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RESUME

Le bois mort constitue un attribut structural important du sol forestier et un nombre
croissant d’études montrent qu’il est primordial pour un vaste éventail d’especes végétales et
animales et pour le recyclage des nutriments. Pourtant, certaines opérations forestieres, telles
que la coupe totale et les coupes avec protection de la régénération et des sols (CPRS),
réduisent la quantité de débris ligneux grossiers (DLG) au sol et continuent d’étre employées
de maniére extensive au Québec et ailleurs en Amérique du Nord. L’effet des DLG sur les
micromammiféres en forét boréale aménagée est, par conséquent, méconnu dans les foréts
récoltées mais il est possible que le bois mort joue un réle important dans le maintien de leurs
populations. Cette ¢étude a pour but de déterminer les effets des DLG sur les
micromammiféres dans les foréts de pessiéres 4 mousses aménagées de 1’ouest du Québec et
ce, & plusieurs échelles spatiales. Nous supposons d’abord que (1) les micromammiféres sont
dépendants de la distribution des DLG, principalement ceux qui présentent un stade de
dégradation avancée. Nous supposons également que (2) I’effet des DLG est important dans
tous les traitements forestiers car cette ressource offre plusieurs avantages pour les
micromammifeéres. Enfin, nous supposons que (3) les relations entre les micromammiféres et
les DLG seront détectées principalement a fine échelle car 1'utilisation des ressources se fait
d’abord au niveau de Iindividu. A 1’aide d’un systéme de piégeage structuré de fagon spatio-
temporelle, nous avons analys¢ 1’abondance des micromammiferes a fine échelle (50 m) et a
I’échelle du peuplement forestier (300 m). La fiabilité des identifications des spécimens
capturés a &t assurée grice au développement de deux clés d’identification. Ces clés ont été
construites en comparant les identifications faites avec tous les critéres morphologiques
(identification considérée certaine) a celles faites selon les critéres accessibles lorsque les
spécimens sont vivants ou victimes de prédation (restes osseux). Nous avons analysé la
fréquence de capture des micromammiferes a 1’aide de modeles lincaires généralisés mixtes
ou le site était I’effet aléatoire. Nous avons sélectionné les modeles les plus parcimonieux et
avons procedé a 1’aide d’inférence multimodeles pour chaque espece afin de déterminer les
effets du bois mort et des coupes. Les campagnols a dos roux de Gapper (Myodes gapperi),
les campagnols des champs (Microtus pennsyivanicus), les campagnols-lemmings de Cooper
(Synaptomys cooperi), les souris sylvestres (Peromyscus maniculatus) et les musaraignes
cendrées (Sorex cinereus) ont tous répondu de fagon positive aux DLG de fagon spécifique.
Selon les prédictions des modeles, les parcelles de coupes partielles munies d™un grand
volume de DLG dégradés (11,4 m* par 0,03 ha) présentent une abondance de campagnols a
dos roux de Gapper similaires aux foréts matures peu perturbées. Les DLG dégradés ont aussi
¢t utilisés par les campagnols-lemmings de Cooper ct les musaraignes cendrées dans les
coupes totales. A la lumiére de nos résultats, de grands volumes de DLG dégradés ont le
potentiel d’atténuer les impacts négatifs liés a la récolte des arbres matures. Nous suggérons
d’assurer la présence de grands volumes de DLG dégradés apres coupe afin de maintenir de
fortes abondances de micromammiferes, principalement ceux associés aux vieilles foréts. De
plus, ’'emploi des coupes partielles qui maintiennent une proportion substantielle du couvert
forestier (30%) assurerait un apport continu de DLG.

Mots clés : micromammiferes; forét boréale; coupe particlle; débris ligneux grossiers; clé
d’identification.



INTRODUCTION GENERALE

La situation forestiére et I’aménagement écosystémique au Québec

En forét boréale, les feux représentent une perturbation naturelle importante qui fait
partie intégrante du fonctionnement des écosystémes boréaux (Bergeron et al., 2001). Au
Canada, les coupes foresticres ont également un impact important sur les foréts. En 2009,
88% dc la superficie affectée par la coupe foresticre (i.e. prés de 600 000 ha) a été récoltée a
I’aide de coupes totales ou de coupes avec protection de la régénération et des sols (CPRS),
alors que le reste a cté prélevé a 1’aide de coupes partielles telles que les coupes progressives,
les coupes de jardinages et les éclaircies commerciales (Base de données nationale sur les
foréts, 2011). Suite aux perturbations naturelles et anthropiques, plusieurs changements
abiotiques et biotiques se produisent au niveau de 1’écosysteme et la faune et la flore sont
confrontées a de nouvelles conditions environnementales propices ou adverses, selon I'espece

concernée (Imbeau er al., 2001; Stapanian ef al., 2004; Boucher et al., 2009).

Depuis la moitié du 19° si¢cle, le cycle des feux s’est allongé en forét boréale
comparativement aux cycles historiques (depuis 7000 ans) plus courts (Bergeron et al.,
2001). La diminution de la fréquence des feux a engendrée un vieillissement des foréts (i.e.
de 100 ans ct plus), lesquelles développent une structure inéquienne (Bergeron ef al., 2001).
Dans le cadre de I'aménagement écosystémique (Bergeron et Harvey, 1997), les coupes
totales ont été recommandées afin de recréer les cycles de feux historiques plus rapides a
I’aide de rotation de coupes totales (Bergeron et al., 1999; Bergeron et al., 2001; Bergeron et
al., 2007). Toutefois, 1a coupe totale a été sur-employée pendant la deuxiéme moiti¢ du 20°
siecle pour des raisons sylvicoles et économiques, ce qui a considérablement uniformisé le
territoire alloué aux coupes par des peuplements équiennes. En conséquence d’unc rotation
de coupe trop rapide et du mouvement des opérations forestiéres vers le nord dans des foréts
de plus en plus éloignées des usines, la récolte forestiere est devenue de plus en plus
onéreuse. Une «crise foresticre» (i.e. perte de pres de 20 000 emplois au Québec dans le
secteur forestier entre 2005 et 2010, fermeture de prés de 230 usines) s’est ensuite produite

au début des années 2000 ct, en mars 2005, une réduction de 20% des contrats



d’approvisionnement forestier s’est produite lors de 1’adoption de 1a loi 71 : loi modifiant la
Loi sur les foréts et d’autres dispositions 1égislatives en matiére foresticre (Assemblée
nationale du Québec, 2005). Une révision des méthodes utilisées par I’industrie s’impose en

réponse a celte crise.

Un rapport déposé en 2004 par un groupe d’experts (Coulombe ef al., 2004) mettait
de I’avant 1’importance d’adopter une nouvelle stratégie forestiere afin de relancer I’industrie,
tout en réduisant les impacts négatifs sur la société et 'environnement. L’aménagement
écosystémique, qui est un concept d’aménagement forestier s’inspirant du fonctionnement
des <cosystemes dans le but de les conserver tout en satisfaisant les intéréts sociaux et
économiques (Bergeron et al., 2002; Gauthier ef al., 2008), s’aveére la meilleure alternative
disponible qui répond 4 ces criteres. e maintien des vieilles foréts étant un enjeu majeur, les
coupes particlles ont €té¢ mises de I'avant au sein des lignes directrices de I"aménagement

écosystémique.

LLa mosaique naturelle de la forét boréale au niveau de la ceinture argileuse du
Canada contient plus de 50% de vieilles foréts de 100 ans et plus (Bergeron ef al., 2001,
Bergeron et al., 2007). Afin d’atteindre cette proportion, les coupes particlles ont été
suggérées car celles-ci créent une structure inéquienne souvent associée aux vieilles foréts
(Bergeron et al., 2002, Bouchard, 2008). Les coupes partielles sont employées afin de
s’approcher des effets des perturbations de faibles amplitudes, telles que les épidémies
d’ingectes et les chablis en ne récoltant que de petits secteurs contigus ou isolés plutét que de
grandes surfaces uniformes (Bouchard, 2008). Bien que les coupes partielles aient pour but
de maintenir une plus grande biodiversité associée aux vieilles foréts, certaines contradictions
persistent au miveau de leurs effets sur certaines espéces fauniques, tels les

micromammiféres.

Les micromammiféres et I’aménagement forestier

Les micromammiferes : indicateurs d’aménagement forestier durable



Afin de déterminer les cffets des coupes forestiéres sur la biodiversité, certains
groupes d’especes sont utilisés en raison de leurs besoins écologiques et leurs différentes
réactions face aux perturbations. Les micromammiféres sont un groupe d’especes idéal pour
ctudier D'effet des coupes particlles sur la faune car ils sont souvent utilisés comme
indicateurs d’aménagement forestier durable (Pearce et Venier, 2005). De plus, les
micromammifeéres ont plusieurs réles essentiels dans les écosystémes forestiers : (1) ils sont
d’importants agents de dispersion pour les mycorthizes (Maser et al., 1978; Terwilliger et
Pastor, 1999), (2) ils font partie de la dicte d’une panoplie de prédateurs (Hanski et al., 1991)
et (3) ils sont d’importants régulateurs de populations d’insectes (Hanski et Parviainen,
1985). Il est donc essentiel de comprendre les impacts des coupes forestieres sur ce groupe
d’espéces car plusieurs niveaux trophiques (ie. effet de cascade) sont dépendants de la

dynamique de leurs populations.

Ftant souvent utilisés comme indicateurs d’aménagement forestier durable (Pearce et
Venier, 2005), les micromammiféres ont le potentiel d’indiquer si les coupes particlles
offrent des conditions d’habitat similaires aux vieilles foréts. En effet, certaines especes sont
principalement associ¢es aux foréts matures (e.g. campagnol a dos roux de Gapper; Myodes
gapperi) et d’autres, aux foréts jeunes et perturbées (e.g. souris sylvestre, Peromyscus
maniculatus, campagnol des champs; Microtus pennsylvanicus) (Fisher et Wilkinson, 2005;
Vanderwel et al., 2009; Zwolak, 2009). Dans 1’optique d’un aménagement forestier durable
ct du maintien de la faune associée aux vicilles foréts, le campagnol a dos roux de Gapper est

I’espéce d’intérét car ce sont leurs populations qui doivent étre maintenues.

Les espéces clés

En Amérique du Nord, les campagnols du genre Myodes sont souvent associés aux
vieilles foréts. Dans 1’ouest du continent, les campagnols a dos roux de Californie (Myodes
californicus) sont principalement retrouvés a I'intérieur des peuplements forestiers matures et
ils évitent les bordures (Mills, 1995). En Alaska, les campagnols boréaux (Myodes rutilus)
¢vitent les peuplements ou plus de la moitié des épinettes ont été affectées par les épidémies
d’insectes (McDonough et Rexstad, 2005). Au Québec, les campagnols a dos roux de Gapper
réagissent également de fagon négative aux perturbations naturelles comme les feux (Créte et

al., 1995). Plusieurs études démontrent que les campagnols a dos roux de Gapper sont plus



abondants dans les sites non perturbés que dans les coupes forestieres (Moses et Boutin,
2001; Cheveau, 2003; Fuller ef al., 2004, St-Laurent et al, 2008, Sullivan et al., 2008).
Done, de fagon théorique, les coupes particlles avec une forte rétention d’arbres

favoriseraient les micromammiféres associés aux vieilles foréts peu perturbées (e.g

campagnol 4 dos roux de Gapper) |tandis qu'und faible rétention favoriserait plutdt celles

associées aux jeunes foréts perturbées (e.g. campagnol des champs). C’est d’ailleurs ce

qu’ont observé Cheveau (2003), Fuller et al. (2004) et Klenner et Sullivan (2009).

Pourtant, plusieurs autres études suggerent le contraire. Les campagnols a dos roux
de Gapper ont répondu de fagon variable aux aménagements forestiers dans 1’oucst des Etats-
Unis (Carey et Johnson, 1995; Gitzen ef al., 2007) et au Québec (Etcheverry er al., 2005).
Steventon et al. (1998) a observé une augmentation de 1’abondance des campagnols a dos
roux de Gapper dans des foréts 1égerement coupées, mais une diminution marquée lorsque
I'intensité augmentait. De plus, Kirkland (1990) affirme que 15 études sur 21 (menées entre
1956 <t 1987) démontrent que les coupes totales engendrent une augmentation des
populations de campagnols a dos roux de Gapper. Au Québec, Etcheverry et al. (2005)
suggerent que cela serait dii 4 une sélection trés prononcée des microhabitats (e.g. bois mort)
maintenus aprés coupes. Or, avec le temps, ces microhabitats disparaitraient ou ne
répondraient plus aux besoins des campagnols a dos roux de Gapper dans les coupes totales.
Certaines populations se sont extirpées des coupes totales aprés 4 4 5 années suivant la
récolte (Sullivan ¢t Sullivan, 2001; Sullivan et a/., 2008). D’autre part, les espéces assocides
aux perturbations, telles que la souris sylvestre (Steventon ef al., 1998; Sullivan et Sullivan,
2001; Pearce et Venier, 2005; Le Blanc ef af., 2010) et les campagnols des champs (Sullivan
et Sullivan, 2001; Etcheverry et al., 2005; Klenner et Sullivan, 2009) sont généralement plus
abondantes dans les coupes mais certaines études démontrent que ce n’est pas toujours le cas.
Par exemple, Etcheverry ef al. (2005). Moses et Boutin (2001) et Homyack et al. (2005)
n’ont observé aucun changement au niveau de 1’abondance des souris sylvestres suite aux

coupes forestieres.

Autres especes de I'aire d’étude

En ce qui concerne les autres especes retrouvées dans notre aire d’étude, elles ne sont

pas considérées comme indicatrices d’aménagement forestier durable car les effets des
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perturbations naturelles et anthropiques sont nuls sur ces especes (especes généralistes) ou ils
sont encore relativement méconnus. La musaraigne cendrée (Sorex cimereus) est
probablement la plus commune des musaraignes au Canada et la plupart des études
démontrent que leurs populations restent stables suite aux coupes forestieres (Steventon et
al., 1998; Ford ct Rodrigue, 2001; Cheveau, 2003; Pearce et Venier, 2005). En ce qui
concerne la grande musaraigne, (Blarina brevicauda) elle se trouve en plus grande abondance
dans les foréts matures et peu perturbées (Kirkland, 1977, Fuller et al., 2004) alors que
d’autres chercheurs ont capturé davantage de cette espéce dans les éclaircies pré-
commerciales ct les coupes totales (Etcheverry et al., 2005; Kaminski et al., 2007). Malgré le
manque de support statistique fiable, les phénacomys (Phenacomys intermedius; Sullivan et
Sullivan, 2001) ainsi que les souris sauteuses des bois (Napaeozapus insignis; Kaminski et
al., 2007) ont éteé capturées en plus grande abondance dans les foréts coupées
comparativement aux foréts témoins. Pour ce qui est des souris sauteuses des champs (Zapus
hudsonicus), aucune information sur I'effet des coupes n’est disponible, probablement en
raison de la grande difficulté a picger cette espéce (Bury et Com, 1987). Les deux seules
musaraignes pygmées (Sorex hoyi) piégées lors de I’¢tude de Simon et al (2002) se
trouvaient dans les coupes totales, mais il ne s’agit évidemment pas d’une tendance
statistiquement valide. L effet des coupes forestiéres sur la musaraigne palustre (Sorex
palustris) est inconnu, probablement en raison de son écologie étroitement liée aux cours
d’ecau (Beneski et Stinson, 1987). Des campagnols des rochers (Microtus chrotorrhinus), une
espece relativement rare, ont été observés dans des peuplements matures mésiques (Orrock et
Pagels, 2003). Par contre, Kirkland (1977), a observé des campagnols des rochers, en plus

des campagnols-lemmings de Cooper (Synaptomys cooperi), dans des coupes totales.

A la lumiére de ces diverses études, les populations des micromammiféres répondent
de fagon spécifique aux coupes forestieres. La présence de populations abondantes de
campagnols a dos roux de Gapper dans un peuplement partiellement coupé indique que celui-
ci possede des caractéristiques abiotiques et biotiques s’apparentant aux vieilles foréts
(Pearce et Venier, 2005). A I’opposé, des populations abondantes de campagnols des champs
ou de souris sylvestres indiqueraient que le site échantillonné possede davantage de

caractéristiques associces aux foréts perturbées. Alors que la surface terricre des arbres



semble avoir un effet majeur sur les populations des micromammiféres, 1'utilisation des
microhabitats, tels que le bois mort, est probablement un des facteurs prépondérants causant

des réponses démographiques variables dans les coupes forestieres.

L’importance du bois mort pour les micromammiféres
La raréfaction du bois mort

Le bois mort ou, plus spécifiquement, les débris ligneux grossiers (DLG) sont une
composante importante du sol forestier qui contribue au maintien de la biodiversité et au
recyclage des nutriments. Les DLG sont des sections d’arbres au sol (billes) et des souches
d’un diametre grossier variant de 5 & 10 cm, selon I’¢tude. Malgré que de plus en plus
d’études réiterent I’importance du bois mort pour plusieurs especes végetales et animales, la
ressource diminue de fagon substantielle en raison de I'emploi de pratiques foresticres
intensives. En plus de modifier la structure des DLG (Fraver ef al., 2002; Jenkins et al.,
2004), I’'aménagement forestier intensif pratiqué en Scandinavie depuis plusieurs décennies
est un des facteurs qui explique la raréfaction du bois mort (Virkalla et Toivonen, 1999).
C’est suite a cette raréfaction que pres de 25% des espéces scandinaves ont obtenu le statut
d’espeéce menacée (Virkalla et Toivonen, 1999). Afin d’éviter un scénario similaire dans les
foréts boréales de 1’ Amérique du Nord, il est primordial d’assurer la pérennité du bois mort

grice aux stratégies d’aménagement forestier durable.

Les DLG comme source d’humidité et de champignons

Les micromammiféres constituent un groupe d’espeéces dépendantes de certaines
formes de bois mort, surtout des DLG et ce, pour plusieurs raisons. En premier licu (1),
I’humidité retenue par les DLG permet de répondre & certains besoins fondamentaux des
especes requérant beaucoup d’eau. Getz (1961a, b, 1968) indique que la grande musaraigne,
la musaraigne cendrée, le campagnol 4 dos roux de Gapper et la souris sauteuse des champs
préferent les milieux humides aux habitats xériques. D’autres musaraignes sont également
associées aux habitats humides : 1a musaraigne fuligineuse (Sorex firmeus; Brannon, 2000) et

la musaraigne palustre (Beneski et Stinson, 1987). En plus d’étre une source d’cau,



I’humidité contenue dans les DLG favorise le développement de truffes, ou champignons
hypogés (i.e. champignon dont le sporocarpe — le fruit — est sous terre), ainsi que d’autres
champignons dépendants du bois mort et qui sont consommeés par certains micromammiféres

mycophages.

Les truffes et autres fongus, dont ceux du genre Fomitopsis, font en effet partic de la
diete de plusieurs rongeurs dont le campagnol a dos roux de Gapper, le campagnol des
champs, le phénacomys, la souris sautcuse des bois et la souris sauteuse des champs (Maser
et al., 1978, Merritt, 1981; Linzey, 1983; Ovaska et Herman, 1986; Rhoades, 1986). La
souris sylvestre semble ¢galement consommer des champignons mais en quantité beaucoup
plus faible que, par exemple, le campagnol a dos roux de Gapper (Maser ef al., 1978; Pyare et
Longland, 2001). Quelques insectivores consomment également des champignons dont la
grande musaraigne (Ovaska et Herman, 1986) et la musaraigne palustre (Beneski et Stinson,
1987). La plupart des études sur la mycophagie des micromammiféres ont été menées dans le
nord-ouest des Etats-Unis mais d’autres études confirment ces comportements pour le
campagnol a dos roux de Gapper et la souris sauteuse des bois dans 1’est américain (Orrock et

Pagels, 2002, 2003)

L’abondance des truffes est ¢troitement liée aux DLG. Meyer ef o/, (2005) indiquent
que des éclaircies forestieres menées en Californie réduisent 1’abondance des truffes et ce,
possiblement en raison de la diminution du volume de débris ligneux. En Oregon,
Amaranthus ef al. (1994) ont observé que la production de truffes était plus grande sur les
DLG en dégradation avancée et ce, a I’intérieur des foréts matures. De plus, Clarkson et Mills
(1994) indiquent que les placettes avec rondins dans les foréts matures avaient deux fois plus
de chances de contenir des truffes que les placettes sans rondin du méme peuplement. Selon
les deux précédentes études, I’humidité et la maturité des peuplements sont des facteurs clés
expliquant 1’abondance des truffes. Par exemple, les coupes totales asséchées par les facteurs
environnementaux (Clarkson et Mills, 1994) et les plantations de 25 ans et moins en milieu

humide (Amaranthus ef al., 1994) n’offrent que trés peu de truffes.

Les coupes totales (Clarkson et Mills, 1994) ainsi que les coupes partielles (Jacobs et

Luoma, 2008) réduisent 1’abondance des truffes qui réduit a son tour la mycophagie des



micromammiféres. I1 est donc a prévoir que les espéces hautement adaptées a leur
consommation, tel que le campagnol & dos roux de Gapper (Claridge et al., 1999), soient
indirectement et négativement affectées par les coupes. Cependant, cet effet négatif serait
limité¢ par des microhabitats humides favorisés par les DLG, principalement cecux en
dégradation avancée. Nous devrons cependant prendre en compte que la mycophagie des
micromammiféres ainsi que I’abondance de truffes sont, a notre connaissance, méconnues en

forét boréale du nord-est de I’ Amérique du Nord.

Les insectes et les DLG

En deuxieme licu (2), les DLG sont profitables aux insectivores car beaucoup
d’insectes s’en servent comme habitat. En effet, Vanderwel er al (2006) démontrent que
plusieurs communautés d’insectes de 1’Ontario peuvent v &tre retrouvées sclon les stades de
dégradation des DLG. Les insectes xylophages ct leurs prédateurs se trouvaient sur les DLG
peu dégradés, tandis que les saprophages et les mycophages étaient plutét dans les DLG en
dégradation avancée. En ce qui concerne certaines familles, Thomas ef al (2009) affirment
que les coléoptéres appartenant aux Elatéridés sont plus abondants lorsque les DLG sont en
dégradation avancée. Ltant donné qu’il existe différentes communautés d’insectes selon le
stade de dégradation, les insectivores généralistes (e.g. musaraigne cendrée) ne devraient
donc pas étre limités selon le stade de dégradation. Toutefois, la diminution du volume de
bois mort pourrait affecter négativement 1’abondance des insectes xylophages et saprophages
et ainsi réduire la disponibilité de nourriture pour les musaraignes et autres insectivores

occasionnels (e.g. campagnol a dos roux de Gapper; Merritt, 1981).

Les DLG et leur role d’habitat

En troisieme lieu (3), les DLG sont importants pour les micromammiféres afin de se
déplacer furtivement sur le sol forestier et d’éviter les prédateurs (Fitzgerald et Wollf, 1988;
Roche et al., 1999). Olszewski (1968) a démontré que certains petits mammiferes se
déplacent de fagon plus importante en dessous des arbres tandis que d’autres préferent se
déplacer au-dessus de ceux-ci. Ces comportements impliquent donc des déplacements non-
aléatoires et une certaine orientation basée sur les arbres déracinés. C’est dans cette

perspective que Barry et Francq (1980) ont montré que les populations des souris a pattes



blanches (Peromyscus leucopus) sont plus abondantes en présence de rondins et que les
souris en fuite parcourent une grande distance sur ces structures. Barmnum et al. (1992) ont
confirmé cette observation tout en précisant que les débris ligneux «mous et spongieux» sont
ceux les plus utilisés. Ucitel ef al. (2003) ont, pour leur part, vérifié les chemins empruntés
par le campagnol 4 dos roux de Gapper et ils ont conclu que, tout comme la souris a pattes
blanches, les campagnols utilisent les DLG afin de se déplacer car pres du tiers de la distance
parcourue était sur des DLG. En ce qui concerne les musaraignes, peu d’études ont été
menées 4 ce niveau. Maidens ef al. (1998) indiquent que les musaraignes utilisent les DLG
afin de se déplacer et suggerent qu’elles préférent ceux étant peu dégradés en raison de la

présence de branches qui agissent comme protection contre les prédateurs.

Les DLG sont donc utilisés de fagon importante par les micromammiferes car ces
structures ont le potentiel de leur fournir de "humidité, de la nourriture (e.g. champignons,
mousses, insectes), un couvert de protection et de nidification, ainsi que des corridors
permettant des mouvements furtifs (Maser et al, 1979). Toutefois, les relations entre
I’abondance des DLG et I'abondance des micromammiféres ne sont pas toujours claires et
certaines ¢tudes présentent des résultats contradictoires, particulicrement celles menées a
I’échelle des peuplements (Etcheverry ef al., 2005; Vanderwel et al., 2010; Moseley ef al.,
2008; Davis et al., 2010).

Utilisation des DL.G par les micromammiféres en forét aménagée
Role des DLG dans des peuplements différents

Des ¢tudes portant sur I’impact des coupes foresticres ont vérifié si la distribution des
micromammiféres dépendait des microhabitats (i.e. végétation, DLG, humidité) dans les
peuplements. Dans 1’étude de Pearce et Venier (2005) menée en forét boréale de 1’Ontario,
les auteurs observent que la distribution des campagnols a dos roux de Gapper, des souris
sylvestres et de plusieurs musaraignes était largement reliée aux peuplements ayant de grands
volumes de DLG. Cependant, plusieurs études (Moses et Boutin, 2001; Fuller er al., 2004;

Homyack et al., 2005) montrent unc absence de relation entre la plupart des
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micromammiféres ¢tudiés, dont le campagnol 4 dos roux de Gapper et la souris sylvestre, et

la distribution des DLG.

11 est cependant important de considérer que la structure des DLG résiduels change
selon les types de coupes forestieres, ce qui pourrait affecter leur effet sur les
micromammiféres. Au nord du Wisconsin, Goodburn et Lorimer (1998) démontrent que les
DLG étaient deux fois plus abondants dans des peuplements sujets a des coupes sélectives
comparativement aux foréts équiennes de 65-75 ans, mais équivalait seulement a 60% des
DLG des vieilles foréts. De fagon similaire, les volumes de DLG en dégradation avancée
ctaient plus grands dans les vieilles foréts et plus petits dans les foréts équiennes. Certaines
coupes forestieres, dont les récoltes par trouces et les coupes totales, augmentent
principalement le volume des DLG de petite taille car ils ne sont pas récoltés en raison de
leur plus faible valeur commerciale (Fraver er al., 2002; Pedlar ef al., 2002). Au Québec,
Etcheverry et al. (2005) indiquent que les CPRS de leur étude ont ajouté des grandes
quantités de DLG au sol.

De surcroit, certaines opérations mécaniques faites pour préparer les sites a la
régénération peuvent modifier les volumes de DLLG. La scarification, souvent employée dans
les CPRS du Québec, s’est avérée comme une méthode réduisant de fagon importante la
quantité de DL.G au sol en Finlande (Hautala ef ai., 2004). De plus, la structure des DLG
dépend de 1’age du peuplement lorsqu’il a été coupé. Sturtevant ef al. (1997) affirment que
dans les foréts de Terre-Neuve, les volumes de DLG sont maximisés suite a une coupe,
atteignent un minimum apres 50 ans pour ensuite augmenter 3 nouveau dans les foréts
matures. Il est donc essenticl de connaitre 1’dge et 'historique des activités foresticres
passées pour déterminer les volumes de bois morts déja présents sur le site et ceux qui seront

laissés apres la récolte.

Effet des DL.G a léchelle des peuplements

Afin de contréler directement les volumes de DLG, quelques équipes de recherche
ont fait des manipulations de grande envergure. Une étude menée en Caroline du sud montre
I'impact de la récupération des DLG dans deux peuplements frappés par des tornades (Loeb,

1999). Les abondances de la souris de coton (Peromyscus gossypinus) et de la musaraigne
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Blarina carolinensis ¢taient plus grandes dans les sites non-nettoyés ou les DLG étaient plus
nombreux, plus grands et généralement moins dégradés. Pourtant, deux études subséquentes
menées dans le méme secteur contredisent une partie de ces résultats. I.’une démontre que B.
carolinensis n’est pas favorisée par I’ajout de DLG (Moseley ef al., 2008) et 1’autre démontre
que I’abondance était sensiblement la m&me suite 4 une réduction des DLG (McCay et
Komoroski, 2004). Selon les auteurs, cette réponse neutre serait peut-étre due au manque de
DLG en dégradation avancée. Au Nouveau-Brunswick, Bowman ef a/. (2000) ont observé un
lien positif entre 1’abondance des DLG en stade de dégradation avancée et les campagnols a
dos roux de Gapper. Malgré tout, la distribution des micromammiferes selon la structure des

DLG a I’échelle des peuplements ne semble pas tres claire.

D’autres études menées en Oregon et en Caroline du nord, n’ont pas trouvé de lien
¢vident entre la structure des DLG et la distribution de la musaraigne de Trowbridge (Sorex
trowbridgii) et 1a souris a pattes blanches (Peromyscus leucopus) a 1’échelle des peuplements
(Butts et McComb, 2000; Greenberg, 2002). Les résultats provenant d’études ayant impliqué
des manipulations des DL.G de grande envergure ne supportent donc pas I’importance de ces
structures pour les micromammiféres. Plusieurs hypothéses peuvent expliquer cette absence
de relation dont I'omniprésence d’humidité dans des sites mésiques, une abondance non-
limitante de DLG ou encore un protocole expérimental (e.g. échelle de 1’étude) ne pouvant
détecter cette relation. 11 est donc possible que la distribution des micromammiferes selon les

DLG soit plus évidente a une plus fine échelle spatiale.

Effet des DLG a fine échelle

I effet des DLG sur I’abondance des micromammiferes a 1’échelle des peuplements
ne démontre pas de lien clair. I1 est cependant rare que les débris ligneux grossiers aient été
sujets d’études portant sur la sélection d’habitat 4 fine échelle. Pourtant, Manning et Edge
(2004) ont observeé que la survie de deux especes de micromammiféres (7.e. souris sylvestre,
campagnol d’Oregon (Microtus oregoni)) n’était influencée par les débris ligneux qu’a
I’échelle des domaines vitaux. Oatway et Morris (2007) ont, pour leur part, remarqué qu’a
fine échelle, les campagnols des champs sélectionnaient les microhabitats selon leur qualité et
ce, indépendamment de la densité de la population. Cette idée est d’autant plus plausible car

Uecitel er al. (2003) montrent clairement, grace a la télémétrie, que la sélection d’habitat des
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campagnols a dos roux de Gapper est affectée par 1’hétérogénéité spatiale de la distribution

des DLG a I’intéricur des peuplements forestiers.

Or, peu d’études ont vérifié 1’utilisation des DLG a fine échelle par les populations
des micromammiferes. Cependant, Greenberg (2002) démontre que les souris a pattes
blanches étaient plus souvent piégées pres des DLG dans des chablis. De plus, Kaminski et
al. (2007) ont observé que les captures de la grande musaraigne, le campagnol a dos roux de
Gapper ct la souris sauteusc des bois sont liées aux picges entourés de beaucoup de DLG de
grande taille. En ce qui concerne les musaraignes, Brannon (2000) démontre que la
distribution de la musaraigne cendrée et de la musaraigne fuligineuse dans les peuplements
forestiers matures des Appalaches dépend de la quantité de DLG dégradés. Dans 1’état de
Washington, des analyses menées par Carcy et Johnson (1995) montrent que plus de 75% de
la variance dans ’abondance de la souris sylvestre et le campagnol a dos roux de Gapper est
expliquée par le couvert arbustif et les DLG. Ces relations ne semblent plus aussi évidentes a
une échelle encore plus fine. En accord avec une étude précédente (Hayes et Cross, 1987),
Bowman ef al. (2000) n’ont détecté aucune relation entre la fréquence de capture des

micromammiféres et la classe de dégradation des DLG i I’échelle du débris ligneux méme.

Ainsi, 1l est essenticl de déterminer les relations entre les débris ligneux grossiers
(DLG) et les populations de micromammiferes a différentes échelles spatiales dans les
coupes totales, partielles et dans les sites témoins (non-coupés). De plus, peu d’études sur les
coupes partielles ont été mences dans les foréts boréales de 1’est du Canada (Vanderwel et ai.,
2009). La modification de ’habitat par les coupes forestieres ont le potentiel d’affecter les
populations des micromammiféres de fagon importante. Toutefois, nous supposons qu’une
structure du sol complexifiée par de grands volumes de DLG devrait maintenir une plus

grande abondance de micromammiteres que les sols dépourvus de bois mort.

Conséquences des effets de densité sur les relations faune-habitat

Les relations faune-habitat peuvent généralement étre étudiées selon I’abondance des

populations a plusicurs échelles spatiales. Deux processus principaux ont un effet direct sur la
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configuration spatiale des populations animales : la disponibilité des ressources et les effets
de densité. Dans le cas des micromammiféres, 1utilisation des ressources par les individus
opére a fine échelle a Iintérieur des domaines vitaux. A Dintérieur des domaines vitaux,
Thompson et al. (2009) ont démontré que les micromammiféres concentrent leurs activités
dans des secteurs restreints ot les ressources sont abondantes (e.g. de grands volumes de
DLG). Puisque le chevauchement des domaines vitaux est commun chez les
micromammiféres, 1’abondance de ceux-ci peut augmenter de fagon importante dans les
microhabitats de haute qualité. La densité de la population locale augmente, faisant apparaitre
certains facteurs de densité, tels que la compétition intra- et interspécifique, forgant une
distribution spatiale plus homogéne des individus a I'intérieur de courtes distances (Oatway
et Morris, 2007, Morris et MacEachern, 2010). Chez les micromammiféres, Pusenius et
Schmidt (2002) ont suggéré qu’en présence d’effets de densité, les campagnols des champs
suivent une distribution idéale-despotique (7.e. les dominants se trouvent aux sites de haute

qualité alors que les subordonnés sont dans les sites de faible qualité).

Il est donc important d’étudier les relations faune-habitat a plusieurs échelles
spatiales lorsque nous utilisons 1’abondance comme critére d’utilisation d’habitat. Dans le cas
des micromammiferes, la présence ou I’absence d’effets de densité pourrait limiter notre
interprétation si nous devions nous limiter  une seule échelle spatiale. Pour une population
dense, la distribution spatiale des micromammifeéres risque d’étre plus homogene a fine
échelle, ce qui masquerait I’effet des DLG & Pintérieur d’une courte distance (50 m). A
I’opposé, pour une population peu dense, la distribution spatiale des micromammiféres risque

d’étre plus homogene a une échelle grossicre (300 m).

Clés d’identification pour un échantillonnage plus fiable

Le présent mémoire comporte également une section sur la taxonomic des
micromammiféres car le manque de ressources disponibles en la matiere nous a menés a
développer deux clés d’identifications adaptées a deux situations spéeifiques : 1'identification
des micromammitféres vivants (C1) et des restes osseux (C2). Tout d’abord, I’identification

des micromammiferes vivants peut s’avérer ardue car plusieurs des critéres mentionnés dans
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d’autres clés d’identification (van Zyll de Jong, 1983; Maisonneuve et al., 1997, Lupien,
2001, 2002; Nagorsen, 2002) ne sont pas utiles avec des spécimens vivants (e.g. morphologic
dentaire). Les identifications deviennent encore plus difficiles, voire impossibles, lorsque les
spécimens sont sales et mouillés. Afin de récolter les données pour le chapitre 1 du présent
mémoire, nous avons développé une clé d’identification des micromammifeéres vivants dans
la forét boréale du Québec. Cette clé a été développée car nous allions capturer les souris et
les campagnols vivants avec des picges de type «Sherman». Une deuxieéme clé a été
développée afin d’identifier des restes osseux, principalement dans des nids d’oiscaux de
proies. Cette deuxiéme clé a été développée pour un projet d’étude connexe a celui décerit
dans le chapitre 1 et parce qu’aucune autre clé semblable n’existe en Amérique du Nord. De
plus, celle-ci nous a été d’une grande utilité¢ afin de confirmer certaines identifications
difficiles lors des échantillonnages faits pour le chapitre 1. Ces clés ont été €laborées avec
I’aide de Gilles Lupien, technicien de la faune au Minmistere des Ressources Naturelles et de la
Faune, dans le but de construire deux clés d’identification fiables et approuvées par un
expert. Des spécimens capturés par d’autres chercheurs au Saguenay-Lac-St-Jean et au Bas-
St-Laurent auront permis d’étendre Dapplication de la clé d’identification des

micromammiféres vivants.

Objectifs de I’ étude

Cette étude vise a déterminer les effets des débris ligneux grossiers sur les
micromammiféres boréaux dans les foréts de pessicres 4 mousses aménagées de 1’ouest du
Queébec. Elle vise plus précisément a déterminer 1'importance des DLG comme facteur
pouvant réduire les effets négatifs associés au prélevement des arbres. Afin de déterminer les
effets des DLG sur les micromammiferes en forét boréale aménagée, les abondances des
campagnols, des souris et des musaraignes seront comparées entre plusieurs grilles de
pi¢geage localisées dans trois traitements forestiers : des coupes totales, des coupes particlles
et des sites témoins non-coupés. De plus, en analysant I’abondance des micromammiferes a
fine échelle et a 1’échelle des peuplements, nous pourrons évaluer les relations a deux
¢chelles spatiales. Ce sujet est abordé dans le chapitre 1 du présent mémoire. D’un point de

vue plus appliqué, cette étude permettra de mieux évaluer le type de structure des DLG
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(simple a complexe) qui est 1a plus apte 4 la conservation des micromammiféres. Elle apporte
donc une contribution au dossier de la récupération de la biomasse résiduclle des fordts
coupées qui est un enjeu émergeant en foresterie (e.g. production de biocarburants). Enfin,
cette ctude permettra également d’enrichir les connaissances au niveau de 1’effet des coupes

particlles sur la biodiversité de la forét boréale de I’est du Canada.
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Abstract

Dead wood such as stumps and logs found on the forest floor is a key structural element that
is used by a broad spectrum of organisms and contributes to soil nutrient cycling. The
complexity of the forest floor in the boreal forest is largely dependent on coarse woody debris
(CWD), but current forestry practices may compromise the future recruitment of this
resource. The main goal of our study was to determine the effects of CWD on small
mammals in harvested and non-harvested stands. Since small mammals are associated with
microhabitat components at multiple spatial scales, our secondary goal was to assess the
effects of scale on CWD associations. Five trapping scssions were conducted in the spruce-
moss boreal forest of western Québec, Canada during the summers of 2009 and 2010 in four
managed forest blocks. Each block was composed of 12 independent trapping grids equally
distributed in three treatments: clearcuts (maintenance of 0% cover), partial cuts
(maintenance of 30% cover) and controls (undisturbed). We live-trapped small rodents and
used pitfall traps for shrews in trapping sub-grids (fine-scale; 50 m) nested in larger grids
(stand-scale; 300 m). Southern red-backed vole (Myodes gapperi) and deer mouse
(Peromyscus maniculatus) abundances were positively associated with sites with high
volumes of well decayed CWD in all treatments, at the fine-scale. Southern bog lemming
(Synaptomys cooperi) abundance was positively associated with well decayed CWD, at both
scales, but mainly in clearcut areas. Masked shrew (Sorex cinereus) abundance increased
with high volumes of well decayed CWD in clearcuts but only at the stand-scale. In contrast,
meadow voles were more abundant in sites with high volumes of well decayed CWD in
controls than in sites with small volumes at the stand-scale. Patches of partial cuts with high
volumes of well decayed CWD were characterized by high abundances of red-backed voles
and this clearly indicates that volume and decay of CWD are important drivers that can
mitigate the impacts of tree removal. We found different scale-dependent responses of small
mammals to volumes of well decayed CWD, which indicates that associations were found at
the individual as well as at the population level. We suggest that partial cuts composed of
regularly distributed patches of high volumes of CWD (= 11.4 m* in patches of 0.03 ha) have
a high potential to maintain red-backed voles, a species associated with mature forests.

Résumé

Le bois mort, tel que les souches et les billes au sol, est une structure clé qui est utilisée par
un vaste éventail d’organismes et qui contribue au recyclage des nutriments du sol. La
complexité du sol forestier boréal est en grande partic dépendante de la structure des débris
ligneux grossiers (DLG) mais les opérations forestieres employées actuellement pourraient
compromettre le recrutement futur de cette ressource. L"objectif principal de cette étude était
de déterminer les effets des DLG sur les micromammiféres dans des peuplements caractérisés
par différents niveaux de rétention d’arbres. Comme deuxieéme objectif, nous avons vérifié
I’effet des DLG a plusicurs échelles spatiales car des études précédentes ont démontré que les
relations entre les micromammiféres et les microhabitats dépendent de 1’échelle. Cing
sessions de picgeage ont &té réalisées dans les foréts de pessicres & mousses aménagées de
I'ouest du Québec, Canada pendant les été de 2009 et 2010 et ce, dans quatre blocs
d’aménagement forestiers. Chaque bloc était composé de 12 grilles de piégeages
indépendantes et distribuées de fagon égale entre les trois types de peuplements : les coupes
totales (0% de rétention d’arbre), les coupes partielles (30% de rétention d’arbre) et les



20

témoins (non-coupés). A Iaide de sous-grilles (fine échelle; 50 m) nichées dans les grilles
indépendantes (échelle du peuplement; 300 m), nous avons capturé les petits rongeurs vivants
et nous avons utilis¢ des picges-fosses a capture mortelle pour piéger les musaraignes. Les
abondances des campagnols a dos roux de Gapper (Myodes gapperi) et des souris sylvestres
(Peromyscus maniculatus) ont augmenté dans les sites munis de grands volumes de DLG
dégradés dans tous les traitements et ce, aux deux échelles spatiales. I.’abondance des
campagnols-lemmings de Cooper (Synaptomys cooperi) était associée positivement aux DLG
dégradés aux deux échelles, mais uniquement dans les parcelles de coupes totales. Les
musaraignes cendrées (Sorex cinereus) étaient positivement associces aux coupes totales avec
de grands volumes de DLG dégradés mais sculement a 1’échelle du peuplement. Les
campagnols des champs (Microtus pennsylvanicus) ont plutét &té abondants dans les sites
avec de grands volumes de DL.G peu dégradés dans les témoins a I’échelle du peuplement.
Les parcelles de coupes particlles composées de grands volumes de DLG dégradés ont été
caractérisées par une grande abondance de campagnols a dos roux de Gapper et ceci indique
clairement que le volume et la dégradation des DLG sont des facteurs importants pouvant
atténuer les impacts de la récolte forestiecre. Les réponses multiscalaires des
micromammiféres aux volumes des DLG dégradés indiquent que les associations ont &t
observées au niveau de I'individu et de la population. Afin de maintenir de grandes
populations de campagnols a dos roux de Gapper, une espece associée aux foréts matures,
nous suggérons que les coupes partielles soient composées de parcelles forestieres distribuées
de fagon réguliére et soient caractérisées par de grands volumes de DLG (>11.4 m* dans des
parcelles de 0.03 ha).

Keywords

Dead wood decay; Partial cut; Small mammals; Density dependence; Spatial scales; Boreal
forest
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1.1. Introduction

Dead wood plays an important role in maintaining vital natural processes such as
nutrient cycling and is often a key structural element of habitat for plants and animals (Maser
et al, 1979). Decaying snags, stumps, branches and logs are good substrates for fungi
(Amaranthus ef al., 1994), mosses (Rambo and Muir, 1998), lichens (Botting and DeLong,
2009) and other plants. Dead wood also provides nest sites, cover, food and humidity for
insects (Hjalten ef af., 2010), amphibians (Blomquist and Hunter, 2010), birds (Imbeau and
Desrochers, 2002; Martin et al., 2004; Drapeau ef al., 2009), mammals (Loeb, 1999, Pearce
and Venier, 2005), and fish (Ahrenstorfl et af., 2009). Dead wood i1s so crucial for
maintaining biodiversity that several organisms have dramatically declined as a consequence
of its disappearance or rarefaction in managed forests. For example, at the end of the 20th
century, approximately 25% of all endangered Scandinavian species were associated with
dead wood (Virkalla and Toivonen, 1999). Maintaining dead wood in managed stands is
currently a challenge considering that several widely-used sylvicultural practices such as
ground preparation for plantations and clearcuts reduce dead wood volumes as well as its

future recruitment within stands (Pedlar et a/., 2002; Hautala et al., 2004).

Among boreal forest-associated vertebrates, small mammals are often identified as
one group of species that strongly depends on dead wood. Coarse woody debris (CWD),
defined here as large diameter logs and stumps, are indeed used by most of these species
(Hayes and Cross, 1987, Bowman et al., 2000; Etcheverry ef al., 2005; Vanderwel et al.,
2010). The stage of decay of CWD has also been reported as an important variable whereas
well decayed logs and stumps are more frequently used by small mammals than those in early
decay stages (Gunderson, 1939; Bamum ef a/., 1992; Bowman ef a/., 2000; Brannon, 2000;
Kaminski et al., 2007). Benefits provided by decaying logs and stumps for small mammals
include abundant food such as fungi and insects, humidity as well as better cover against
predators (Maser ef al., 1979). As a result, sites with higher volumes of CWD are strongly
used at fine (e.g., home range) spatial scales (Kaminski ef al., 2007, Thompson et al., 2009,
Vanderwel ef al., 2010), although such associations are not clearly demonstrated at the stand-

scale (i.e. population level associations).
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For example, three related studies conducted in Oregon report varying responses
through time of three species of shrews (Sorex spp.) in stands with different volumes of carly
decay class CWD (McCay and Komoroski, 2004; Moseley ef al., 2008; Davis et al., 2010).
Deer mice (Peromyscus maniculatus) and southern red-backed voles (Myodes gapperi) also
responded both positively (Menzel et al., 1999; Pearce and Venier, 2005) or neutrally
(Sullivan and Sullivan, 2001; Fuller et al., 2004; Zwolak and Foresman, 2008) to different
CWD volumes at the stand-scale. This lack of consistency between results at the stand-scale
may depend on the effect of hierarchical habitat selection (ie. second-order and third-order
selection; Johnson, 1980). Specifically, associations between microhabitat attributes such as
CWD and small mammals are dependent of the spatial scale because responses may be

observed at the individual and at the population level.

Microhabitat associations, such as the use of CWD, are reflected by the spatial
distribution of small mammals. Two related studies (Oatway and Morris, 2007; Morris and
MacEachern, 2010) observed a strong spatial structure in enclosures at the scale of 50 m with
meadow voles. Whereas Bowman ef al. (2001) found a similar pattern (from spatial
autocorrelation analyses) for southern red-backed voles at the scale of 125 m in open forests,
the pattern became weak at distances of more than 533 m. These distances match daily
movements of voles and mice inside their home range (Tallmon and Mills, 1994; Ribble et
al., 2002; Thompson et ai., 2009). The observations made by Bowman et al. (2001) indicate
that populations of small mammals may aggregate in high habitat quality patches and form a
series of small communicating metapopulations. Krohne and Burgin (1990) also suggested
that the abundance of Peromyscus leucopus is homogencous over short distances while
segregation over larger distances creates a more heterogeneous spatial structure. Thus, strong
positive associations to microhabitat components, such as CWD, at fine-scales may be
observed duc to resource use by individuals while population level responses may be

observable at larger spatial scales (e.g. stand-scale).

The effects of CWD on the abundance of small mammals have received increasing
attention over the last decade, especially in the context of new sylvicultural practices that
have been proposed to stop the dwindling stocks of woody debris in managed boreal forests.

Partial cuts are one of these practices proposed as an alternative to clearcuts in boreal forests
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in order to ensure a long-term recruitment of dead wood and CWD within harvested stands
(Bergeron ef al., 2002; Bergeron et al., 2007, Bouchard, 2008). This type of treatment was
also proposed to maintain a forest structure more similar to old forests that represent more
than 50% of the forest cover in landscapes under natural disturbance regimes (Bergeron et
al., 2007). The effects of partial cuts on small mammals have been well studied (reviews in
Vanderwel et al., 2009, Zwolak, 2009) and species show varying responses to different levels
of partial cutting (% of cover removed). For example, southern red-backed voles, a species
often associated with old and mature coniferous forests, responded both negatively (Fuller et
al., 2004; Sullivan ef al., 2008) and positively (Steventon ef af., 1998; Kaminski et al., 2007)
to tree removal. Interestingly, most of these studies observed a strong positive relationship
between CWD and the abundance of red-backed voles. Thus, this forest floor resource may
have the potential to explain variations in the responses of small mammals to sylvicultural
operations. Although other factors may explain discrepancics between study results, there is a
lack of information on the effects of CWD at multiple scales, overlooking the possibility that
response to CWD is scale-dependent.

In this study, our main objective was to assess and compare the effects of CWD on
small mammals in managed and unmanaged boreal forests of western Québec. We
investigated the effects of CWD at different levels of tree retention by comparing small
mammal abundances found in clearcuts, partial cuts, and undisturbed stands (controls) with a
spatially and temporally structured trapping system. We first hypothesized that the abundance
of voles and shrews depends on the amount and decay of CWD in all treatments. We also
hypothesized that associations between boreal small mammals and CWD depends on the
spatial scale. In the context of this study, fine-scale associations represent the non-random
distribution of individuals inside an area equal to the approximate mean home range size of
most small mammals while stand-scale associations represent the non-random distribution of
small mammal populations between forest stands. Our first prediction was that (1) captures of
small mammals increase with volumes of CWD, especially with those of later decay stages.
Indeed, several small mammal species use well decayed CWD more often than CWD of carly
decay classes. We also predicted that (2) this positive relationship is observable in all

treatments since CWD probably compensate the negative impacts of loss of forest cover
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induced by harvesting. Finally, we predicted that (3) most species will be associated with
CWD at the fine-scale rather than at the stand-scale, as a consequence of previously

documented strong resource use by small mammals at fine-scales.

1.2. Material and Methods
1.2.1. Study area

We used a network of partial cuts, consisting of several forest blocks that were
managed to study the effects of this sylvicultural practice on biodiversity and forest
productivity in western Québec, Canada (Fenton er al., 2009; Bescond ef al., 2011). We
chose four managed forest blocks from the network (Puisecaux: 78°58°17W;49°36°157N,
Gaudet: 78°47°337"W:49°52°58°N, Tenelon: 78°33°517"W;49°59°24°N, and Cramolet:
77°30°487W;49°14°41°°N) on the basis of their accessibility and large treated surface (35-90
ha) (Fig. 1). All four managed blocks occurred in the Clay Belt of eastern North America and
in the spruce-moss bioclimatic domain (Gauthier et al., 2000). The forest stands were mainly
composed of black spruce (Picea mariana) and trembling aspen (Populus tremmdoides).
Balsam fir (dbies balsamea), white birch (Betuda papvrifera), and jack pine (Pinus
banksiana) were also sparsely found. The understory vegetation was composed of alders
(Alnus spp.), Labrador tea (Rhododendron groenlandicum), raspberry (Rubus idaeus), and
blueberry (Vaccinium spp.). The ground-level vegetation was mostly composed of sphagnum
and mosses. Our study area 18 paludified, which is the result of gradual accumulation of thick
organic (mostly from sphagnum and mineral soils) layers on the soil (Fenton et al., 2005). In
the Clay Belt region of eastern North America, paludification can dramatically reduce tree
growth, which often creates open areas with few commercially sized trees. Consequently,
black-spruce feather moss forests are characterized by small live tree basal arcas and low

herbaceous cover compared to other parts of the boreal forest (Bescond ef al., 2011).

Each block consisted of one clearcut (maintenance of ~0% cover), one partial cut
(maintenance of ~30% cover), and one control (no recent anthropogenic disturbance) for a
total of 12 sample sites (4 replicate blocks x 3 treatments). Because treatments are large (=35

ha), they were considered as being several smaller continuous stands in which we positioned



25

our trapping grids. Treatments inside cach managed block were separated by small distances
(> 0.1 km and < 2.0 km) in order to reduce the effect of environmental variability. Partial cuts
consisted of alternating harvested and non-harvested strips, uniformly leaving 30% of
commercially-sized trees (DBH > 9 cm) across the whole stand. Operations in Puiseaux,
Gaudet, and Fenelon blocks were done during the winter of 2003-2004, whereas the Cramolet
block was cut during the 2007-2008 winter. A single-grip harvester and forwarder was used
for harvesting operations. No scarification or other sylvicultural treatments were conducted

after harvesting.

1.2.2. Small mammal trapping design

Stand-scale microhabitat associations with small mammals were assessed using 50 x
50 m trapping grids (0.25 ha; Fig. 2). We chose this grid size based on the approximate mean
home range size reported in previous studics for several small mammal species (Merritt,
1981; Linzey, 1983; Ribble ef al., 2002; Whitaker, 2004). Four trapping grids were assigned
to cach sample site for a total of 48 grids (4 replicate blocks x 3 treatments x 4 grids). Grids
were randomly established in all sample sites with spatial constraints by using Hawth’s
Analysis Tools (Beyer, 2006) in ArcGIS 9.2 (ESRI, 2006). Based on Bowman ef al. (2001)
recommendations, we separated all trapping grids by a minimum distance of 250 m to ensure
spatial independence. We also considered edge effects by locating all grids at a minimum of
30 m from stand edges and 20 m from roads. Similar distances were also used in other studies
(40 m, Loeb, 1999; 30 m, Butts and McComb, 2000; 20 m, Manning and Edge, 2004). Each
trapping grid was a replicate for each treatment and was considered as being located in a
separate stand. Thus, comparison of data between trapping grids (i.e. stands) were at the

stand-scale.

We divided cach 0.25 ha trapping grid in four smaller sub-grids and arranged them as
presented in Fig. 2 to analyze fine-scale microhabitat associations. Sub-grids were designed
to represent four spatially separated microhabitats inside the area of an average small
mammal home range that can potentially be visited and selected by individuals. Pitfall traps
(10 L plastic buckets) were used to capture shrews, whereas small collapsible galvanized
Sherman traps (5 x 6.4 x 16.5 cm) were used for mice and voles. Each sub-grid consisted of

one central pitfall trap and one central Sherman trap. To increase our trapping effort for
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rodents, we located four other Sherman traps 5 m north, south, east and west from the centre

of the sub-grid. Thus, every grid was composed of 20 Sherman traps and four pitfall traps.

We sampled small mammals during two consecutive summers. In 2009, surveys were
done from July to August. Captures in 2010 were conducted from June to August. Two
surveys of three trap-nights were conducted at each site during 2009 and these sites were also
surveyed three times in 2010, for a total of five surveys. We sampled mammals one block ata
time to avoid confounding cffects of treatments and weather variables. During the first day of
cach survey, 240 Sherman traps and 48 pitfall traps were deployed and activated
simultaneously. Traps remained open during the three following nights and were checked
every day (ie. traps were checked between 06:00 and 17:00). Pitfall traps were filled with 3
to 4 inches of water to drown shrews. We baited all Sherman traps with peanut butter for
food, a piece of apple for water, as well as a small ball of cotton batting for nest-building and
isolation to ensure better survival for rodents (Drickamer and Paine, 1992). All traps
(including pitfall traps) were considered as providing an effort of 1 trap night, but those
accidentally sprung were noted as providing an effort of 0.5 trap night (Nelson and Clark,
1973).

We noted the site of capture of all dead shrews and rodents, and placed them in a
freezer for further lab identification according to cranial characteristics (Lupien, 2001; 2002).
Live shrews were immediately released on site and excluded from our analyses because
identification of live individuals was often impossible. Live rodents were located (trap site),
identified to species, weighed, sexed, and checked for pregnancy. Live mice and voles were
identified according to a modified version of a key by Lupien (2002). Specifically, we added
a new criterion based on white hairs found over the claws of the hind feet of red-backed
voles. This criterion helped to distinguish dirty and wet dark-colored red-backed voles from
meadow voles that rarely have these white hairs. Our key was tested on dead specimens that
were first identified with external morphological characteristics (e.g., fur) and subsequently
identified with cranial and dental characteristics. Identification of 97.5% (n = 352) of red-
backed voles and 93.5% (n = 124) of meadow voles matched when the two methods were

compared (Fauteux ef al., Unpublished results).
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All rodents that were captured were ear-tagged with a unique-number 1005-1 Monel
tag (National Band & Tag Company) before release. Recaptured individuals were counted
only once during each of the five trapping sessions. In other words, individuals were not
counted twice in a single session. Thus, the number of individuals was used for analyzing
small mammal abundance. Lethal captures of rodents in both pitfall and Sherman traps were
pooled with live captures. Finally, during the fourth day of all sessions, traps were removed
and relocated on the next managed block. All manipulations adhered to the Canadian Council
on Animal Care Guidelines and were approved by the institutional animal care review
committee at the Universite du Québec en Abitibi-Témiscamingue (UQAT, permit #2009-04-
30).

1.2.3. Microhabitat sampling

Microhabitats were characterized at the level of sub-grids. Circular plots of 10 m
radius were centered on all sub-grids. In each 10 m plot, we measured the total basal area
occupied by commercially-sized (DBH > 9 cm diameter) live trees using a diameter tape. We
visually interpreted the relative (%) shrub cover by employing three 1 m?* plots (one in the
center, one 5 m to the east and one 5 m to the west) in all 10 m plots. The average of the three
percentages was calculated for each sub-grid. The basal area occupied by all stumps was
measured on all 10 m plots. Downed logs found in the 10 m plots were inventoried. Two
diameters, one at the small end and one at the large end, were measured on all logs, as well as
the length between the two ends. We only considered logs with a large end = 9 cm diameter
and with a length > 1 m. If a log was crossing the plot boundary and the large end was found
outside the plot, we sampled the part of the log inside the plot only if the diameter of the log
at the boundary was >9cm. Otherwise, the log was ignored. Logs or snags with an
inclination of less than 75° from vertical were considered inaccessible for small mammals.
Logs that were completely (100%6) covered by sphagnum were also ignored. Volumes of logs
were calculated using the conic-paraboloid formula (Fraver ef al., 2007) which reduces bias

caused by irregular forms of well decayed logs.
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All stumps and logs were associated with one of 4 decay classes from least (1) to
most decayed (4). Classes were built according to those of previous studies (Maser ef al.,
1979; Fraver et al, 2002), but with some adaptations for regional differences (e.g.,
paludification). Logs of decay class 1 were hard, round, ofien with complete branches, mostly
covered with bark (> 75%), and only the tip of a knife could penetrate the wood. Class 2 logs
were mostly hard (> 75%), round with variable amounts of bark, most often without branches
and a knife could penetrate < 0.5 cm into the wood. Logs of class 3 were soft (> 25%),
possibly deformed (ie., oval shaped), with variable amounts of bark easily removable if
present, and a knife could penctrate << 5 cm into the wood. Finally, class 4 logs were
completely soft, often oval shaped, bark was sometimes present but easily removed, and a
knife could completely penetrate the wood. To classify stumps into a decay category, we
used the same criteria as for logs except for the form and branches which are absent in

stumps.

1.2.4. Statistical analyses
1.2.4.1. Microhabitat evaluation

All statistical analyses were conducted with the R software (R Development Core
Team, 2010). Microhabitat characteristics of clearcuts, partial cuts, and controls were
compared at the sub-grid level (fine-scale). A Pearson correlation analysis was first used to
detect any possible collinearity between numeric explanatory variables. Whenever two
variables were collinear (r = 0.7), we kept the variable that was most easy to interpret and

most biologically relevant for our analyses.

We reduced the number of variables in our analyses by summing the volumes of logs
of early decay classes (classes one and two) together as well as the volume of logs of late
decay classes (classes three and four). With these operations, we ended up with two
categories of log volumes: early decay class and late decay class. The same process was
applied on stump basal areas so that we ended up with two decay categories of stumps. The
basal area occupied by carly decay class stumps was correlated (Pearson r = 0.66) with live

tree basal area. Although both variables may represent the effects of harvesting, we
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climinated the variable for the basal arca of early decay class stumps because the effect of

residual live tree basal area is easier to interpret.

Linear mixed-effects models with a Gaussian distribution were used to model the
effects of treatment on the microhabitat response variables at the fine-scale. To account for
the spatial dependence of units nested in larger units, we included random effects that
consisted of block, treatment nested in block, grid nested in treatment nested in block, and
sub-grid nested in grid nested in treatment nested in block. All response variables, except the
relative cover of shrubs, were log-transformed to normalize residuals and to increase
homoscedasticity. Parameters were estimated by maximum likelihood with the nlme package
for R (Pinheiro ef al., 2011). We used Tukey honestly significant difference (HSD) multiple
comparisons to find differences among treatments implemented with the multcomp package
(Hothom et al., 2008). Similarly, we determined whether volumes of logs were different
between treatments or not. Similar log volumes among treatments would indicate that it is
possible to assess the effects of logs on a certain live-tree basal arca gradient in subsequent
analyses (described in 2.4.2 and 2.4.3.). In contrast, a difference in log volumes across
treatments would indicate that log volume and treatment are confounded thereby forcing the

interpretation of log volumes for each treatment separately.

1.2.4.2. Fine-scale microhabitat associations

Small mammal abundances were analyzed using generalized lincar mixed-effects
models (GLMM) with a Poisson distribution (Zuur ef al., 2009). For the analyses of habitat
use at the fine-scale, we compared the abundances of small mammals between sub-grids (192
sampling points). Using an information-theoretic approach (Burnham and Anderson, 2002;
Mazerolle, 2006), we built eight candidate models to determine the effects of vegetation and
CWD (Table 1). An offset variable was included in all models to account for the capture
etfort at the sub-grid level (6 trap-nights per sub-grid). In this context, an offset results in the
estimation of capture rates instead of raw counts (McCullagh and Nelder, 1989). Preliminary
analyses indicated that for each decay class, volumes of logs did not differ among all three
treatments due to high variability. Moreover, all volumes of logs were well distributed in all
three treatments. Four of the 8 candidate models mncluded the interaction between treatment

and early or late decay class log volume to verify if the effect of log volume differed across
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treatments. We included a random effect for block, grid nested in block, and sub-grid nested
in grid nested in block. We included year and Julian day in all models as fixed effects to
reduce the variability due to time. One sub-grid was eliminated from our data due to unusual
extreme values, which means that 191 sampling points (instead of 192) were analyzed across
the 5 sampling periods. We log-transformed the live tree basal area parameter to obtain a

linear relationship with the log of abundance of red-backed voles and masked shrews.

The package Imed was used to estimate the parameters of all models with the Laplace
approximation (Bates and Maechler, 2010), whereas the package AlCcmodavg was used for
model selection and multimodel mference (Mazerolle, 2010). Models were ranked based on
the second-order Akaike’s information criterion (AICc). We then calculated each model delta
AlCe (AAICc) as well as Akaike weights (wi) to verify the strength of evidence in favour of
each model. If one model had an Akaike weight of more than 90%, it was considered as the
most parsimonious model of all tested models. Otherwise, we calculated model-averaged
estimates and unconditional 95% confidence intervals with multimodel inference (Burnham

and Anderson, 2002; Mazerolle, 2006).

Our analyses on counts do not estimate the probability of detection explicitly (e.g.,
Mazerolle et al., 2007; Urban and Swihart, 2011). Although N-mixture models can deal with
counts and imperfect detection (Royle, 2004), our design was nested, potentially invalidating
the independence assumption for fine-scale analyses (Royle, 2004; Mazerolle et al., 2007).
To overcome this problem, we decided to use random effects to model the variability in the

data potentially due to imperfect detection.

1.2.4. 3. Stand-scale microhabitat associations

Similarly to the analyses conducted at the fine-scale, we used GLMMs with a
Poisson distribution to study the effects of CWD on the abundance of small mammals at the
stand-scale (i.e. between trapping grids). We summed the number of captures per grid while
habitat characteristics were averaged. The offset variable was calculated at the grid level (24
trap-nights per grid). A total of 48 trapping grids were used in the stand-scale analyses,
compared to 191 in the fine-scale analyses. Again, we considered eight candidate models

with the same fixed effects structure as for the fine-scale analysis above. Models at the stand-
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scale only differed in their random effects, which consisted of block, and grid nested within
block (no random effect of sub-grid at the stand-scale). Following the estimation of
parameters, we conducted model selection with AICc to select the most parsimonious model

from our eight candidate models.

1.3. Results
1.3.1. Microhabitat sampiing

Clearcuts, partial cuts, and controls mainly differed according to the live tree basal
area (Table 2). Mean residual live tree basal areas for clearcuts, partial cuts, and controls
were respectively 1 m? ha 1, 8 m? ha 1, and 21 m® ha 1. The treatments did not differ
statistically in terms of surface occupied by shrubs and stumps as well as in terms of volumes

of both log decay classes.

1.3.2. Small mammals trapping survey

We captured a total of 2418 small mammals during the trapping campaigns of 2009
and 2010. In 2009, we captured 339 small rodents (mice, voles, and lemmings) and 605
shrews with a total effort of 5764 Sherman trap-nights and 1148 pitfall trap-nights. During
our second campaign (2010), we captured 1068 small rodents and 406 shrews with a total
cffort of 8642 Sherman trap-nights and 1726 pitfall trap-nights. Five sampled species
represented 97% of our total captures: masked shrew (40%; Sorex cinereus), southern red-
backed vole (33%), meadow vole (14%), deer mouse (6%), and southern bog lemming (4%;
Synaptomys cooperi). Other species that were captured sporadically included rock vole
(Microtus chrotorrhinus), northern boreal lemming (Synaptomys borealis), heather vole
(Phenacomys intermedius), woodland jumping mouse (Napacozapus hudsonicus), meadow
jumping mouse (Zapus hudsonicus), pygmy shrew (Sorex hoyi), arctic shrew (Sorex
arcticus), smoky shrew (Sorex fumeus), water shrew (Sorex palustris), and northern short-

tailed shrew (Blarina brevicauda).

We captured fewer rodents during the summer of 2009 than in 2010 (n2009 = 4.64
per 100 trap-nights; n2010 = 10.3 per 100 trap-nights), probably as a consequence of regular
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population fluctuations found near our study area (Cheveau ef al., 2004). In fact, we captured
approximately 2.5 times more red-backed voles in 2010 (n2010 = 6.25 per 100 trap-nights)
compared to 2009 (n2009 = 2.46 per 100 trap-nights). We also captured 1.5 to 3.0 times more
of the other rodent species. In contrast, masked shrews were captured twice more often in

2009 compared to 2010 (n2009 = 8.54 per 100 trap-nights; n2010 = 3.87 per 100 trap-nights).

1.3.3. Fine-scale microhabitat associations

For all species, no single model had all the support (Table 3). Thus, we based our
inference on the entire model set, by computing model averaged estimates and unconditional

standard errors for each variable appearing in the top models (Table 4).

Red-backed voles (flog. TREES = 0.4624, CI = [0.3360, 0.5888]) and masked shrews
(Blog. TREES = 0.1039, CI = [0.0141, 0.1937]) were captured more often in sub-grids with a
high live tree basal areca. In contrast, meadow voles were more abundant in open sub-grids
(BTREES = -0.0462, CI = [0.0636, 0.0289]). Masked shrew abundance was positively
associated with shrubs in all treatments (BSHRUBS = 0.7723, CI = [0.3460, 1.1985]).
Masked shrew abundance was positively associated with sub-grids composed of a high basal
area of late decay class stumps (BSTUMPS = 0.0197, CI = [0.0025, 0.0370]). Red-backed
vole abundance was positively associated with early decay class logs in all treatments
(BEDLYV = 0.0018, CI = [0.0005, 0.0032]) as well as late decay class logs (BLDLV = 0.0020,
CI = [0.0007, 0.0034]). Model averaged predictions indicate that the abundance of red-
backed voles found in sub-grids (0.03 ha) of partial cuts with 11.4 m* or more of well
decayed logs was equal to the abundance found in controls with fewer logs (Fig. 3A). Deer
mice were positively associated with late decay class logs in all treatments (BLDLV =
0.0054, CT = [0.0014, 0.0094]; Figure 3B). Southern-bog lemmings were more abundant in
sub-grids with high volumes of early decay class logs when there was a high live tree basal
area (BEDLV:TREES = 0.0002, CI = [< 0.0001, 0.0005]). As shown in Fig. 3C, southern bog
lemmings abundance was positively associated with sub-grids composed of high volumes of
well decayed logs and a small live tree basal area (BLDLV:TREES = 0.0006, CI = [-0.0010, -
0.0004]).
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1.3.4. Stand-scale microhabitat use

Small mammals expressed different patterns of microhabitat associations at the
stand-scale compared to the fine-scale but some similarities persisted (Table 4, Figure 4).
Red-backed voles (flog. TREES = 0.4950, CI = [0.3319:0.6581]) were more abundant in
grids with a high live tree basal area while meadow voles were negatively associated with
these grids (BIREES = -0.0388, CI = [-0.0583, -0.0193]). Red-baked vole abundance
increased with the volume of late decay class stumps (BSTUMPS = 0.0505, CI = [0.0030,
0.0979]). Meadow vole abundance was positively associated with grids composed of high
volumes of early decay class logs (BELDV = 0.0048, CI = [0.0001, 0.0094]) and their
abundance increased with the volume of well decayed logs, especially in grids with a high
live tree basal areca (BLDLV:TREES = 0.0005, CI = [<0.0001, 0.0011]; Figure 4A). Southern
bog lemmings (BLDLV:TREES = 0.0007, CI = [-0.0014, -0.0001]) and masked shrews
(BLDLV:TREES = 0.0029, CI = [ 0.0049, 0.0010]; Figure 4B) were positively associated
with well decayed logs in grids composed of a small live tree basal arca. Deer mice were
highly abundant in grids with high volumes of well decayed logs (BEDLV = 0.0098,
CI=[0.0027, 0.0170]).

1.4. Discussion
1.4.1. Boreal small mammal associations with CWD

In this study, our first hypothesis was that the abundance of small mammals
depended on the amount and decay stage of CWD. Our first prediction (1), which stated a
positive response of boreal small mammals to volumes of well decayed CWD in western
Quebec boreal forests, was supported by showing increasing abundance for all five species
that were sampled (i.e. red-backed voles, meadow voles, southern bog lemmings, deer mice,
and masked shrews) considering both spatial scales. Our study extend the findings previously
reported for a more limited number of species in the boreal forest of eastern North America
(Pearce and Venier, 2005; Vanderwel er al., 2010). Although our study was limited to
summer periods of 2009 and 2010, associations between red-backed voles and CWD may

have been even stronger during spring, as observed by Vanderwel ef /., (2010). The authors
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showed stronger associations between red-backed voles and well decayed CWD in boreal
forests of Ontario during spring than summer. The first surveys of our study (mid-June to
mid-July) probably allowed us to detect strong resource associations. Small mammals that
successfully overwintered were probably distributed in high quality sites (i.e. good cover

against predators, abundant food) where high volumes of CWD were found.

Several small mammal species, such as southern red-backed voles, show important
abundance fluctuations (Cheveau er af., 2004) and this may affcct their spatial distribution
due to intra- and interspecific interactions. Indeed, resource availability is one factor
explaining small mammal spatial distribution and the importance of this factor may vary with
population densities (Turner and Iverson, 1973; Oatway and Morris, 2007, Morris and
MacEachern, 2010). During our study, most small rodent abundances were higher during
2010 compared to 2009. We included year as a fixed-effect variable in every model and this
allowed us to consider inter-annual abundance fluctuations. Although resource associations
may have varied between summer 2009 and 2010 due to varying effects of intra- and
interspecific interactions, our analyses show that effects of CWD were strong during both

years of sampling.

We found that red-backed voles and meadow voles were positively associated with
logs of early decay classes. Hard logs with branches may act as effective barriers against
predators and Andruskiw ef al. (2008) suggested that red-backed voles may reduce their
visibility to avian predators by moving along CWD. Recently fallen logs may also be used by
saproxylic insects and their associated predators (Vanderwel ef al., 2006; Jacobs et al., 2007),
which may attract small insectivores (i.e., shrews) and certain occasional insect-eating

rodents (e.g., red-backed voles).

Although early decay class logs can provide good cover against predators, well
decayed CWD may offer more fungi for food, humidity, and nesting sites for small
mammals. Our results indicate that red-backed voles and deer mice were found in high
abundance in sub-grids with high volumes of well decayed CWD. By effectively retaining
humidity, this type of CWD may provide a good substrate for fungi growth (Amaranthus et
al., 1994; Clarkson and Mills, 1994) and favor fungivores, such as red-backed voles and deer
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mice in coniferous forests (Claridge et al, 1999, Ormrock and Pagels, 2002). Hypogeous
mycorthizal fungi are the main fungi eaten by red-backed voles and deer mice in some
regions (Ovaska and Herman, 1986; Gagne et al., 1999; Orrock and Pagels, 2002). Other
dead-wood inhabiting fungi found in our study area, such as Fomitopsis species, are also
consumed by small rodents (Rhoades, 1986). Morcover, Lepidoptera insects, which are
important food for shrews (Bellocq ef al., 1994), reproduce on Fomitopsis pinicola in other

boreal regions (Jonsell ef al., 1999).

Humidity itself is a factor that may affect the use of well decayed logs by small
mammals. In fact, most of our sampled species have high water needs which may explain
their search for humid microhabitats (Getz, 1961a, b, 1968). Microhabitats composed of high
volumes of woody debris, especially those that are well decayed, have the potential to offer
moister conditions compared to open grounds (Brannon, 2000; Fraver er al, 2002
Rittenhouse ef al., 2008). Chambers are components of these microhabitats and they are often
found in large and well decayed logs (Maser et al, 1979, Barry and Francg, 1980).
Individuals using these chambers often benefit from moist environments and are further

protected against predators by reducing their visibility.

Stumps in late decay classes were also important for red-backed voles and masked
shrews, which corroborates the observations of Brannon (2000). According to previous
studies (Gunderson, 1959; Yahner, 1983), red-backed voles can use these structures as nest
sites and refuges in a variety of habitats. Shrews and other insectivores may also benefit from

stumps as a source of saproxylic insects (Lassauce et a/., 2011).

1.4.2. CWD as a mitigating factor for tree removal

Our second prediction (2) stated that strong positive responses of small mammals to
high volumes of CWD in all treatments, considering both spatial scales, may indicate that this
resource may act as a mitigating factor for tree removal. This prediction was partly supported
since meadow vole abundance was positively associated with CWD in controls, but not in
harvested stands, as indicated by the interaction term between well decayed CWD volume
and live tree basal area. Meadow voles were positively associated with high volumes of well

decayed logs in controls alongside with early decay class logs. These sites may have been
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important to meadow voles for cover and food normally offered by herbaceous cover, which
was low in our study arca and especially in controls due to heavy paludification in the Clay
Belt region of eastern North America (Reich, 1981; Fenton ef al., 2009; Bescond, et al.,
2011).

In contrast with mecadow voles, red-backed vole and deer mouse abundances were
positively associated with well decayed CWD in all treatments and masked shrews as well as
southern bog lemmings were associated with well decayed logs in more open sites. Soils of
clearcuts are exposed to drier conditions because of extended exposure to sunlight. Small
mammals that are found in clearcuts are exposed to high predation risk due to exposure to
avian predators, but CWD might reduce this risk by providing visual protection against avian
predators. By effectively retaining humidity, well decayed CWD may have provided a good
substrate for fungi and good habitat for insects, which are food for small mammals
(Amaranthus er al, 1994; Clarkson and Mills, 1994; Claridge et al, 1999). Moist

environments are also very important for many species of small mammals (Getz, 1961a, b).

Small rodents are subject to spatial segregation due to direct resource use and
density-dependent factors, such as interspecific competition. Red-backed voles have the
potential to displace meadow voles and deer mice from forest habitats to more open ones,
probably because of their competitive behavior (Morris and Grant, 1972; Crowell and Pimm,
1976; Merritt, 1981). In contrast, other studies reported that meadow voles and deer mice
may also affect red-backed voles because of their competitive behaviors (Iverson and Tumer,
1972; Lemaitre et al., 2010). Such spatial dynamics over short distances were probably
affecting the spatial distribution of small rodents in our sites. Although we cannot infer on
which mechanism best explained the distribution of small mammals, our results suggest that
red-backed vole, meadow vole, and deer mouse abundances were all positively associated
with high volumes of CWD in controls, indicating potential co-existence. In this situation,
microhabitat preferences of these three species may have been more important to explain

spatial distribution than competitive interactions.

We did not observe a positive response of deer mice abundance to tree removal, a

pattern reported in many studies (Carey and Johnson, 1995; Steventon ef al., 1998; Moses
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and Boutin, 2001; Etcheverry et al., 2005). This is contrary to results obtained by Sullivan et
al. (2008) and Le Blanc et al. (2010) for this species regarding variable green-tree retention
in partial cuts. The highest abundance of deer mice observed in our study was in partial cuts,
which may indicate that fine-scale disturbances are the most beneficial for this species. We
found that southern bog lemmings inhabit a broad spectrum of habitats and were not strongly
affected by tree removal, which concurs with the observations of Kirkland (1977) and Linzey
(1983). Nevertheless, CWD legacies, and probably other old growth forest features

contributing to the complexity of the forest floor, may be beneficial for this species.

Red-backed voles are often less abundant in harvested stands (Fisher and Wilkinson,
2005), but predictions from our models indicate that patches of partial cuts with high volumes
of well decayed CWD (11.4 m? per 0.03 ha) have the potential to maintain numbers similar to
those in unharvested controls (Figure 3.A)). This clearly indicates that the abundance of
CWD in late decay classes can mitigate the impacts of tree removal. Thus, similar
abundances of red-backed voles in harvested and uncut stands may occur due to the presence
of abundant forest floor resources such as CWD, as reported in other studies (Potvin ef al.,
1999; Etcheverry et al., 2005; Klenner and Sullivan, 2009). In addition to volumes, the stage
of decay is also important for assessing the responses of boreal small mammals to CWD. An
important issue is that well decayed CWD are hardly found in stands that have been cut
several times and in which no significant input of dead wood has been allowed for several
sylvicultural interventions. Thus, high volumes of CWD may have the potential of mitigating

the impacts of tree removal but only if late decay classes are found in situ prior to harvesting.

1.4.3. The effects of scale on microhabitat associations

Our second hypothesis was that small mammal microhabitat associations may depend
on the spatial scale. In accordance with our third prediction (3), red-backed vole, southern
bog lemming, and deer mouse abundances were positively associated with microhabitat
features at the fine-scale. However, we also found positive associations between well
decayed CWD and abundances of meadow vole, deer mouse, southern bog lemming, and
masked shrew at the stand-scale (Ze. between large trapping grids). Our results substantiate
the existence of spatial structures at different scales for small mammals (Orrock et al., 2000,

Bowman et ai., 2001; Manning and Edge, 2004). Furthermore, the scales that we used
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allowed us to assess the effects of CWD on spatial structures of small mammals inside the
area of a regular home range for boreal small mammals and inside forest stands, which
respectively relate to the second order and third order habitat selection described in Johnson
(1980). Red-backed voles, deer mice, southern bog lemmings and masked shrews were all
associated with microhabitat features mainly at the fine-scale (7.e., inside their home range).
High quality patches were probably hosting more individuals than low quality microhabitats
by having high carrying capacitics, which may have reduced the effects of competition due to
abundant resources. As a result, it created a strong spatial structure inside our trapping grids
(0.25 ha). Similarly, Thompson et al. (2009) reported that western red-backed vole core arcas

(i.e., centers of activity in home ranges) included more CWD than their surroundings.

Red-backed vole abundance was positively associated with high volumes of CWD
exclusively at the fine-scale. Interestingly, other studies also reported that red-backed voles,
deer mice, and white-footed mice abundances did not change with CWD volumes between
stands composed of similar residual live tree densities (Moses and Boutin, 2001; Etcheverry
et al., 2005; Leblanc et al., 2010). Therefore, it is possible that red-backed voles were
affected by a dynamic process caused by density-dependent factors such as extinction and re-
colonization at the stand-scale (Bowman et al., 2001). Predation may have limited red-backed
vole population growth in control stands with high volumes of CWD because American
martens (Martes americana) have also been positively associated with CWD in the boreal
forest (Godbout er al., 2010). These factors could have prevented us from finding
microhabitat associations of this species between trapping grids at the stand-scale. We also
found that masked shrews, the most abundant species in our study arca, were positively
associated with well decayed stumps, shrubs, and trees exclusively at the fine-scale. This
species has ofien been documented as a gencralist because it can subsist in a large range of
environmental and habitat conditions (Yahner, 1986, Pearce and Venier, 2005). However, our
results suggest that masked shrews may be opportunistic and benefit from abundant stumps,
shrubs, and trees in boreal forests when available without a strong impact at the population

level.

We observed other relationships between boreal small mammal abundances and

CWD volumes that depended on the spatial scale. Deer mice abundance was positively
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associated with high volumes of well decayed CWD at fine- and stand-scales. Lee (2004)
found that deer mice populations in sites with high volumes of CWD were more stable, had a
higher survivorship, recruitment, and mean residency time than in sites with few CWD.
These positive population dynamics probably led to high abundances locally and at larger
spatial scales (Manning and Edge, 2004). Red-backed voles were positively associated with
well decayed stumps exclusively at the stand-scale. To our knowledge, there is no previous
study showing empirical evidence of the positive association of stumps with red-backed vole
abundance. Our results suggest that these structures had a positive effect on red-backed vole
abundance, probably because stumps were used as refuges against predators and nest sites
(Gunderson, 1959, Merritt, 1981). Masked shrews on the other hand, were more abundant in
stands with more well decayed logs than in those with fewer logs, but this pattern was
restricted to clearcuts. Even though masked shrew abundance was associated with high CWD
volumes at the fine-scale, the benefits CWD can provide such as humidity and cover against

predators may have helped increase the quality and carrying capacity of the stand for shrews.

Meadow voles, for their part, were not associated with CWD at the fine-scale. Since meadow
voles responded positively to CWD at the stand-scale, the lack of associations at the fine-
scale that we observed may have been caused by several factors. An overriding regulatory
factor (Krohne and Burgin, 1990), the lack of predation as well as other density-dependent
factors such as infraspecific competition (Tumer and Iverson, 1973; Oatway and Morris,
2007, Morris and MacEachern, 2010) may have had a significant impact on the local

distribution of meadow voles.

1.5. Management im plications

In this study, we found positive effects of CWD (logs and stumps) on red-backed
voles and deer mice in clearcuts, partial cuts, and controls, with mean residual live tree basal
areas of 1 m*> ha 1, 8 m* ha 1, and 21 m” ha 1, respectively. The abundance of red-backed
voles i patches of partial cuts with high volumes (11 m? per 0.03 ha) of CWD were
comparable to the abundance in controls with low volumes of CWI. Interestingly, similar

CWD volumes were recommended in Oregon as they indicated that 2 m? per 0.01 ha were
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maximizing deer mice survival in Douglas-fir forests (Manning and Edge, 2004). Red-backed
voles have been previously identified as an indicator of sustainable forest management

(Pearce and Venier, 2005) and should be considered while planning timber harvest.

Previous studies recommend uniformly distributed CWD (Carey and Johnson, 1995;
Ukitel et al., 2003). However, our results show strong positive microhabitat associations at
the fine-scale indicating that patches (> 0.03 ha) of high quality microhabitats (ie., with
> 11m? of = 9cm diameter logs) should be regularly distributed over harvested stands. In
order to maintain 30% of cover in managed stands, which has been suggested by Sullivan and
Sullivan (2001) to maintain small mammal populations, patches should be larger instead of
more numerous. Red-backed voles are rarely found near edges (Mills, 1995; Menzel ef al.,

1999) and increasing the size of patches would reduce the perimeter to area ratio.

Our results indicate that most small mammals mainly responded to high volumes of
well decayed CWD considering both spatial scales. Thus, our study supports the idea that in
addition to volumes, the stage of decay is an important factor for assessing the responses of
boreal small mammals to CWD. High volumes of well decayed CWD were found in our
study area because our sites, prior to harvesting, were old-growth forests (>150 years). Thus,
partial cuts should be emploved in old forests where CWD cover a wide range of decay
stages in situ. Finally, partial cuts retain more undisturbed forest floor microhabitat
components as well as mature trees, ensuring a continuous input of snags and logs (Drapeau
et al., 2009). Based on what previous studies found and on our results (Sullivan and Sullivan,
2001; Pearce and Venier, 2005; Drapeau et al., 2009), we suggest that partial cuts retaining
30% of above-ground cover (with live mature trees) should be employed for harvesting and
regularly distributed patches (= 11.4 m*/ha in 0.03 ha) of high volumes of CWD should also
be found throughout the stand. Patches of high CWD volumes may be found prior to harvest
operations and should be avoided by machinery. Otherwise, new patches may be created with
machinery by regularly leaving a small portion of felled trees on the forest floor in pre-

defined areas of = 0.03 ha.
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