collembola communities might hint at an ongoing functional
divergence, expected during a regenerative phase after disturbance (Garnier et Navas,
2012; Mori et al., 2015a,b; Widenfalk ef al., 2016). The larger number of significant
interactions found between treatment and sampling date for the species traits of
Collembola as compared to Oribatida could support this phenomenon (cf
Malmstrém, 2012b). We remain cautious about our interpretation of functional
divergence in 2014 which was restricted to Collembola communities only. However,
the observed pattern for Collembola communities is consistent with what we
observed 20 years after intensive biomass removal, while in contrast, Oribatida
communities persisted to show functional homogenization (¢f Chapitre III). In
addition, contrary to the present study, mean active dispersal ability of Oribatida
species was significantly lower after intense biomass removal compared to uncut
mature forest in this longer-term study. Although hypothetically, Oribatida species
having a relatively high active dispersal ability and found here in intensively
harvested plots could also have dispersed passively by wind (Lehmitz et al., 2011), it
is more likely that environmental filtering associated with intense biomass removal is
still ongoing and its effects are apparently not yet clearly visible after two years. It
could also account for why the proportion of hemiedaphic (litter-dwelling)
Collembola species did not decrease along the gradient (Table 2.3) while, as
expected, they were favoured by a nutrient-rich forest floor with thick and less dense

organic strata (Table 2.5 — Farska et al., 2013; Salmon et al., 2014).

Our study reinforces the notion that the trait-based approach is useful to better
understand the underlying mechanisms including changes in abiotic (e.g,

microclimate) and biotic (e.g., food supply) environmental conditions, driving
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responses of soil fauna to land-use intensification such as woody biomass removal,
which is not always possible when considering only taxonomy (cf. Chapitre I). In
the context of sustainable forest management considered here, intensive removal of
woody biomass including soil disturbance (blading) resulted in a short-term and more
marked functional homogenization of mesofaunal communities than stem-only
harvesting compared to uncut mature forest, particularly in drier, late summer
conditions. As mesofaunal communities play a key role in food webs as well as in
several ecological processes in the forest floor such as litter decay and nutrient
cycling, their functional homogenization could have potentially negative effects on
ecosystem function. In this regard, Collembola and Oribatida may be relevant
bioindicators for future management scenarios in eastern Canadian boreal forests,
especially with a warmer climate expected in the next decades (Price et al., 2013).
Functional responses of mesofauna using long-term experiments of biomass removal,
including potentially different climate changes scenarios, will help clarify how
communities and associated functions may be modified. Additionally, integrating
other taxa or functional groups such as predatory mites (Lindo et al., 2012) in more
complex food webs (Laigle, 2018) could provide new dimensions to address the

complexity of interactions in this forest ecosystem.
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3= Résumé

Dans les foréts boréales canadiennes, la biomasse ligneuse devient une ressource
bioénergétique attrayante en alternative aux combustibles fossiles, car plus
renouvelable et moins émettrice de carbone. Cependant, des préoccupations existent
toujours quant a la durabilité écologique d’une intensification de sa récolte a long
terme. Nous avons déterminé les effets d’un gradient d’intensification de récolte
établi il y a 20 ans dans cinq peuplements de pin gris (Pinus banksiana) du Nord-est
de I’Ontario sur la structure taxonomique et fonctionnelle des communautés de
collemboles et d’acariens oribates. Essentiels au fonctionnement du sol, ces deux
principaux taxa mésofaunaux dépendent des microhabitats et des ressources
alimentaires telles que les champignons, fournis par ces débris ligneux. Trois
traitements furent envisagés incluant la récolte du tronc seul, celle de I’arbre entier
(tronc, cime et branches) et celle de I’arbre entier avec le retrait de la souche et des
couches organiques du sol. Les peuplements matures (+ 90 ans) adjacents non coupés
furent considérés comme référence (stade final de développement). La mésofaune fut
récoltée et plusieurs variables environnementales du sol mesurées dans les
traitements. Les especes des deux taxa furent identifiées et leurs traits fonctionnels de
réponse, comme la longueur du corps et la stratégie reproductive, mesurés.
Comparativement aux peuplements matures, la mésofaune était toujours modifiée 20
ans aprés la récolte de biomasse, notamment par le traitement le plus intensif. Ces
modifications furent plus évidentes chez les communautés d’acariens oribates a la
fois taxonomiquement (densité, biomasse et diversité spécifique plus faibles et
composition altérée) et fonctionnellement (plus faible diversité et composition
modifiée des traits via un manque d’espéces vivant a la surface du sol, capables de
disperser rapidement et généralement micro-détritivores) que chez les communautés
de collemboles. Cette différence refléta probablement le fait que les espéces de
collemboles ont généralement une durée de vie plus courte, un taux de reproduction

plus élevé et une dispersion plus rapide que celles des acariens oribates. Ce
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rétablissement incomplet résultait d’une absence de microhabitats favorables pour de
nombreuses espéces en raison des modifications persistantes des conditions
environnementales du sol dans les parcelles récoltées, notamment de fagon trés
intensive: une couverture organique réduite (végétation plus éparse incluant I’absence
de mousses, moins de débris ligneux) ainsi qu’une épaisseur des couches organiques
du sol et une humidité plus faibles. Par I'utilisation conjointe des approches
taxonomique et fonctionnelle afin de comprendre les mécanismes écologiques des
réponses de la mésofaune, notre étude a révélé son rétablissement incomplet dans les
20 ans aprés une récolte intensive de la biomasse dans ces peuplements conifériens
boréaux, ce qui est probablement relié au stade de développement et aux processus
associés. Un suivi a plus long terme sera donc nécessaire pour suivre ce

rétablissement a travers les stades ultérieurs de ce développement.

Mots-clés: Débris ligneux, Collemboles, Acariens oribates, LTSP, Traits de réponse,

Rétablissement
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32  Summary

In North American boreal forests, woody biomass is increasingly becoming an
attractive bioenergy feedstock as it represents a more renewable and lower carbon-
emitting alternative to fossil fuel. However, concerns over the ecological
sustainability of an intensification of biomass harvesting over the long term remain.
We assessed the effects of a gradient of biomass removal established 20 years ago in
five jack pine (Pinus banksiana) stands across northeastern Ontario on the taxonomic
and functional structure of soil Collembola and Oribatida communities. Essential to
forest floor functioning, these two major taxa of mesofauna are dependent on
microhabitats and food supply such as fungi provided by woody debris. Three
treatments were considered including stem-only harvesting and two more intensive
practices, whole-tree harvesting (stem, tops and branches removed), and blading
(whole-tree harvesting plus removal of stump and forest floor). Adjacent uncut
mature (+ 90 year-old) stands were considered as reference state conditions (i.e., the
endpoint of stand development following stand replacing disturbance). Soil
mesofauna were collected and environmental variables measured across all
treatments. We identified species of both taxa and measured a suite of functional
response traits such as body length and reproduction strategy. Compared to mature
uncut forests, soil mesofaunal communities remained modified 20 years after biomass
harvesting, notably in the most intensive practice (blading). Treatment effects were
more evident in Oribatida communities both taxonomically (lower density, biomass,
species diversity and shifted composition) and functionally (lower diversity and
modified trait composition resulting from fewer surface-dwelling, fast-dispersing and
micro-detritivorous species) than in Collembola communities. This taxa-specific
response may reflect generally shorter lifespans, higher reproduction rates and faster
dispersal of Collembola than Oribatida. Incomplete recovery of mesofauna was
consistent with persistent modifications of soil environmental conditions in the

harvested plots, notably after blading. Modifications included a reduced organic
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cover (ground vegetation, mosses and woody debris) as well as lower organic soil
thickness and moisture, which likely resulted in fewer suitable microhabitats for
many species. Using complementary taxonomic and trait-based approaches to
highlight the underlying ecological mechanisms of mesofaunal responses, our study
revealed that recovery is incomplete within 20 years after intensive woody biomass in
these boreal conifer-dominated stands, and is likely closely linked to stand
development and associated processes. As a result, longer-term monitoring will be
required to track mesofaunal community recovery through these later development

stages.

Keywords: Woody debris, Collembola, Oribatida, LTSP, Response traits, Recovery
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33 Introduction

There is an increasing interest in the use of woody biomass in North American boreal
forests to provide a feedstock for bioenergy production in response to socioeconomic
(e.g., declining markets for traditional wood products, energy requirements of
northern communities) and environmental issues, primarily climate change (Paré et
al., 2011; Puddister et al., 2011; Lempriére et al., 2013). This intensification of
biomass removal beyond stem-only harvesting, which includes operational whole-
tree harvesting (stem, tops and branches of merchantable trees plus unmerchantable
trees) as well as stump removal, has already been shown to have negative
consequences on the soil in the short term (less than five years) such as nutrient
depletion, more exposed mineral soil, reduced moisture and modified biota (Fleming
et al., 2006a; Walmsley et Godbold, 2010; Thiffault et al., 2011 - ¢f. Chapitre I).
However, a more comprehensive assessment of the longer-term consequences of
these practices is required to provide information that supports sustainable forest

management (Berch et al., 2011; Stupak et al., 2011).

Long-term experiments are necessary to assess boreal forest dynamics in response to
harvesting (Berch ef al., 2011; Thiffault et al., 2011; Venier et al., 2014) along the
different stages of stand development (Chen et Popadiouk, 2002). In the 1990s, the
Long-Term Soil Productivity (LTSP) program was launched in order to monitor the
effects of biomass removal on soil nutrient cycling and tree productivity of forests
over the long term with more than 100 experimental sites established across North
America (Powers, 2006). The LTSP design includes a very intensive biomass removal
including site preparation by blading i.e., whole-tree harvesting plus stump and forest
floor removal. There have been clear and persistent effects beyond 15 years,
especially after blading, such as a loss of nutrients in soils (Hazlett et al., 2014),
lower respiration rates (Webster et al., 2010) and modified microbial communities

(Hartmann et al., 2012). In comparison, whole-tree harvesting effects on these
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processes were more similar to those observed after stem-only harvest (Webster et
al., 2010; Hazlett et al., 2014 but ¢f Thiffault e al., 2011). However, little work has

been conducted to examine long-term effects on mesofauna biodiversity.

Springtails (Collembola) and oribatid mites (Oribatida), two major mesofauna taxa,
have been identified as potentially good indicators of forest integrity due to their
highly abundant and diverse communities in the forest floor and their roles in
ecological processes such as litter decay (Petersen et Luxton, 1982; Neher et al.,
2012) or physical microaggregation (MaaB et al., 2015a). These communities are also
dependent on downed woody debris for suitable microhabitats including a stable
microclimate and food supply (Snider, 1996; Malmstrém, 2012a; Siira-Pietikdinen et
al., 2008). The few existing long-term studies in the boreal forest have shown that the
taxonomic structure of communities for these two taxa generally remained modified
with lower density and species diversity plus altered species composition 5 (Berch et
al., 2007), 10 (Addison, 2006), and 17 years (Bengtsson et al., 1997) after intensive
practices of whole-tree harvesting and of blading, when compared to stem-only
harvesting. A previous short-term study (2 years post-harvest) in Ontario jack pine
forests showed similar responses (c¢f Chapitre I). Collectively, these persistent
modifications were possibly due to a lower availability of nutrients that may modify
food resources. Additionally, changed microclimate from desiccation due to woody

debris and forest floor removal, may have reduced suitable microhabitats.

To assess such potential ecological mechanisms associated with forest disturbance,
functional response traits ie, morphological, physiological, life-history or
behavioural features of species which are sensitive to environmental changes (Pey et
al., 2014), can be a useful complementary tool. The functional structure of
Collembola and Oribatida communities can be altered through forest disturbances
such as fire (Malmstrém, 2012b) and drought (Lindo e al., 2012) or changes in forest

leaf litter composition such as plantations (Vanderwalle et al., 2010; Mori et al.,
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2015a,b). For example, following fire that changes the physical structure and
microclimate of organic horizons, Collembola communities had fewer surface-
dwelling species that are generally larger, more pigmented and sexually reproducing
(Malmstrom, 2012b). In response to intense biomass removal two years after
harvesting, it was found that the functional diversity of Oribatida communities
decreased due to fewer surface-dwelling species and mostly micro-detritivorous
species (cf. Chapitre II). Shifts in trait composition were less marked for Collembola
communities due to a potentially faster recovery linked to their life history traits
(short lifespan, high reproductive rate) and faster dispersal than Oribatida (Petersen,
2002; Gergécs et Hufnagel, 2009; Astrom et Bengtsson,2011). Generally,
Collembola communities recover (i.e., no more difference between communities from
undisturbed and disturbed areas in their taxonomic and functional structure) faster
than those of Oribatida to soil disturbance due to management (Battigelli et al., 2004;
Addison, 2006; Berch et al., 2007) or drought (Lindberg et Bengtsson, 2006).

To our knowledge, to date, no study has considered both Collembola and Oribatida
species-level responses to long-term biomass removal. In the present study, we
assessed the effects of a gradient of biomass removal implemented at five
experimental sites of the LTSP network in northeastern Ontario jack pine (Pinus
banksiana) stands 20 years after its establishment on the forest floor Collembola and
Oribatida communities. The gradient from least to most intensive disturbance
included uncut mature stands as reference state conditions, stem-only harvesting,
whole-tree harvesting, and whole-tree harvesting with stump plus forest floor removal
(blading). The structure of Collembola and Oribatida communities was characterized
using taxonomic and trait-based approaches while soil environmental conditions were
also measured to help interpret their respective responses. Our first hypothesis was
that compared to uncut mature stands, there would be an overall lack of recovery of
community structure of both taxa after biomass harvesting, but that Oribatida

communities would show a stronger response to removal treatments, both
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taxonomically and functionally, compared to Collembola communities. Our second
hypothesis was that the degree of recovery would be a function of the intensity of
biomass removal such that communities will have recovered less in the more

intensive removal treatments.

3.4  Materials and methods
3.4.1 Study sites and experimental design

Our study used five sites of the LTSP network situated in the boreal forest of
northeastern Ontario (Figure 3.1): Superior 1,3 (combined sites), Superior 2, Nimitz,
Eddy 3 and Wells (c¢f. Tenhagen et al. (1996), Hazlett et al. (2014) and Table 3.3 for
specific conditions of each site). The controls at these sites are fire-origin stands
dominated by jack pine ranging in age from 77 to 102 years in 2013 (year of
sampling). The understory species are dominated by Vaccinium angustifolium,
Cornus canadensis Linnaeus (1753) and Pleurozium schreberi. Sites have an annual
mean temperature of 2.3 °C, an annual mean total precipitation of 882 mm and a
growing season of approximately 90 frost-free days (early June to September). Soils
are sandy humo-ferric podzols with nearly 6 cm organic (humifibrimor) soil depth
across all sites. In 1993, each site was clear-cut, except for an uncut portion of the
mature stand that was maintained as a reference state condition. Three replicate plots
(30 x30 m) were randomly assigned to each of the following biomass removal
treatments operationally applied (from lowest to highest degree of biomass removal
intensity): (1) "tree-length" = stem-only harvesting (stems cut, delimbed and topped
at stump), (2) "full-tree" = whole-tree harvesting (stem, top and branches of all
merchantable trees plus unmerchantable trees removed to roadside), and (3) "bladed"
= whole-tree harvesting followed by blading i.e., the complete forest floor removal

including stumps, ground woody debris, organic soil strata and usually the upper



124

Scm of mineral soil using a bulldozer). Stem-only and whole-tree harvesting
practices are accepted and operational in boreal forests in Ontario while whole-tree
harvesting followed by blading is currently not permitted on public land (OMNREF,
2015). This very intensive practice was considered here to maximize biogeochemical
and hydrological disturbance experimentally rather than to simulate actual operational
harvesting. All plots were separated from each other by at least 20 m to reduce edge
effects. Soon after harvest, all stem-only and whole-tree harvested plots were disc
trenched and subsequently all harvested plots were planted with jack pine in spring
1994. Three "control" treatment plots (30 x 30 m) were established in the adjacent
area of uncut mature forest of each site (reference state conditions). Even though
these plots were spatially clustered in the uncut area rather than dispersed among

harvested plots, we considered that each site had a randomized experimental design.
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Figure 3.1 Map of the experimental sites of the Long-Term Soil Productivity

(LTSP) network in Northeasterrn Ontario considered in the present study.
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3.4.2 Soil mesofauna sampling

Mesofauna sampling was conducted at all sites between July 10-12, 2013. We used
PVC soil corers (5 cm diameter, 10 cm depth) to collect organic (L, F and H horizons
combined, which were mostly absent in bladed plots) and upper mineral soil within
one core in the flat area (undisturbed area between two site-prepared trenches where
there was no imprint from the disc trencher tires) at the centre of each treatment plot.
Due to its importance to mesofauna as a suitable microhabitat (Bokhorst et al., 2014 -
¢f. Chapitres I and II), we also collected the moss cover (Bryophyta) above the
organic F horizon (L horizon was incorporated into the moss stratum) in the uncut,
mature forest plots (not present in significant amounts in the harvested plots) using a
10 x 10 cm square metal frame. Moss depth was assessed by measuring the distance
between the top of the moss stratum and F horizon in order to calculate the sampled
volume of fresh moss. In total, we collected 60 soil samples (transported in PVC soil
cores wrapped in aluminium foil and placed in sealed polyethylene bags) plus 15
moss samples (placed directly in bags). All samples were kept in coolers at + 4 °C

until mesofauna extraction within 72 hours.

In the laboratory, intact soil samples were extruded from the corer. Soil and moss
samples were weighed (fresh) and placed into a Tullgren dry funnel for 6 days (two
days each at 30 °C, 35 °C and 40 °C) to recover mesofauna in 70 % ethanol. Only
Collembola and Oribatida specimens were counted (juveniles and adults). Collembola
species (juveniles and adults) were all identified. Identification of Oribatida species
was limited to adult specimens. Sex was determined for each adult specimen. Very
small species (e.g., Brachychthoniidae) were probably overlooked. All specimens
were cleared in 88 % lactic acid, mounted in Hoyer's medium and identified using a
contrast phase microscope Leica DM 1000 (800X magnification). Primary sources for
Collembola identification were Christiansen et Bellinger (1998) and Fjellberg (1998,
2007). Behan-Pelletier et al. (2014) and Krantz et Walter (2009) were used for
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Oribatida identification. Species nomenclature followed Bellinger et al. (2017) for
Collembola and Subias et al. (2012) for Oribatida. Species density was calculated by
dividing specimen number by sample volume. Biomass was estimated using
allometric equations (Caballero et al, 2004; Caruso et Migliorini, 2009) and
standardized by sample volume. Species a-diversity (effective number of species)

was calculated using exponential values of Shannon-Wiener index (Magurran, 2004).

3.4.3 Selection and measurements of the functional response traits of mesofaunal

species

We selected specific morphological and life-history response traits of Collembola and
Oribatida (Tables 2.1 and 2.2 respectively) species associated with several specific
functions including sensory system, food consumption, biotic and abiotic interactions,
dispersal, homoeostasis and reproduction. Specifically, for Collembola, we
considered body length, body shape ratio, relative antennae, leg and furcula lengths,
ocelli number, body pigmentation level, presence of post-antennal organ,
bothriotricha and scales as well as mouthpart structure and sexual reproduction
strategy. For Oribatida, we included body length, body shape ratio, relative sensillus
length, relative claw length, claw number, cuticle sclerotization, presence of
pteromorphae, mouthpart structure and sexual reproduction strategy. We randomly
chose three females (to avoid bias from a potential sexual dimorphism) per species
per sample, where possible, to measure morphological traits using a microscope
micrometric scale (= 5 um). Sexual reproduction (life history trait) was defined by the
presence of males in sampled species populations and confirmed from literature, if

not, parthenogenesis was considered.

We also determined two ecological traits of Collembola and Oribatida species by

combining several specific morphological traits (Tables 2.1 and 2.2 respectively):
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forest floor microhabitat preference (vertical stratification) of species in three
categories (euedaphic i.e., soil-dwelling, hemiedaphic ie., litter-dwelling and
epiedaphic i.e., surface-dwelling) and their relative ability to actively disperse on the

forest floor (behavioural trait) in two categories (low or high).

3.4.4 Assessment of the environmental variables

While sampling mesofauna, we visually estimated ground vegetation cover, as a
percentage of all species of shrubs, herbs and moss on 1 m? quadrats centred on the
soil core position while its species a-diversity was measured with the exponential
Shannon-Wiener index using the relative cover of each species. We also measured the
thickness of organic soil (L, F, H horizons in harvested plots and F, H horizons in
uncut plots) up to a depth of 10 cm from the soil surface. In July 2014, downed
woody debris (DWD) volume was measured in each plot using the line intercept
method (Marshall et al., 2000). We used two 30 m-long transects, one placed on each
diagonal of the plot and intersecting at the plot centre. Fine woody debris (FWD,;
intercept diameter < 5 cm) were counted in four diameter classes (0-0.49, 0.5-0.99, 1-
2.99 and 3-4.99 cm; average diameter and number of pieces by class were used in the
analyses). We counted all coarse woody debris pieces (CWD; > 5 cm) and measured
their intersecting diameters. Although the stands in the plots of the different biomass
harvesting treatments across sites exhibited differences in terms of productivity (tree
growth) after 20 years (Hazlett et al., 2014; Fleming et al., 2018), no productivity

estimate was included as a potential explanatory variable.

After mesofaunal extraction, all soil and moss samples were dried (24 h at 105 °C) to
determine soil bulk density and soil moisture content (gravimetric water content of
soil and moss samples) of each plot. All the samples (soil and moss) were then

ground using a ball mill (Fritsch, Planetary Mono Mill — Pulverisette 6 Fritsch
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GmbH). Soil (moss and soil horizons) pH was measured in distilled deionized water.
Soil (only soil horizons) C and N concentrations were determined using a combustion
analyzer (Vario EL III, CHNOS Elemental Analyzer for Elementar Americas Inc. Mt.
Laurel, NJ.) while exchangeable cations (potassium (K), calcium (Ca), magnesium
(Mg) and cation exchange capacity (CEC)) were determined by inductively coupled
argon plasma (ICAP) and Technicon autoanalyzer IIC, respectively in unbuffered 1
mol L™ NH,CI solution and extractable phosphorus was determined by ICAP in Bray
and Kurtz no. 1 extractant (Kalra et Maynard, 1991). Differences in these variables
between treatments are likely to be strongly influenced by the relative contribution of
each soil horizon (moss, organic and mineral horizons) but represent genuine

differences in soil environmental conditions between treatments.

3.4.5 Data analyses

Our experimental design was 3 replicated plots per 4 treatments per 5 sites, thus N =

60 independent sampling points (soil and moss data from control plots were pooled).

For the taxonomic approach, first we tested if treatments had a significant effect on
density, biomass and species a-diversity of Collembola and Oribatida communities
using permutational ANOVA (perm-ANOVA - Anderson, 2001), with site included
as a random block factor (residuals were always normally distributed and
homoscedastic). If the perm-ANOV A was significant, a multiple comparison test was
performed using a permutational pairwise t-test including a false discovery rate (fdr)
correction (Benjamini et Hochberg, 1995). Next, we assessed the percentage of
inertia (variation) of community composition of each taxon explained by the
treatments using a distance-based partial redundancy analysis (db-pRDA), which
permitted removal of the variation related to each site (Legendre et Legendre, 2012).

For that, we created a dissimilarity matrix from the matrix of Hellinger-transformed
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species densities per sampling point (L matrix) using Bray-Curtis index. We used it to
test the overall effect of the treatment and axes of db-pRDA by perm-ANOVA while
differences in composition among treatments were tested using a permutational

pairwise mean distance comparison test with fdr correction.

For the trait-based approach, we first created the Q matrix (mean values and attributes
of all traits of Collembola and Oribatida species from all measurements - ¢c/. Annexe
A: Tables A.7 and A.8 respectively). Traits considered in the analyses were not
strongly collinear (r < 0.8). Next, we calculated the community weighted mean values
(CWM) of all traits including microhabitat preference and of dispersal ability of both
taxa at each sampling point using their respective L and Q matrices (Ricotta et
Moretti, 2011). Using Rao's quadratic entropy as a multi-trait index (Mouchet et al.,
2010), we also measured the functional diversity (dissimilarity) of both taxa
communities based on all their species traits, but excluded the ecological traits. This
index was transformed (FDgao) using the procedure from Ricotta et Szeidl (2009) in
order to express the number of the most functionally dissimilar species in each
community (corresponding to functional a-diversity). FDgy, is also a relevant proxy
of the variation in species trait composition (Laliberté et Legendre, 2010): a decrease
of FDg,, suggests a functional homogenization of communities where remaining
species share more similar traits permitting them to survive to modified conditions
(see Mori ef al., 2015a,b). FDggo has to be used jointly with CWM of traits because
changes of trait CWM help highlight associated mechanisms such as a lower
community mean body length (Ricotta et Moretti, 2011). We assessed the inertia of
species trait composition explained by the treatments using a db-pRDA on the
dissimilarity matrix created from scaled CWM data (from 0 to 1) of all morphological
and life history traits. Then, we tested if the treatments had different composition
using a permutational pairwise mean distance comparison test. Finally,

morphological and life-history traits (scaled CWM data), ecological traits (raw CWD
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data) and FDgr,, were compared among treatments (perm-ANOVA with a

permutational pairwise t-test including a fdr correction).

To assess the changes of soil environmental conditions along the gradient, we first
created a "soil chemistry index", using the scores on axis 1 of a Principal Component
Analysis (PCA) on all soil nutrient concentration and CEC data, as a proxy of soil
nutrient richness. Values of this index plus those of all the other environmental
variables per sampling point (R matrix) were scaled (from 0 to 1) to create a
dissimilarity matrix (Bray-Curtis index) in order to assess how much inertia was
explained by the treatments using a db-pRDA. Treatments were compared visually
(PCA) and statistically using a permutational pairwise mean distance comparison test.

We tested differences for each variable among treatments by perm-ANOVA.

Finally, we tested if potentially persistent environmental differences among
treatments were significantly linked to community shifts in both taxa. Taxonomically,
we constrained the L matrix of each taxon by the R matrix using a pRDA. Soil bulk
density was not included due to its strong collinearity (r > 0.8) with soil pH and soil
chemistry index. The adjusted inertia explained (adj. R?) and axes of pRDA were
tested by perm-ANOVA. A permutational backward selection was used to identify
the most explanatory variables. Functionally, relations between the traits of both taxa
and soil environmental variables were tested by permutations using a Fourth-Corner
analysis including an fdr correction with R, L and Q matrices (Dray et Legendre,
2008; ter Braak et al., 2017).

All analyses were done using R software (v.3.1.2, 2014). Data permutations were
99,999 iterations across sampling points. We used specific packages: FD (Laliberté et
Legendre 2010) for CWM and FDg,o, vegan (Oksanen et al., 2017) for dissimilarity
matrix, Hellinger transformation, db-pRDA and pRDA, ImPerm (Wheeler, 2016) for
Perm-ANOVA, ade4 (Dray et Dufour, 2007) for Fourth-Corner analysis and PCA

and RVAideMemoire (Hervé, 2016) for permutational pairwise comparison tests.
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3.5 Results
3.5.1 Summary of sampled mesofaunal communities among all sites

We collected 2,134 Collembola specimens accounting for 41 species that were
dominated (> 5 %) by Parisotoma ekmani, Folsomia nivalis, Parisotoma notabilis
Schiffer (1896) and Hypogastrura pseudoarmata (Annexe A: Table A.5). We
measured traits on 404 specimens from 33 species (Table A.7) due to absence or
poor quality female specimens (impeding measurement) in the 8 other species. For
Oribatida, we identified 55 species within the 7,366 specimens, dominated by
Oppiella nova, Suctobelbella sp1, Scheloribates pallidulus and Ceratozetes mediocris
(Annexe A: Table A.6). We measured response traits of 1,413 specimens from 47
species (Table A.8) for same reasons as described for Collembola. Mean density was

approximately 8,000 Collembola and 30,000 Oribatida m™ of soil in control plots.

3.5.2 Taxonomic responses of mesofaunal communities to biomass removal

For Collembola communities, both their density and biomass were 5-9 times greater
in the control (uncut mature forests) compared to the full-tree and bladed treatments
(Figure 3.2: p <0.001). Full-tree treatment had one fifth to half the density compared
to the tree-length and bladed treatments and roughly one fifth the biomass compared
to the tree-length treatment (Figure 3.2: p < 0.001). Species a-diversity was more
than double in the control compared to all harvested treatments (p < 0.001). The
treatments explained 12 % (R?) of the community composition and the control had a
different composition compared to harvested treatments, which did not differ from

one another (Figure 3.3: p <0.001).

For Oribatida communities, both their density and biomass were 2-9 times greater
and species a-diversity was double in the control treatment compared to all harvested

treatments (Figure 3.2: p < 0.001). In this case, however, the tree-length and full-tree
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treatments had roughly double the density and biomass than the bladed treatment but
had similar a-diversities. The treatments explained 17 % (R*) of the community
composition, which was significantly different in the control treatment compared to
all harvested treatments, while the tree-length and full-tree treatments also differed

from the bladed treatment (Figure 3.3: p < 0.001).

Collembola Oribatida
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Figure 3.2 Ordination diagrams (db-pRDA) of the taxonomic composition of

moss and soil Collembola and Oribatida communities in response to the biomass
removal treatment across all LTSP experimental sites. C = Control; T = Tree-length;
F = Full-tree; B = Bladed. R? is the inertia of the taxonomic composition of
communities explained by the treatments and significantly different compositions
among treatments are indicated by different lowercase letters. The percentage of
inertia and significance of each axis are indicated. ns = not significant (p > 0.05), ***
p<0.001.
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3.5.3 Functional responses of mesofaunal communities to biomass removal

The functional structure of Collembola communities differed significantly along the
biomass removal gradient according to their functional diversity (FDgao) Which was
higher in the control treatment compared to both the full-tree and bladed treatments
(Table 3.1: p < 0.01). However, no significant difference was found in species
functional trait composition between treatments (Table 3.1; Figure 3.4: R> = 9 %).
The functional structure of Oribatida communities was also modified by harvesting
with a significantly lower functional diversity in all the harvested treatments
compared to the control treatment while the bladed treatment also had a lower
diversity compared to the tree-length treatment (Table 3.2: p < 0.001). Species trait
composition differed in all the harvested treatments compared to the control treatment
(Table 3.2; Figure 3.4: R = 19 %, p < 0.001). More precisely, mean body length of
species was significantly higher in the control treatment than in all harvested
treatments as well as in the tree-length treatment compared to bladed treatment (p <
0.001). The mean relative sensillus length, claw number and cuticle sclerotization of
species, as well as the proportion of sexually reproducing species, were also
significantly higher in communities from the control treatment compared to all of the
harvested treatments (p < 0.01-001). The species mouthpart structure was
significantly lower (i.e., less compacted; ¢/ Table 2.2) in communities from bladed
plots compared to those of all other treatments (p < 0.05). Body shape ratio was also
significantly higher in the communities from full-tree treatment plots compared to
those found in control plots (p < 0.05). In terms of microhabitat preference, the
control treatment had communities with a proportion of epiedaphic species
significantly higher in the communities of all the harvested treatments, which were
dominated by euedaphic species, most notably in the bladed treatment (p < 0.001).
Finally, species dispersal ability was significantly higher in the control treatment
communities compared to those of all harvested treatments as well as in the tree-

length treatment communities compared to those of the bladed treatment (p < 0.001).
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