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RESUME

Le caribou forestierRangifer tarandus caribguest une espéce a statut particulier en
déclin dans presque I'ensemble de son aire detitéparFace a ce constat, des stratégies
d'aménagement forestier ont été suggeérees et mnispkce dans l'optique de stabiliser les
populations. Au Québec, cette stratégie s'artipulgcipalement autour de la conservation
de grands massifs forestiers de 100 & 250 Krdemeurait toutefois des incertitudes quant
a la taille nécessaire pour que ces massifs puissemplir leur réle de méme qu'a I'effet des
perturbations anthropiques présentes a proximig.ps, considérant l'importance du
lichen terricole dans la diete du caribou, part@meiment en hiver, une disposition plus
éclairée de ces massifs d'un point vue alimenfaiterait avoir des répercussions positives
sur la survie des individus, d'ou l'intérét de dépper un outil permettant de prédire la
répartition du lichen terricole ainsi que sa biosgasNous avons donc formulé comme
hypothéses que I'utilisation des massifs forestigsgluels par le caribou serait fonction de
la taille de ceux-ci mais aussi de la compositibdecla structure du paysage environnant et
ce a des échelles spatiales variant selon son gifale Concernant la biomasse de lichen
terricole, elle serait influencée par la structdre peuplement ainsi que par la position
géographique. En comparant les attributs des nsasifstiers résiduels a leur utilisation
par le caribou, nous avons souligné I'importanckdaille de ceux-ci, mais aussi la grande
échelle a laguelle I'environnement influencait éenportement du caribou, celle-ci pouvant
atteindre 7,5 km autour des massifs selon la saikes routes et les chalets avaient
généralement un effet négatif sur Il'utilisation deassifs par le caribou alors que la
proximité avec d'autres habitats favorables aledfel inverse. Suite a un inventaire terrain,
nous avons développé un indice permettant de préalibiomasse de lichen a I'échelle du
paysage, celle-ci étant plus importante dans leplpments de faible densité et hauteur
ainsi qu'aux latitudes plus élevées. Ces résufiatsnettront de raffiner les stratégies de
conservation du caribou forestier en fonction de swilisation de l'espace tout en
protégeant ses ressources alimentaires.

Mots clés. Caribou forestier; lichen terricole; forét rasédle; perturbation
anthropique; utilisation de I'espace, échelle tliefice; configuration spatiale; structure
des peuplements; biomasse lichénique.






ABSTRACT

Forest-dwelling caribou Rangifer tarandus caribgu a vulnerable species, has
experienced a severe decline throughout its eméinge. To address this issue, forest
management strategies were developed and appl@dén to maintain viable populations.
In Québec (Canada), the strategy aimed to protegelpatches of undisturbed mature
forest ranging from 100 to 250 KmHowever, there was some uncertainty about thee rea
size required and the influence of the surroundiisturbed matrix to ensure residual patch
use by caribou. Considering the importance of striad lichen in the caribou diet,
especially during winter, protected patch dispositthat account for this food resource
could favour caribou survival. This underlines tlexessity to develop a predictive tool to
assess lichen distribution and biomass. We thexdfgpothesized that residual forest patch
use will be related to their size but also to thereunding landscape composition and
structure at scales that will vary following seasoie proposed that terrestrial lichen
biomass will be influenced by stand structures gedgraphic gradients. By linking
residual forest patches attributes to their usednbou, we underlined the importance of
patch size and highlighted the large scale at wheclironment influence caribou
behaviour (i.e., from 0.4 to 7.5 Kndepending on the season). Patch use was on average
negatively influenced by roads and cabins whilengpefavoured by the proximity of
suitable habitat. Based on field surveys, we depexlcan index to predict terrestrial lichen
biomass at the landscape scale. We demonstratédstdrads of low density and small
height supported higher biomass along a latitudsmaith-north gradient. We believe that
our results will help revisiting our conservatidnasegies and management practices at the
landscape level using caribou perspective stantip@imey will also allow managers to
prioritize conservation of areas that are mostlyike contain high lichen biomass, thus
favouring caribou population maintenance in headisturbed landscape.

Keywords: Forest-dwelling caribou; terrestrial lichen;idegl forest patch;
anthropogenic disturbance; space use; range okinfle; surrounding matrix; stand
structure; lichen biomass.
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INTRODUCTION GENERALE

La conservation des espéeces menacées ou vulnéegilenaintenant devenue un
enjeu mondial, alors que le taux d'extinction nsseed’augmenter (Ehrlich et Wilson
1991; Pimm et Raven 2000). De nombreuses causdsasancees pour expliquer ce
phénomene, telles que le réchauffement planétsickdughlinet al. 2002; Thomagt al
2004), la pollution (Czech et Krausman 1997) eiésractions avec des especes invasives
(Czechet al. 2000), mais la principale raison demeure la peetite d’habitat au profit de
I'utilisation anthropique du territoire (Fahrig 1B92001; Schmiegelow et Mdnkkdnen
2002; Kerr et Cihlar 2004). A ce chapitre, les fsr8ont des écosystémes subissant
beaucoup de pression anthropique. La forét bodatgte a elle seule pour 26% de toute
la surface forestiere de la planéte et demeuregrédbut, encore largement intacte et
continue (Bryanet al 1997; Burtoret al. 2003). Elle est toutefois exploitée, la récolée d
matiere ligneuse étant présentement la principatteigpation anthropique a grande échelle,
et ce, pour I'ensemble de la ceinture forestiengdle (Burtonet al. 2003). Il en résulte,
pour les superficies affectées, une altération éime des perturbations naturelles, une
simplification structurelle a I'intérieur du peupient, une modification de la compaosition
spécifiqgue ainsi qu’'un rajeunissement et une homégation du paysage forestier
(Ostlundet al 1997; Nguyen-Xuaet al 2000; Bergeromt al 2002). Ces transformations
ont des répercussions importantes pour plusieupgces animales associées a cet
écosysteme. Les foréts mdres et surannées soninitiesx particulierement sensibles
puisqu’elles sont recherchées autant par l'indeisitie par un ensemble d’espéces qui y
sont inféodées, dont le cariboRangifer tarandus caribqu(Edenius et Elmberg 1996;
McKenneyet al 1998; Hinset al 2009).



Présentation du sujet d’étude

Le caribou des bois est une sous-espéce nord-aimé&riadu renne Rangifer
tarandug présent en Eurasie. Cette sous-espéce se divgse en écotypes, soit I'écotype
toundrique, I'écotype montagnard et [|'écotype foegs reconnus comme étant
génetiqguement difféerents (Rgest al 1986; Courtoiset al. 2003) et utilisant leur
environnement de facon distincte. L'écotype foegssie retrouve principalement en forét
boréale, de Terre-Neuve a la Colombie-Britanniquest pas grégaire, vit en densité tres
faible et n’effectue pas de migration altitudinatas latitudinales importantes (Bergerud
1971; Courtoiset al. 2001). Cet écotype fait depuis peu I'objet d'ume&occupation
croissante, particulierement depuis la reconnatgsale son statut précaire au Canada en
2002 (COSEPAC 2008) et au Québec en 2005 (MRNF)20B8 effet, depuis le début du
20° siécle, la répartition du caribou forestier a esgé vers le nord de fagcon importante
(Bergerud 1974a; Courtoist al 2001). Autrefois présent au sud du fleuve Saarent
jusqu’au nord-est des Etats-Unis, il ne subsisfjeusd’hui que quelques hardes isolées
localisées sous le 4®aralléle, dont la population réintroduite de dasix (centre du
Québec) qui est en difficulté (Sebbagteal 2008). De nombreux facteurs ont été mis en
cause pour expliquer ce déclin, dont la chasse btdconnage intensifs (Bergerud 1974a;
Courtoiset al 2001), I'expansion de la colonisation (Schaef#3), la prédation (Rettie et
Messier 1998; Schaefeet al 1999), les épizooties (e.g. vers des méninges,
Parelaphostrongylus tenyigBergerud et Mercer 1989) et les perturbationhrapiques
(Schaefer 2003), parmi lesquelles vient au prenaieg I'exploitation forestiere. Des études
menées en Ontario ont d’ailleurs établi une refaéintre la progression des aires de coupes
vers le nord et le recul de la limite méridionakel@dire de répartition continue du caribou
forestier (Schaefer 2003; Voes al. 2007). Cette considération est d’autant plus nambe
gu’'une grande partie de l'aire de répartition dubzau forestier est située dans la portion
commerciale de la forét boréale. Les causes exdetd'extirpation du caribou des zones
perturbées pourraient aussi inclure d’autres paraméeomme le développement de la
villégiature (St-Laurenet al 2008) et des structures linéaires (Cumming etr H@98;

Vistnes et Nelleman 2008) ainsi que le dérangeraatiiropique direct (Duchesre al



2000; Mahoneyet al. 2001; Seipet al 2007) qui causent tous un abandon temporaire ou

permanent des zones affectées.

Depuis un certain nombre d’années, de nombreuxclbars se sont intéressés a
I'écologie du caribou forestier, dont plusieurs '@xtierieur du Québec (e.g. Ontario :
Antoniak et Cumming 1998, McKenney al 1998, Ferguson et Elkie 2004a, b; Manitoba :
Schaefer et Pruitt 1991, Metsaranta et Mallory 20B8&@skatchewan : Rettie et Messier
1998, 2001; Alberta: Jamest al 2004; Saher et Schmiegelow 2005; Colombie-
Britannique : Johnsoet al 2001, 2002, Gustinet al. 2006). Malgré leur éloignement
géographique, ces études ont permis de mettrengigriel plusieurs connaissances pouvant
s'appliquer a I'écotype forestier dans son ensemhiasi, la stratégie d'évitement des
prédateurs serait orientée vers la dispersion desisforéts résineuses matures et les
tourbiéres, moins propices aux prédateurs, ainsi\grs I'éloignement par rapport aux
autres cervidés (proies alternatives), principal@mers de la mise bas (Seip 1992;
Ferguson et Elkie 2004a). A I'hiver, le regroupemeans les pessiéres ouvertes ou
fermées avec une quantité de lichens terrestres atboricoles suffisante serait aussi une
facon d'utiliser I'habitat differemment des autremgulés et d'ainsi permettre une
ségrégation spatiale (Antoniak et Cumming 1998tiRett Messier 2000; Metsaranta et
Mallory 2007). La relation entre l'orignal et lerd#aou serait en fait de la compétition
apparente (Seip 1991). En effet, le partage desanérédateurs (e.g. le loup gridahis
lupug) fait en sorte qu'une augmentation d’abondance ldeignal (e.g. via la
fragmentation et le rajeunissement du paysage tieregar la coupe) entrainerait une
augmentation d’abondance du loup et, par conséguaathausse du risque de prédation
pour le caribou (Seip 1992). Lorsque la densitépdaes est suffisante pour que les
densités de loup dépassent de 2,1 a 6,5 ind./k®0la survie du caribou a long terme est
peu probable (Bergerud et Elliot 1986; Hebblewliteal 2007). Les densités de caribou
étant en elles-mémes insuffisantes pour souteriteife densité de prédateurs (Seip 1991),
la nécessité d'éviter les autres ongulés s’explipec par la forte association spatiale entre
les loups et leur proie principale, par exemplerigioal (Cumming et Hyer 1998).

Toutefois, I'ours noir Ursus americanys n’étant pas limité par I'abondance de proies et



étant favorisé par une plus grande représentatsrpdrterres de en régénération (Brodeur
et al 2008), exerce aussi une influence indéniablelsutynamique des populations de
caribou (Pinaraet al 2011) et relativise les densités maximales dpda@noncées plus haut

comme étant probablement optimistes.

Au Québec, bien que quelques populations de carfibi@stier aient été suivies au
cours des 35 derniéres années (Jolicoeur 2005)esé que récemment que les grandes
lignes des patrons de sélection d’habitat par tédbea forestier en forét boréale ont été
décrites par Courtois (2003) lors d’'une étude cantvien partie le Saguenay-Lac-Saint-
Jean et la Cote-Nord. Les résultats obtenus déaientr une sélection pour les
peuplements résineux avec ou sans lichen ainsiegutourbiéres. Lorsque la perte et la
fragmentation du couvert forestier mature surventaies caribous réagissaient en évitant
ces zones perturbées jusqu’a un seuil ou les d@platts ainsi que le taux de mortalité
augmentaient, lorsque le domaine vital des indwidtait entouré de milieux fragmentés,
(Courtois et al. 2007). Récemment, les travaux de Hatsal (2009) ont apporté un
raffinement des connaissances quant a la séledti@bitat en milieu exploité grace a la
technologie GPS Q@Global Positioning Systemqui s’avere plus précise et permet
d’accumuler plus de localisations que la téléméti- utilisée antérieurement. C’est ainsi
gu’il a été possible de déterminer que les forésineuses mares et surannées et les
dénudés secs constituent, a I'échelle de l'aireud@ et & I'intérieur des domaines vitaux,
les milieux les plus recherchés alors que les pageen régénération étaient évités.
Toutefois, une sélection était observée pour ledepas de coupe de 6 a 20 ans,
phénomene pouvant s’expliquer par une forte associgpatiale entre ces coupes et la
forét résineuse résiduelle adjacente (H&tsal 2009). En effet, la stratégie actuelle de
dispersion des coupes, soit la conservation dedzarasiduelles de 60 a 100 m de largeur
contiglies aux parterres de coupe, répartit les 8%oret résiduelle en structure linéaire
(Potvin et Bertrand 2004).

La sélection d’habitat et I'utilisation de I'espase basent sur le principe que chaque

individu peut déterminer la qualité des différeytses d’habitat et choisir celui ou ceux qui



répondent le mieux a l'optimisation de son suc&maducteur et de sa surviiresy
(Schlaepferet al 2002; Morris 2003). Toutefois, comme elle ne pétte évaluée
directement par I'individu, l'utilisation d’indicefe.g. la présence d’'une espece végétale, la
structure forestiere), sélectionnés évolutivementreeonnus pour étre associés a des
habitats de qualité, permet aux différentes espéeaw pas se répartir aléatoirement dans
le paysage (Schlaepfaat al 2002; Battin 2004). Ces indices peuvent, par ¢iem
permettre un bon synchronisme entre la reproduaidiabondance de nourriture (Visser
et al 1998; Buseet al 1999), ou une diminution du risque de prédatigatiji et Reese
1988; Purcell et Verner 1998). L’habitat ainsi gréfpar les individus se nomme source et
permet une croissance positive de la populationtéfois, suite a une modification rapide
de I'environnement, les mémes indices peuvent manar mauvais choix d’habitat ou a
une désynchronisation comportementale (e.g. Be86;180al et Mannan 1999). Ce
découplage entre les indices et la qualité de ithalest souvent produit par un effet
anthropique (e.g. perturbation de I'habitat) créamthangement trop rapide pour étre suivi
par une adaptation comportementale des individlabitat sélectionné entraine donc un
déclin de la population a l'intérieur de ses limitt devient un piege écologique (Battin
2004).

Dans le cas du caribou forestier, connaissantrssilskté a la prédation (Bergerud et
Elliot 1986; Seip 1992; Hebblewhi&t al 2007) et sa préférence pour les vieilles foréts
résineuses (Courtoist al 2002), la perte et la fragmentation de la foré@ture suite a la
coupe forestiere pourrait potentiellement favorisecréation de pieges écologiques (Hins
et al 2009). La proximité entre la végétation en régetiegn, favorable a I'orignal (Osket
al. 2004; Dussaukt al. 2005) et a ses prédateurs (e.g. le loup griswtsl noir), et la forét
résineuse mature, sélectionnée par le caribouygibeonduire a une pression de prédation
accrue pour cette derniére espéce. La fidélité iu mourrait aussi contribuer a cette
situation (Failleet al 2010). Ce comportement signifie que les individeennent la ou
ils ont connu du succeés a la reproduction et/odaibie risque de prédation (Greenwood
1980). Failleet al (2010) ont mis en évidence que bien que la tié&u site diminuait

dans les zones plus perturbées, elle demeurativesteent importante, particulierement



lors de la saison critique de la mise-bas et I'&gvdes jeunes. De plus, I'ours noir, dont la
prédation est considérée comme étant une causemn@ale la mortalité juvénile chez les
ongulés (Linnellet al. 1995; Lamberet al 2006; Bastille-Rousseaat al. 2010; Pinarcet

al. 2011), sélectionne les parterres en régénératian lpur production de fruits (Brodeur
et al 2008). Son régime alimentaire omnivore en faiptgdateur opportuniste, en ce sens
gu’il ne dépend pas exclusivement de la dispomgbdie proie pour augmenter en densité
mais plutoét de I'abondance en fruits et végétaldmeénts présents en quantité dans les
milieux perturbés. Une structure spatiale qui feserait la proximité entre cette espece et
le caribou pourrait entrainer une prédation enptue importante (Bastille-Rousseatial
2010). La concentration du caribou dans quelquesefjes d’habitat, entourées par une
concentration élevée de prédateurs, 'empéchendiliser la dispersion comme stratégie
d’évitement et ferait en sorte d’augmenter la phbiii@ de rencontre avec ses prédateurs.
Ce principe pourrait s'apparenter a ce qui est midsehez le caribou montagnard lorsqu'’il
se concentre sur les sommets montagneux de faip&fgie tout en étant entouré par une
forte abondance de prédateurs dans les valléesnf@/iet al 2005; Mosnieret al 2008).
Sachant que nombre de ces populations sont emd@diitmeret al 2005), la stratégie de

dispersion des coupes est des lors d’'une importemiceale pour la survie de cette espece.

Stratégies d’aménagement

L’aménagement ecosystémique est une stratégiellectgat préconisée qui consiste

a calquer les interventions humaines sur les pgmations naturelles qui se retrouvent a
I'intérieur de I'’écosysteme visé (e.g. Bergerdral 2002; Harveyet al. 2002; Seymouet

al. 2002). Ce n’est présentement pas le cas, la cloupstiere se déroulant du sud vers le
nord en créant de vastes superficies de forét nhésusans massifs forestiers de taille
importante pour les séparer. De plus, les peupl&sriesaus de la coupe forestiére et des
feux different, notamment au niveau du substratleetla quantité de matiére ligneuse
résiduelle (McRaet al 2001). Dans une perspective de conservation daeniplusieurs

ont émis I'hypothese que I'aménagement écosystémsgrait moins néfaste pour les



especes sensibles a 'aménagement forestier @gces de fin de succession) puisque par
I’émulation des patrons de configuration, des cyde de la sévérité des feux, la coupe
forestiere créerait des perturbations auxquelle®iganismes de I'écosysteme boréal sont
adapté (Hunter 1999; Johnsehal 2003) et a la suite desquelles il y aurait retoliétat
d’origine sans risque d'un changement d’état (Busb al. 1999; Bergeroret al. 2002;
Belleau et al 2007). Compte tenu des différences entre les egsus naturels et
anthropiques, de la complexité de I'écosystéme ext hultiples parameétres pouvant
interagir entre eux, la réussite de cette stratd@genulation des perturbations naturelles
(e.g. les feux de foréts) peut étre difficile aifrér (McRaeet al. 2001; Fallet al. 2004).
L’atteinte de cet objectif est pourtant essentigleur plusieurs especes étroitement
associées aux foréts matures telles que le cafdrestier. Considérant que cette espece a
pu se maintenir par adaptation évolutive a I'irgérid’un habitat subissant de nombreuses
perturbations de grande ampleur en modifiant sdsatton de I'espace (Klein 1982;
Schaefer et Pruitt 1991), il est plausible gu'@llesse avoir le potentiel de s’adapter a des
ameénagements forestiers s’insérant a lintériews lbimites de perturbation retrouvées
naturellement. L’étude des réponses comportementaiedémographiques du caribou
pourrait permettre le suivi et la validation d’uedle stratégie. Etant fortement associé aux
vieilles foréts résineuses (e.g. Antoniak et Cungmi®98; Saher et Schmiegelow 2005;
Hins et al 2009) et possédant des exigences en termes @ihgbi chapeautent les besoins
de nombreuses autres especes, sa conservationtuEragt un gain important pour ces

derniéres, par le biais de la préservation d’urentjté substantielle d’habitat.

En regard de ces résultats, Courtsisal (2004) ont proposé une stratégie visant a
conserver de grands blocs de forét mature de 56 258 kni associés le plus souvent
possible a des aires protégees de taille simiairsupérieure et entourés par des massifs de
remplacement (forét en régénération) de taille lainei destinés a renouveler la forét et
fournir de grandes superficies d’habitat de qugbiaé des pratiques forestieres adaptées
(voir Figure 1). Les massifs de remplacement setagcoltés successivement et les blocs
de protection seraient ainsi épargnés par la céeigemps que les premiers massifs de

remplacement atteignent une composition forestgs®entiellement résineuse et un age
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massifs de remplacements et des aires protégédewédu Saguenay — Lac-St-Jean.



moyen supérieur & 60 ans (Equipe de Rétablissether@aribou Forestier du Québec
2008). Les blocs de protection ainsi que les gwreségées présentes seraient reliées par
des corridors forestiers assurant une connectagtrue entre ces différents zonages et
favorisant du méme coup les déplacements du cariBette stratégie d’aménagement
considérerait donc les besoins du caribou en tefheitat (i.e. de grands territoires non
fragmentés) de méme que la dynamique naturellea derét boréale québécoise, soit de
grandes superficies perturbées par les feux (versaurelle des massifs de remplacement)
jouxtant des massifs forestiers intacts (i.e. lexd de protection et les aires protégees)
(McRaeet al 2001; Bergeroet al. 2002; Belleawet al 2007).

Cette stratégie d’'aménagement est actuellemenbmis®e dans I'aire de distribution
continue de I'écotype forestier du caribou des lBisQuébec (Equipe de Rétablissement
du Caribou Forestier du Québec 2008). Bien queplamtation d’'une telle stratégie puisse
s’étaler sur plusieurs décennies (i.e. le tempsisagour circonscrire I'ensemble des blocs
et massifs par les opérations de coupe), il estnd@smtenant possible de caractériser
I'utilisation par le caribou des massifs forestidéja délimités par la coupe ainsi que de
quantifier et qualifier ces réponses en termes @ecson d’habitat et d’utilisation de
I'espace. Les positionnements téléemeétriques obtgnéise a la technologie GP&I¢bal
Positionning Syste)mous permettront de mettre a jour les réponsagpoaementales du
caribou a cette nouvelle stratégie de dispersisrcdapes.

Disponibilité des ressources alimentaires

Le manque d’information quant a la disponibilitérentaire a l'intérieur des massifs
forestiers apparait comme une lacune potentielleette stratégie. Pouvant étre un facteur
limitant en hiver (Rettie et Messier 2000), 'abande de nourriture devrait faire partie des
considérations lors de la planification forestieGae,méme titre que la protection contre la
prédation supportant la décision de conserver dedyr massifs de forét mature. En effet, le
régime alimentaire du caribou forestier differe gl@ament de celui des autres ongulés,
particulierement pendant la saison hivernale (Beidyd972, 1974b). Une consommation

importante de lichens terrestres (e€3dadina spp.,Cladoniaspp.; Arseneaulket al 1997,
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Johnsonet al 2001; Briandet al 2009) et une sous-utilisation des tiges arbustoes
essences décidues (Bergerud 1972, 1974b) se répdradans la seélection d’habitat
effectuée par le caribou (McKenney al 1998; Antoniak et Cumming 1998; Rettie et
Messier 1998). Différentes études ont détermin@ufant a I'échelle du domaine vital
(Rettie et Messier 2000; Johnseinal 2001; Hinset al. 2009) qu’a celle du site (Antoniak
et Cumming 1998; Johnsaoet al 2001; Briandet al 2009), les landes a lichen (aussi
nommees dénudés secs) et les vieilles pessierestesiétaient sélectionnées, deux types
de peuplement riches en lichens terricoles. A #obelle, les caribous recherchaient, a
I'intérieur méme des peuplements, les sites ayar@ plus grande densité de lichen
(Antoniak et Cumming 1998; Briangt al 2009) et une faible représentation de la strate

arbustive.

Ces conclusions révélent bien I'importance du licherricole et son association
apparente avec certains types de peuplements.fé@yta cartographie actuelle, basée sur
la photo-interprétation, est inadéquate pour évaliebondance en lichen terricole
puisqu’il faut un recouvrement supérieur a 40% e superficie minimale de 4 ha pour
que l'information soit consignée. L'étude réaliggsr Lantin (2003) reliant la structure
forestiere et la biomasse alimentaire représedé&ét une source d’information importante.
Toutefois, de nombreuses variables n’étaient passidérées, telles que laltitude, la
latitude et la pente sans compter les conditiomsatiques, topographiques et édaphiques
qui different grandement de celles de notre zogeude. C’est pourquoi la création d’'un
indice de biomasse de lichens terricoles, appleablgrande échelle a partir de cartes
écoforestieres, permettrait d’établir rapidemergualité de I'habitat du caribou sur le plan
alimentaire sans réaliser a chaque fois des investaolteux et logistiguement complexes.
De plus, il pourrait aider a la prise de décisiamam aux territoires a protéger lors de la
confection d’'un plan d’'aménagement afin de maximeguantité de nourriture disponible

pour le caribou forestier.
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Objectifs et résultats obtenus

Nos principaux objectifs étaient 1) d’évaluerddlé des massifs forestiers résiduels
nécessaire a leur utilisation par le caribou, 2)ddeerminer l'influence des attributs du
paysage autour des massifs sur leur utilisatiod) ete développer un indice d’abondance
de lichen terricole basé sur l'information fourmpar les cartes écoforestiéres (e.g. type
d’essence forestiere, densité, hauteur et age elgdgments) permettant de déterminer la
biomasse disponible a I'échelle du paysage. Coaoérle premier objectif, nous avons
formulé I'hypothese que la taille des massifs foees résiduels aurait une influence
importante sur l'utilisation par le caribou et noasons prédit une relation non linéaire
entre les deux, soit une augmentation rapide ddidation avec un accroissement de la
taille suivi par un abaissement de la courbe pesrgrands massifs. L’hypothése liée au
deuxieme objectif suppose une variation dans Iaisditeé du caribou aux structures du
paysage environnant en fonction de son cycle \atahous avons prédit une échelle
d’influence plus importante lors de la mise-baslet’élevage des faons que lors du reste
de l'année, avec une influence négative des petiors d’origine anthropique. La
biomasse de lichen, quant a elle, varierait entionales caractéristiques structurelles des
peuplements et selon un gradient latitudinal etudinal. Nous avons prédit une relation
négative entre la biomasse de lichen et la defwigsStiere et une relation positive avec la
latitude.

L’étude de I'utilisation de I'espace par le catbforestier a permis de connaitre la
sensibilité du caribou a la configuration spati@deson environnement ainsi que ses besoins
tres élevés en termes de superficie d’habitat rotuppé (Chapitre 1). Nous avons réussi a
développer un indice d’évaluation de la biomasskctien terricole a I'échelle du paysage,
utilisable a partir de cartes écoforestieres etnumleles d’élévation numérique (i.e.
représentation graphique des variations altituds)alafin de déterminer de fagon
relativement simple et rapide la répartition etblamasse de cette ressource alimentaire
(voir Chapitre 11).
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CHAPITRE 1
INFLUENCE DE LA MATRICE SUR L’UTILISATION DES MASSI  FS
FORESTIERS RESIDUELS PAR LE CARIBOU ET LES IMPLICAT IONS
POUR SA CONSERVATION

1.1 RESUME FRANCAIS DU PREMIER ARTICLE

L'est de l'aire de répartition du caribou foresti@®angifer tarandus caribquest
fortement aménagé par la coupe forestiere, un dgpperturbation reconnu comme étant
'une des causes ultimes de son recul vers le rdadmi les habitats importants pour
I'espece, plusieurs études ont souligné une étagiseciation entre le caribou et les grands
massifs résineux matures. Nous avons voulu détemujoelle était la taille des massifs
forestiers résiduels nécessaire a leur utilisagbncomment les attributs du paysage
environnant pouvaient influencer le comportement cdwibou. Pour répondre a cette
question, nous avons suivi 51 femelles avec ddeGPS au nord du Saguenay — Lac-
St-Jean (Québec, Canada) entre 2004 et 2010. L& dais massifs forestiers résiduels
variait entre 4 et ~170 000 ha. Nous avons découpngrtles caractéristiques intrinséques
des massifs, telles que la taille et la composisipécifique des peuplements, influencait a
la fois la présence de caribou a l'intérieur dexeeiuet I'intensité de leur l'utilisation. La
structure et la composition du paysage entourargqud massif, que ce soit des
perturbations ou des habitats préférentiels, avaieimpact sur I'utilisation de ces massifs
par le caribou, et ce jusqu’a une distance atteigii®d km. Ces résultats ont d'importantes
implications sur 'aménagement forestier compteuteles efforts majeurs investis dans
I'élaboration de stratégies de conservation duboarimalgré peu de démonstrations
empiriques quant a leur efficacité. Nous considgrmune cette étude permettra de mettre a
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jour les stratégies de rétablissement du cariboesfier en fonction de son utilisation de
I'espace a l'intérieur des paysages exploités.

Ce premier article est en attente de soumisdanms un journal scientifiqude l'ai
concu en collaboration avec mon directeur Martirgttes St-Laurent, professeur au
département de biologie, chimie et géographie, rosdirecteur Jean-Pierre Ouellet,
professeur et vice-recteur a la formation et ldheeche a 'UQAR ainsi qu’avec Claude
Dussault, biologiste au ministére des Ressourcageli@s et de la Faune. En tant que
premier auteur, jai développé les hypothésesalair ainsi que I'approche analytique, j'ai
extrait les données par analyses géomatiques igérédrticle. Le professeur Jean-Pierre
Ouellet, second auteur, a participé au niveau dueldppement des hypothéses et
prédictions ainsi que lors de la révision de l@diainsi qu'au financement. Claude
Dussault a participé a I'élaboration de la straédg conservation du caribou forestier et
s'est impliqué dans la présente validation, ains¢ glans la révision de larticle. Le
professeur Martin-Hugues St-Laurent, de sa positiénde dernier auteur, a proposé le
sujet de recherche et a été impliqué dans touseétéges qui ont mené a cette version de
l'article. Il a notamment obtenu le financement piwjet et aidé a la formulation des
hypothéses, au développement de la méthodologé qiré la révision de I'article. Une
conférence portant sur cette étude a été présantéatomne 2010 a Winnipeg (Canada)
lors du 13" North American Caribou Workshopinsi qu'au 3% congrés de l&ociété
Québécoise pour I'Etude de la Biologie du Compoeem(SQEBC)tenu a Montréal
(Canada), de méme gu’au colloque de transfert deasssancé.e caribou forestier : un
enjeu de développement durabbeésenté a Saguenay (Canada) sous I'égide distediai

des Ressources naturelles et de la Faune.
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1.2MATRIX INFLUENCES ON ISOLATED PATCH USE BY WIDE -RANGING ANIMALS :
CONSERVATION LESSONS FOR WOODLAND CARIBOU

ABSTRACT

Researchers usually focus on animal movements alpidiah choices when studying
space use patterns, however for conservation pespdss important to design studies that
explicitly quantify responses of targeted specedglifferent land management scenarios
where native habitats are maintained within a digtd matrix. Here we propose an
innovative approach that combines the influencéantiscape matrices with the intrinsic
attributes of remaining habitat patches on the epase behaviour of a wide-ranging
ungulate, the woodland cariboRgngifer tarandus caribgu a threatened subspecies of
Rangifer Conservation efforts have been made throughostr trange to preserve
undisturbed areas, with little empirical evidenaumenting the potential outcomes of
such strategies on caribou conservation. We sotghlink characteristics of forest
remnants (e.g., size, composition) and their sundog environment to caribou use (i.e.,
occurrence and intensity) in a harvested landsceye.tracked 51 females using GPS
telemetry north of the Saguenay River (Quebec, @anbetween 2004 and 2010, in a
study area where mature forest remnants rangedebatw and ~170 000 ha. Habitat
proportion and anthropogenic feature density witincremental buffer zones (i.e., from
100 m to 7.5 km), together with intrinsic residt@lest patch characteristics, were linked to
caribou occurrence and location density to estabtise range of influence of the
surrounding matrix. We found that residual foreatcp size and composition influence
caribou occurrence and intensity of use within &lpaBoth the presence of anthropogenic
disturbances and undisturbed areas in the surrogregivironment (up to 7.5 km) influence
caribou use of residual forest patches. We dematestithat our methodological approach
could be useful to study space use behaviour afrothide-ranging species in order to
highlight the impacts of landscape managementhEuriore, our study provides insights

that might have important implications for caribmnservation and forest management.
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patch; surrounding matrix; range of influence; aoplogenic disturbances.

1. INTRODUCTION

Landscape heterogeneity, traditionally due to ratprocesses, is increasingly an
outcome of anthropogenic disturbance regimes, rigréiving organisms to adapt to the
resulting matrix of habitats (Fisher and Lindenmta807). In the boreal forest biome,
natural events like fires and defoliating insectboeiaks have recurrently created islands of
disturbed habitats in a forested matrix (Bergerbrale 2002). However, the advent of
industrial logging and natural resource developniest profoundly changed this previous
state, particularly in North America, and matureekis are now becoming isolated in a
growing matrix of clearcuts and early seral staifiBadenoff et al. 1993). Such a
fundamental conversion in forest cover dominanaédchave important impacts on animal
behaviour and population dynamics (Andrén 1994)eeislly for species that are highly
mobile and traditionally relied on large, undistedbhabitat patches (Courtois et al. 2007).
Species that inhabit old-growth forests such as dha caribou Rangifer tarandus
caribou hereafter referred to as caribou; MetsarantaMaliory 2007; Hins et al. 2009),
are recognized to be more affected by habitatatlter because of their large home ranges
and strict habitat requirements.

Globally, changes in habitat have been identifiedme of the ultimate causes of the
recent caribou decline throughout the species ticstiorange (Vors and Boyce 2009). The
spatial association between residual mature foaestt clearcuts or regenerating stands
forces caribou to use habitats where predationmight be higher (Hins et al. 2009), and
current harvesting configuration strategies couldate ecological traps (Battin 2004).
Anthropogenic disturbances also include roads,nsalaind industrial sites, and all are
recognized as having a negative influence on cardoa reindeer behaviour well beyond
their local footprint (Cumming and Hyer 1998; Viethand Nellemann 2008). These

anthropogenic features are having indirect negatifltaences on caribou habitat because
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use by humans (e.g., vehicle traffic, recreotouyismay decrease the quality of adjacent
environments (Cumming and Hyer 1998; Duchesne. &04l0; Seip et al. 2007), resulting
in a global functional loss of suitable habitats.

Many management strategies in North America focaosconservation of large
patches of suitable caribou habitat, based onteestihabitat selection studies that provide
information on preferential habitats and home rasiges (Johnson et al. 2001; Courtois et
al. 2004; Metsaranta and Mallory 2007). Howevditleliis known about the amount of
suitable habitat that might be necessary to maintaribou populations within managed
landscapes. There is a lack of empirical evidenggparting the guidelines regarding
optimal number, size, composition and configuratadnprotected areas in the caribou
literature. Other factors such as the range ofuarite and the cumulative number of
anthropogenic features (e.g., roads, cabins) anestfaejuvenation in the surrounding
matrix could also have a strong influence on thee by caribou.

Assessing the efficiency of a conservation stratamyd be done by linking habitat
features and disturbances with the space use lmivavi the species of concern. Studies
interested in quantifying animal space use arellysbased on metrics such as home range
size, site fidelity (home range overlap), movemeaies between individuals (Jetz et al.
2004; Borger et al. 2008) or contrast frequented @railable habitats to describe habitat
selection (Johnson 1980; Manly et al. 2002). Adisth methods are based on using animals
as sampling units, which could limit the establigminof links between animal distribution
and landscape structure under a wide range of dtatinfigurations. For example, two
patches of suitable habitat that are of similae siad composition could be frequented in a
different manner depending on their shape and tinownding environment. Instead of
using animal telemetry locations to characterizecs®n of different habitat types, we
propose here to focus on habitat patches as thelisgrunits in order to discriminate
factors that might influence their use by a givpades. This approach can be implemented
easily in a patchy environment where suitable pedcbf habitat are surrounded by an
unfavourable matrix. Moreover, this pattern is vigkgly to apply to an increasing number

of species with the upsurge of human encroachmathinwvprime wildlife habitat
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(Sanderson et al. 2002) such as boreal forest. &levie that quantifying species use of a
given habitat patch is of central importance forthbdandscape management and
conservation efforts.

Using a habitat patch framework, our objectivesenter(1) determine the extent of
mature forest required by caribou following two rarehical steps; first, where they
distribute themselves (i.e., occurrence) and secood they use the selected habitat (i.e.,
intensity of use). We also sought to (2) identifiyieh landscape features, both natural and

anthropogenic, influence the use of these resiidwest patches.

2. METHODS
2.1 Study area

The study area was located north of Lake Saint-Beah the Saguenay River
(Québec, Canada), and covered approximately 1&BB0centered on Piraube Lake in the
north (49°42'- 51°00'N, 71°10'- 72°09'W) and Porntrfid.ake (48°21'— 49°45’N, 69°51'—
71°12'W) in the south. Forests in the northern paste characteristic of the spruce — moss
domain and between 5 % (2004) and 10 % (2010) ef @area had been harvested.
Hypnaceous mosses with ericaceous shrubs and dpamsaceous plants were the most
common features in the understory, although tara¢dichen (e.g.,Cladina spp.) can be
locally abundant. Forests in the southern parthefdtudy area were transitional between
the spruce — moss domain and the balsam fir — vioiibl domain, and logging was more
common, with ~35 % of the area harvested. This sarda offers a strong gradient of
anthropogenic disturbances from south to north ignepresentative of boreal forest in
Quebec, as the spruce — moss domain covers 41RA00f the province while the balsam
fir — white birch domain covers 139 000 km2. Theemannual temperature ranges between
-2.5 and 0°C and annual precipitation fluctuatasvben 1 000 and 1 300 mm, of which 30
to 35 % falls as snow (Robitaille and Saucier 1998k elevation ranges between 300-800
m with low rolling relief, with somewhat flatter Iref and lower elevations in the northern

part.
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2.2 Statistical approach

Our analyses were based on the residual foresh @t sampling unit in order to
identify which variables could explain caribou ogemce (presence — absence) and the
intensity of the use (GPS location density) witthiese patches. To do so, we carried out a
two-step analysis beginning with a logistic regi@sso discriminate between occupied and

unoccupied patches, followed by a multiple regssin occupied patches only.

2.2.1 Residual patch delineation

In order to delineate residual forest patches,used ecoforest maps provided by
the Ministére des Ressources naturelles et dedad=@MRNF) of the province of Québec,
which are updated each year with new natural ardr@pogenic disturbance polygons
(e.g., forest fires, cutblocks, windthrows). We seified forest stands into categories
relevant for caribou ecology based on studies aif thabitat selection (Courtois et al. 2007;
Metsaranta and Mallory 2007; Hins et al. 2009).c8imature coniferous forest {5 % of
conifers) is known to be strongly selected for byilwou almost year round, we kept only
stands> 50 years old to delimit residual patches. We atstuded deciduous and mixed
stands (> 25 % of deciduous species) of the samelags to determine their influence on
caribou space use, as they are often interspergedoniferous forest and then included in
protected area when present in limited amounts ifGsuet al. 2007). As residual forest is
often distributed in linear strips with <120 m segieng adjacent cutblocks following
several provincial forestry regulations (Hins et2009), most of the mature forest appears
physically connected. In order to disconnect ttsedieal forest fragments that are linked by
these narrow strips, we then implemented a negéatifer of 60 m to remove residual
forest strips, and thereafter removed all residuayments smaller than 2 ha in size.
Following, we applied a positive buffer of 60 m ftestore the original size for every
residual forest patch wider than 120 m.

2.2.2 GPS telemetry surveys
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In order to assess the use of the residual for@shps by caribou, we captured a
total of 127 females/year between 2004 and 2010t¢185 depending on the year) and
fitted them with GPS collars (Lotek Wireless Inogdels 2200L and 3300L; Telonics Inc.,
models TGW 3600 and TGW 4600). We used only femadesuse their behavior is likely
to influence calf survival and population dynam(&nard et al. 2011). As GPS collars
were programmed to attempt a location every 1 toodrs depending of the year and
individual, we systematically subsampled our d&tats retain one location per individual
every 4 hours. The study area was delineated wsih§0 % minimum convex polygon
(MCP) for each year to identify the residual forbkicks that were available for caribou.
We conducted our analyses by season (i.e., spkimg: 15" to May 23" calving; May 2
to June 20; summer: June 21to September % rut: September 5to October 3%;
winter: November ¥ to April 14" as caribou habitat requirements and selectioterpet
differ between seasons (Hins et al. 2009). Evesidumal forest patch that contained at least
one location was classified as having caribou prte€B, while the others were coded as
caribou absent (0). We randomly subsampled unoedupgsidual patches in order to
increase prevalence of presence to ~20 % insteaeR d¥6, since too many zeros can
underestimate the probability of rare events (Kamgl Zeng, 2001). Location density (i.e.,
number of locations per hectare of residual foresty calculated as a proxy of intensity of
use by caribou in used residual forest patchexeSeasons did not have the same length,
we a priori tested if the proportion of occupied patchiég 4= 3.97,P = 0.14), as well as
the mean location density {3 = 4.49,P = 0.12) were functions of season length (i.e.,
number of days per season) to ensure that theyalithfluence our results.

2.2.3 Scale-sensitive effects of the surroundinvgr@mment

We believed that landscape features in the adjanafrix surrounding the residual
forest patches could influence caribou use; we thgned to delineate the range of
influence of different landscape features on carippace use behaviour. To do so, we used
a multiscale approach and calculated the propoftordensity) of seven variables (Table
1) around each residual forest patch within incretaleradius buffers of 100, 200, 300,



21

400, 500, 750, 1 000, 2 000, 3 000, 4 000, 5 0@7aB00 m. These buffer radii are based
on the maximal avoidance distance suggested byn&&stand Nellemann (2008) for
reindeer and caribou. We determined the best doalthe two groups of variables (i.e.,
habitat and perennial disturbances, Table 1) usikgke’s Information Criterion (AIC).
We conducted the analyses independently for thistlogoccurrence) and multiple linear
(intensity of use) regressions and for each seaasnwe expected varying responses
throughout the caribou annual cycle. For each b&jave used the best range of influence
(i.e., buffer size) for subsequent analyses. Albrgatic analyses were carried out using
ArcGis 9.3.1 (ESRI 2009).

2.2.4 Model selection

We developed a set of six candidate models (Tab¥ehere Model 1 only included
the year and the area of residual forest patclesettwo variables were included in all
models to control for their effects. Model 2 accmahfor intra-patch composition whereas
Model 3 included variables based on the hypothsis the environment surrounding a
patch is more important than the patch compositModel 4 was similar to Model 3 but
included perennial disturbances (i.e., roads arfiinea Model 5 considered perennial
disturbances surrounding the patch only and inatatpcomposition and finally, Model 6
included all variables. For the logistic regressioand following visual inspection, we
accounted for the non-linear relationship betwearnbou occurrence and both variables
‘Coniferous’ and ‘Wetland’ by adding a quadraticrnte for these variables. When
necessary, we transformed the variables to fuifidar regression assumptions using log
(for “Area”, “Mixed”, “Cutover”, “Road” and “Cabinj or square root (for “Open”,
“Regen”, “Coniferous” and “Wetland”) transformatmnPrior to all statistical analyses, we
assessed colinearity between independent variabhes.intensity of use (locations-Ha
was also log-transformed as it followed an expaaédtstribution.

We ranked the candidate models based on their AlGeg and kept models with
AAIC < 2 (Burnham and Anderson 2001). We used thmesanodels and selection
procedure for each season and for both logistic ranttiple linear regressions. For the
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logistic regression, we used the Receiver Opera@igracteristics (ROC) curve and
calculated the area under the curve (AUC) to evalttee predictive power of our models.
We considered a model exhibiting an AUC rangingvMeen 0.7 and 0.9 as reliable (Swets
1988; Manel et al. 2001). The fit of multiple limeaodels was assessed with the adjusted
R?. In order to determine the contribution of eachiakde and their intersections for the
multiple linear regressions (i.e., intensity of Jysee performed variance partitioning
(Legendre and Legendre 1998). Statistical analysee conducted with R 2.11.1 (The R

Project for statistical computing 2010).

3. RESULTS
3.1Presence/absence
3.1.1 Range of influence

Caribou are influenced by their environment aektively large scale; the most
explicative buffer radius varied from 1 000 to 05®, depending of the season and the
group of variables (Figure 1a). Caribou seemed mseresitive to perennial disturbances
and habitat variables during spring, rut and wintdowever, on average, perennial
disturbances have an influence on caribou disinbudt larger scale, particularly during rut
and winter. To link range of influence of the sumding matrix and home range size, we
calculateda posteriorithe mean area and standard error of seasonal hamges using
MCP 100% (Figure 1c).

3.1.2 Model selection

The model that best fit the data varied with seass the global model (Model 6)
was the most parsimonious for the rut and wintetestodel 4 was the most parsimonious
in spring, calving and summer (Table 3). Best medblowed strong fit to the data, as the
AUC ranged from 0.819 to 0.854. The area of theluas forest patch, the proportion of
regenerating stands and the density of roads admdscaurrounding the forest patch were
the most important variables on an annual basikl€T4). The ‘Year’ effect could therefore

be an artefact of the number of caribou monitocheyear, which declined throughout the
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study and could influence the probability of a desil forest patch being used. The impact
of road density on caribou occurrence differed leetwseasons; it was negative during
spring, calving and summer, and positive duringand winter. Similarly, cutovers had a
positive effect during calving and summer, a negainfluence during winter, and no
effect during spring and rut. While the proportiohmixed stands within residual forest
patches had a negative effect on caribou occurrelwcgng rut and winter only, the
proportion of open areas surrounding residual fopegches were positively linked to
caribou occurrence during calving. Non-linear digant relationships were observed with
the proportion of coniferous stands and wetlandsosading residual forest patches during
calving, summer, and rut, and during spring andavjrespectively (Table 4). Occurrence
probabilities were lower with an intermediate pramm of wetlands within buffers (Figure
2a), and peaked when the proportion of coniferdasds in the matrix surrounding forest

patches reached intermediate values (Figure 2b).

3.1.3 Area of residual forest patch

As the size of the residual forest patch had a maftuence on caribou occurrence,
we modeled the observed occupancy rate by colleaetbou (since not all individuals of
the population were followed) depending on patele siased on raw data (Figure 3).

3.2 Intensity of use
3.2.1 Range of influence

Keeping only occupied residual forest patches,sttede of surrounding influence
ranged between 1 000 m and 7 500 m for habitahbkes and between 400 m and 7 500 m
for perennial disturbances (Figure 1b). Interesyintne range of influence for the multiple
linear regressions was the mirror image of theastained with the logistic regression, the
larger buffer radii being found for calving, summend rut rather than for spring and

winter.

3.2.2 Model selection
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The complete model (Model 6) best fit the datarduthe rut, calving and spring
seasons, while Model 4 was more parsimonious innsgmmand winter (Table 3).
Nevertheless, the complete model hadAlC < 2 for these latter two seasons. The best
models offer an intermediate fit with an adjustédvRrying from 0.41 to 0.57 depending
on the season. Counterintuitively, patch size hadgative effect on the intensity of use for
all seasons (Table 5). The proportion of mixed dsamwithin a residual forest patch
negatively influenced the intensity of use for bati during spring and rut. Amongst the
variables measured in the matrix surrounding fopesthes, the proportion of open stands
mostly had a negative influence (except during &nntas had the proportion of cutovers
during spring, of coniferous stands during rut afidvetlands during spring and winter.
Opposite to the occurrence analysis, the amounegdnerating forest in the surrounding
matrix had no impact on the intensity of use bytmar. Perennial disturbances found in the
surrounding matrix had a strong but variable impaepending on the season, as the
intensity of use was negatively influenced by catensity during summer and winter, and
to road density during calving, while being postiv affected by road density during

summer.

3.2.3 Variation partitioning and area of residuakést patch

Patch size was by far the most important varialzlgaining the intensity of use of
residual forest patches by caribou, followed by Habitat variables (Figure 4). Some
intersections including the area also explainedtabile amount of variance within the data.
The intensity of use for each season decreaseglglzer the patch size increased (Figure 5)

up to ~100 krf, and it stabilized above this size.

4. DISCUSSION

Using a multiscale approach, we demonstrated hewctimposition, structure and
configuration of residual forest patches in a higamanaged landscape can influence
caribou behaviour and report new findings that bafp guide conservation strategies.

Using residual forest patches as the samplingrathier than individual caribou (Hins et al.
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2009) or aerial surveys (Fortin et al. 2008; Bowneamal. 2010) allowed us to model the
use of a given habitat patch, while consideringgheounding environment at a relatively
large scale. While several studies had charactehgerarchical patterns of caribou habitat
selection (e.g., Rettie and Messier 2000; Johnsah 2001; Hins et al. 2009), our study is
novel in modeling the occurrence probability ane ithtensity of use within residual forest
patches based on their characteristics and coatiguar at the landscape scale and then
quantifying their potential for conservation purpssAlthough we did not model caribou
survival and recruitment within residual forest ghets according to the matrix
characteristics, space use and habitat selectibarps expressed by a group of individuals
are known to influence demographic trends at thpufadion level (McLoughlin et al.
2005).

4.1 Range of influence

Our results show that the surrounding environmeiffiiénces caribou space use at a
very large scale throughout the year. Therefore,dicision to use a given habitat, even a
preferential one, is mediated by the amount ancctiméiguration of other habitat features
within a buffer around the border up to 7.5 km.

Caribou are already known to exhibit seasonal tiana in their movement rates
and home range sizes, with larger values typicadling recorded during spring, winter
and, to a lesser extent, rut (Courtois et al. 26@1je et al. 2010). Consequently, we would
expect caribou to have a better knowledge of teeirounding environment at a larger
scale, and then to prefer residual forest patcbesteéd in low-disturbance regions while
avoiding those that are within heavily impactednicas. Reacting to their environment at a
large scale allows them to segregate from othey ppecies, and consequently from
predators, thereby reducing their predation riskcdntrast, we would expect caribou to
respond to the surrounding environment at a reésttiscale when their movement rate and
home range size are smaller, e.g., during calvimgsaummer (the latter being the breeding
season; Ferguson and Elkie 2004; Faille et al. ROAGother important issue lies in the

range fidelity behaviour shown by caribou in oundst area (Faille et al. 2010), which
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suggest that individuals avoid disturbances at allemscale while being more tolerant at
larger scales. Since calving and breeding arecatipieriods for caribou survival (Gustine et
al. 2006; Pinard et al. 2011), information abow itnmediate surrounding matrix could be
sufficient to discard most of the unsuitable pasche

The mirror image observed between the range afienite and intensity of caribou
use supports our interpretation that using a gifeest patch might be dictated by a
hierarchical decision process wherein caribou rteeidtegrate limiting factors at various
scales. As discussed previously, if the decisionge a residual forest patch is driven by
the environment influence at a small spatial s¢alg., calving and breeding seasons), then
spending more or less time within the selectedipéte., intensity of use) may be reflect
choices based on larger scales (see Figure lbyder do correctly integrate human
disturbance and (or) predation risk, and ultimatelgtay or leave the patch. Consequently,
the two ranges of influence will peak to maximuniues alternatively (except for winter),
underlining that caribou are using complementaglescwhen considering their available
habitat. This result offers us a habitat-basedgsatsve of the hierarchical habitat selection
hypothesis suggested by Rettie and Messier (20009, stipulated that caribou which
cannot mitigate the impacts of limiting factorgta first hierarchical scale (i.e., where they
distribute themselves) will be forced to dampen itifeience of those factors at the next
scale of selection (i.e., where caribou chooseotwentrate their activity). The differential
use of a residual patch based on the charactsrigtithe neighbouring environment can
also be interpreted as a functional response (leglitile and Merrill 2008; Godvik et al.
2009), as two potentially suitable habitats migbt have the same value depending on
their configuration at the landscape scale. By immgg caribou behaviour from the
habitat patch perspective, our approach synthegtzedntrinsic patch value (i.e., habitat

composition and size) with the environmental infice (i.e., scales of matrix effect).

4.2 Habitat features and perennial disturbances
We demonstrated that the intrinsic residual forpatch composition had an

influence on its use by caribou which depended eas@n. An increasing proportion of
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deciduous and mixed stands within residual foregthes was found to decrease both
caribou presence (during rut and winter) and thenisity of use (during spring and rut).

The relative avoidance of deciduous and mixed reaforest stands by caribou was

frequently observed (Metsaranta and Mallory 200msHet al. 2009) and is usually

explained by the increased use of such standsdnapors and alternate prey (Dussault et
al. 2005; Houle et al. 2010).

Habitat features surrounding the residual foresthp strongly influence its use by
caribou. The large scale (up to 7.5 km) influendettee surrounding environment,
especially for the variables related to habitatesypsuitable to alternative prey and
predators, supports the assumption that predasidhe primary factor explaining caribou
behaviour in managed landscapes. For example, ssthadl are suitable to other ungulate
species and predators in the surrounding matrixeased the probability that a residual
patch would be occupied by caribou. Among theséablg habitat types for predators,
regenerating stands between 20-40 years old hddviar caribou within adjacent residual
forest patches almost year round, while the preseariccutovers in the adjacent matrix
favours their presence during calving and summieis fleversed influence of logged areas
while ageing could be related to the range fiddbigéhaviour of female caribou, especially
during these critical seasons (Ferguson and EB@2Faille et al. 2010). Indeed, if prior
to forest harvesting, caribou were present in dqadar area, individuals will continue to
return to where they previously had reproductivecsss or experienced low predation risk
(Greenwood 1980) even when human-caused disturbancesase (Faille et al. 2010).
Moreover, during the first few years after loggiegtblocks are still used by caribou (Hins
et al. 2009) because alternate prey and predatws hot had time to express numerical
and/or functional responses (Dussault et al. 28d8¢eur et al. 2008; Houle et al. 2010).
Recent cutblocks could therefore offer forage opputies, especially in spring (Hins et al.
2009). Similar conclusions can be drawn with opesas as the absence of a dense
regenerating shrub layer would not favour moosardand wolves. However, when these
cutblocks get older and support suitable foragebfears (Brodeur et al. 2008), moose

(Dussault et al. 2005) and consequently for woliiésule et al. 2010), caribou might be
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displaced and leave residual forest patches sudemliby 20-40 year old forest stands, as
observed by Hins et al. (2009) in our study area.

Regenerating stands had no effect on the intemdityse within residual forest
patches, which could be explained by the deciskpressed previously (i.e., occurrence
level) when caribou decide to use a patch or natofding to the hierarchical habitat
selection concept (Rettie and Messier 2000), wddceonclude that caribou will so
strongly avoid residual forest patches that are emldbd in a matrix dominated by
regenerating stands that the slight amount of suwuitable habitat type in the matrix
surrounding occupied patches will not influencellmar behaviour. On the contrary, the
amount of open habitat and 0-20 year old cutovershe matrix favoured caribou
occurrence within a residual forest patch almadsyedr long but had a negative influence
on the intensity of use. Considering that opentaséband young cutovers are less attractive
to bears (Brodeur et al. 2008) and wolves (Houlealet2010) compared to older
regenerating stands, their abundance in the matwd favour the dilution of caribou
activity outside residual patches, dampening thegeseffect.

Natural habitat types had a variable influence ambou occurrence within residual
forest patches. For example, we found a nonlinglationship between wetland abundance
in the surrounding matrix and caribou occurrenabability during spring and winter with
lower values at intermediate wetland abundancegitdesvidence suggesting this habitat is
often recognized as a selected by caribou as traxges, refuges from predation, and
feeding habitats, especially during spring (Redtiel Messier 2000; James et al 2004; Hins
et al. 2009; Skogland 1984). The slight negatifeatfon the intensity of use could reflect
caribou interest in low predation risk habitat tyfeund in the matrix, which dampened the
refuge effect.

The amount of mature coniferous forest in the surding matrix had an important
and positive influence on caribou occurrence witt@sidual forest patches during periods
of the year when home range size are smaller @@lgummer, and rut). The well-known
caribou preference towards landscapes with lowihaince levels may explain this result

(Fortin et al 2008; Bowman et al. 2010). Howevbke, honlinear relationship shows that the
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influence of coniferous stands becomes negativenwhese stands are found at high
abundance in the matrix. Rather than being intéedras a detrimental effect of mature
coniferous forests on caribou occurrence, we sudggasa residual forest patch embedded
in a matrix dominated by preferential caribou habiloses most of its relative
attractiveness.

Perennial disturbances had important and primagative influences on caribou
occurrence and intensity of use; direct and indifeoman disturbances (e.g., encounter,
noise, odours) can induce anti-predator resporesgs vigilance, fleeing, habitat selection,
etc.; Frid and Dill 2002). While the impact of cabiwas negative on both dependant
variables, caribou exhibited more variable respsnge roads. Residual forest patches
surrounded by high road densities were avoided Bpring to the end of summer but had a
greater probability of being used during rut andtet. Possible explanations could include
easier travel routes linking good habitats duriegqus of lower calf vulnerability (Gustine
et al. 2006; Pinard et al. 2011), sexual partnarckefacilitation (Fuller and Keith 1981)
and lower traffic on roads during winter as a copsece of snow cover accumulation.
However, roads bring additional threats for caritwnce they are selected by wolves
(Whittington et al. 2005; Houle et al. 2010) andildotherefore increase predation risk

when found near preferential caribou habitat.

4.3 Area effect on caribou occurrence and patch use

The area of residual forest patches was the mqstrtiant variable explaining both
presence and intensity of use by caribou, butfiier@gint manners. While positively related
to the probability of occurrence, patch area wagatieely linked to the location density.
Rather than suggesting selection towards smalstasmnants, it could represent a refuge-
effect, i.e., a concentration of activities in @y suitable and low-risk habitat remaining
in the disturbed landscape (Berryman and Hawkin@6R0Within continuous forest or
large residual forest patches, caribou can expiess adaptive dispersal behaviour and
distribute themselves at low density (Ferguson llkée 2004), thereby increasing search

time and lowering success rates of predators (Bedgand Page 1987). Whereas caribou
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typically avoid small forest fragments when decgdto use a forest patch (i.e., occurrence
analysis), they are probably forced to confine tbelres within smaller residual stands
(refuge-effect) when it is the sole closed-canopypitat remaining in a matrix heavily
disturbed by forestry (clearcuts and regeneratitagds) where predation risk is often
higher (Brodeur et al. 2008; Houle et al. 2010)ctSa behavioural response can also be
exacerbated by range fidelity already demonstrateour study area (Faille et al. 2010).
However, we consider that concentration of cariactivity in smaller fragments cannot be
sustained for a long period of time, and that thes®ll residual forest patches will
probably be abandoned in the near future, followdigplacement of individuals or
withdrawal by predation (Debinski and Holt 2000).ofdover, we believe that such
maladaptive habitat selection behaviour could tesula “two-step” extirpation process
(Kuussaari et al. 2009) following logging: caribare initially confined in these numerous
small residual forest patches for several yearsaadhereafter killed (calves, then older
senescent adults) by predators which express a rieaheesponse in the surrounding
disturbed matrix (Brodeur et al. 2008; Houle et 2010). From our perspective, this
process could partially explain the recent rangeession of forest-dwelling caribou
following past (and in some cases current) foresinagement strategies which have
resulted in the retention of only small fragmengéedl isolated forest remnants (Vors et al.
2007).

An objective of our study was to determine whicresof residual forest patches
might be suitable for caribou. We showed how carils@zcurrence increased with the
residual forest patch area in a nonlinear mannaiedd, the curvilinear relationship
indicates that lower gains in caribou occurrenceuoed above a given patch size.
Nonetheless, this breakpoint was relatively highmmst seasons. For the intensity of use,
the refuge effect suggested by the higher conasmtraf caribou locations within smaller
residual forest patches might not be sustainalyl¢hf® long-term, as reported in songbirds
and small mammals by Debinski and Holt (2000). Agualeline, we roughly estimated a
~100 knf threshold (see Figure 5) above which location itienemains stable, suggesting

that the short-term crowding linked to habitat freentation ceased above this patch size.



31

4.4. Implications for conservation

Our methodological approach could be applied wide range of species that live
in patchy environments. The range of influenceh& surrounding landscape on species
distribution is rarely studied from the patch stamidt, moreover in a hierarchical manner.
By doing so, one can illustrate different scalesvhich animals trade-off limiting factors
such as predation and food access in a spatiallgtsted landscape. Furthermore, it could
offer conservation authorities science-based kndgdeon species responses to different
land protection alternatives.

By describing caribou space use in a managed &atdahdscape, we showed how
this species could be sensitive to human-inducstiidiances and habitat alterations at a
landscape scale. Based on our results, we recomthahtesidual forest patches must have
a minimal area larger than 100 kin order to avoid crowding that could increasehmar
vulnerability to predation. These patches couldnoally reach much larger sizes (i.e., >
400 knf) to ensure their use. The significant influencehef surrounding matrix features,
within ranges which reached up to 7.5 km when dateng caribou use of residual forest
patches, underlines the necessity for integratimedd forest management. The long term
effect of cutover and the negative influence ofepeial structures such as roads and cabins
highlights the importance of greatly reducing thstutbance level in regions surrounding
areas devoted to caribou conservation. The negeffeet of mixed and deciduous stands
inside residual forest patches supports prioritgseovation of mature coniferous forests
rather than only agglomerating various types ofureaforest covers (Courtois et al. 2004).
Along with documenting the large areas required dayibou to fulfill their habitat
requirements while limiting their vulnerability fwedation, these guidelines illustrate how
difficult it is for caribou ecologists, forest inswies and policy makers to reconcile socio-

economic development and conservation issues.
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Table 1 Description of variables (meanstandard error) used to model caribou presence
and intensity of use within residual forest patcileSaguenay — Lac-Saint-Jean, Québec,
Canada (2004-2016;= 18 452).

Variable Description Mean (xSE)

Residual forest patch attributes

Area Area (in ha) 128 (x2 893)

Mixed Proportion of mixed and deciduous stands ye@s old 0.16 (£0.30)

Buffer zone attributes

Habitat variables

Cutover Proportion of cutblocks20 years old 0.23 (+0.17)
Proportion of open areas originating from both reltu

Open 0.03 (x0.06)
and anthropogenic disturbances > 20 years old

Regen Proportion of stands > 20 andO years old 0.25 (x0.19)
Coniferous Proportion of coniferous stands > 40 yedd 0.29 (x0.12)
Wetland Proportion of wetlands 0.02 (x0.03)

Perennial disturbances
Cabin Density of cabins and industrial sites (nb?km 0.32 (x0.35)

Road Density of roads (km- K 1.72 (+0.77)




Table 2 Candidate models used to model caribou presemtenéensity of use within residual forest patchresSaguenay — Lac-
Saint-Jean, Québec, Canada (2004-2010).

Model  Description

1 Presence ~ Years + Area

2 Presence ~ Years + Area + Mixed

3 Presence ~ Years + Area + Cutover + Open + Red@aoniferous + Wetland

4 Presence ~ Years + Area + Cutover + Open + Redaoniferous + Wetland + Cabin + Road
5 Presence ~ Years + Area + Mixed + Cabin + Road

6 Presence ~ Years + Area + Mixed + Cutover + OpBegen + Coniferous + Wetland + Cabin + Road




Table 3 Candidate model selection explaining variatiangaribou occurrence (i.e., presence — absencejnéansity of use (i.e.,
location density) within residual forest patchesSaguenay — Lac-Saint-Jean, Québec, Canada (20@}-Zthe most parsimonious
models (i.e., withAAIC <2, shown in bold) were selected using Akaskéhformation Criterion (AIC). We assessed model
performance using the Area Under the Curve (AUCReteiver Operating Characteristics (ROC) curvesldgistic regressions
(occurrence) or the adjusted fr multiple linear regressions (intensity of use¢e Table 2 for description of models.

Spring Calving Summer Rut Winter
Model
AIC  AUC/R? AIC AUC/R? AIC AUC/R? AIC AUC/R? AIC  AUC/R?
1 1802.8 0.7163 1504.7 0.7683 2188.3 0.7339 150Q.3551 2072.4 0.7519
2 1803.5 0.7189 1497.1 0.7702 2158.7 0.7464 1420.0947 2017.1 0.7695
3 1672.9 0.8008 1434.3 0.8073 1939.0 0.8190 1380.8283 1915.7 0.8108
OCCUIrrerlCe4 1617.8 0.8187 1387.8 0.8309 19225 0.8251 1337.1 0.8432 1836.3 0.8313
5 1737.6 0.7563 1453.9 0.8022 2140.4 0.7607 1383.8170 1923.0 0.8030
6 1618.8 0.8191 1389.8 0.8308 1924.5 0.8251 1300.2 0.8537 1794.3 0.8400
1 776.6  0.5484 683.8  0.4383 1042.0 0.4013 575.0 0185  1162.5 0.3847
2 1530.0 0.5483 1296.0 0.4372 2067.7 0.4007 1176.8019 2132.0 0.3836
, 3 770.8  0.5591 678.1 0.4544 1033.7 0.4140 552.0 0.5384 1154.9 0.3979
intensity 4 771.7 0.5601 677.6  0.4581 1020.4 0.4284 555.9 0.5358 1149.5 0.4055
5 7742  0.5538 682.4  0.4450 1034.0 0.4119 575.5 0465  1154.9 0.3959
6 767.4  0.5652 676.6 0.4610 1022.3 0.4275 551.8 @542 1150.9 0.4050




Table 4. Coefficient estimates and 95% confidence intergdithe independent variables of the most parsimusmmodels explaining
variation in caribou occurrence (i.e., presencebseace) by season in Saguenay — Lac-Saint-JeameQu€anada (2004-2010).
Coefficients for which the 95% confidence intervate not overlapping zero are shown in bold. Aerahtive model is presented for

the spring season, as it hadAlC < 2.

Year logArea Mixed Cutover Open Regen Coniferousniferoud Wetland Wetlani Road  Cabin
Spring
Estimate  -0.109 1.548 1.053 -1.004 -3.668 0.205 -3.753  -33.836 177.008 -0.636 -1.361
+ 95% CI 0.077 0.205 1.684 2.380 1.638 5.114 7.639 13.259 70.782 0.328 0.834
Estimate  -0.109 1558 -0.253 0.926 -1.250 -3.764 -0.776 -2.778  -34527 178.233  -0.643 -1.340
+ 95% CI 0.077 0.206 0.498 1.700 2.424  1.649 5442 7.835 13.326 70.788 0.328 0.831
Calving
Estimate  -0.199 1.629 1.981 3.723 0.020 8.075 -5.632 -8.166 29.694 -0.507 -0.362
+ 95% ClI 0.090 0.222 1.438 1.623 1.376 4.234 5.975 10.030 46.729 0.174 0.344
Summet
Estimate -0.245 1.570 1.230 0.894 -1.962 11.186 -9.069  -8.965 13.859 -0.274 -0.183
+95% Cl  0.074 0.205 1.047 1.241 1.035 3.309 4.658 9.048 .0683 0.079 0.229
Rut
Estimate  -0.171 1566 -2.798 -1.178 -0.267 -4.400 5.435 -6.029 1.216 13.148 0.813 -2428
+95% ClI  0.090 0.221 1.046 1.290 1.566  1.494 5.256 7.381 749.6 43.864 0.299 0.814
Winter
Estimate  -0.238 1598 -1.800 -1.763 -0.067 -5.758 1.968 -6.156  -35.101 174.051 0.618 -3.053
+95% Cl  0.072 0.204 0.582 1.450 2.397 1561 5.339 7.661 83¥3. 79.545 0.300 0.780




Table 5. Coefficient estimates and 95% confidence intergdlithe independent variables of the most parsimusmmodels explaining
variation in caribou intensity of use (i.e., locatidensity) by season in Saguenay — Lac-Saint-J@aébec, Canada (2004-2010).
Coefficients for which the 95% confidence intervate not overlapping zero are shown in bold. Alive models are presented for
all but the spring season as they had\C < 2.

Year Area Mixed  Cutover Open Regen Conifer Wetland Road Cabin
Spring
Estimate -0.054 -0.634 -0.946 -2.358 -0.472 -0.296 -0.296 -0.801 0.046 0.062
+95% CI 0.039 0.05 0.747 1.472 0.382 0.371 0.618 0.739 0.131 0.081
Calving
Estimate -0.037  -0.524 -0.788 -0.351 -0.720 -0.281 -0.479 -0.942 -1.122 0.033
+95% CI 0.053 0.067 0.906 2.065 0.535 0.626 0.791 1.343 0.114 0.087
Estimate -0.033 -0.524 0.001 -0.654 -0.242 -0.209 -0.818 -0.121 0.030
+95% CI 0.053 0.067 2.030 0.531 0.626 0.729 1.339 0.115 0.088
Estimate -0.024 -0.520 -0.727 -0.810 -0.251 -0.353 -0.732
+95% ClI 0.052 0.062 1.914 0.512 0.628 0.718 1.330
Summe
Estimate -0.041 -0.507 -1.498 -0.421 0.190 -0.213 -0.505 0.542 -0.398
+95% CI 0.036 0.050 1.588 0.389 0.473 0.546 1.158 0.316 0.189
Estimate -0.041 -0.508 0.086 -1.494 -0.419 0.192 -0.185 -0.501 0.545 -0.400

+95% ClI 0.036 0.050 0.684 1.590 0.390 0.473 0.589 1.159 0.317 0.189




Table 5. Continued

Year Area Mixed  Cutover Open Regen Conifer Wetland Road Cabin
Rut
Estimate -0.069 -0.488 -1.726 -1.450 -1.108 -0.183 -0.888 -0.606 -0.106 0.086
+95% CI 0.040 0.053 1.379 1.767 0.424 0.491 0.745 1.224 0.349 0.239
Estimate -0.066 -0.505 -1.233 -1.074 -0.171 -0.647 -0.332
+95% CI 0.040 0.051 1.741 0.423 0.492 0.667 1.038
Winter
Estimate -0.056 -0.489 1.017 0.070 0.093 -0.410 -1.235 0.047 -0.119
+95% CI 0.038 0.061 1.418 0.353 0.406 0.631 1.019 0.127 0.077
Estimate -0.058 -0.486 -0.363 1.009 0.060 0.089 -0.465 -1.265 0.044 -0.119
+95% CI 0.039 0.061 0.910 1.419 0.354 0.406 0.646 1.023 0.127 0.077
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Figure 1. Variations in the radius buffer size identified & most explicative using
Akaike’s Information Criterion (AIC) for each sea&solrhe group of “Habitat” variables
(i.e., Open, Cutover, Regeneration, Conifer, andl&dd stands) is represented with closed
circles, while the “Perennial disturbance” group vafriables (i.e., Road and Cabin) is
represented with gray triangles. The upper panshayvs buffer radii for the occurrence
analysis (i.e., presence/absence), the centrall fgneefers to the intensity of use (i.e.,

location density), and the lower panel c) showrttean size (+SE) of seasonal home ranges
of female caribou.
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Figure 2. Non-linear relationships between caribou occurrepiaability and a)
Wetland and b) Coniferous proportions in the sumdhing matrix. Only seasons where a
significant effect was found are shown.
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Figure 3. Relationships between the area of residual forasthpand the occupancy rate by
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Figure 4. Variation partitioning of the multiple linear reggsion (intensity of use by
caribou) for each season. The explained variagfers to the proportion of the adjusted R
encompassed by a variable, a group of variablentmrgections between groups and/or
variables. The group “Habitat” includes Mixed, Clenous, Wetland, Regeneration, Open,
and Cutover stands.
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CHAPITRE 2
DETERMINATION DE LA BIOMASSE DE LICHEN TERRICOLE A PARTIR
DE CARTES ECOFORESTIERES : UN OUTIL D’AIDE A LA DEC ISION LORS
DE LA CONFIGURATION DES AIRES PROTEGEES POUR LE CAR IBOU
FORESTIER

2.1 RESUME FRANCAIS DU DEUXIEME ARTICLE

Les lichens terricoles représentent une part imptet de I'alimentation hivernale du
caribou forestier Rangifer tarandus caribouGmelin), et suggérer des lignes guides
pouvant orienter les efforts de conservation vess fbréts supportant les plus grandes
biomasses de lichen pourrait favoriser le maintiercette espece menacée. Notre objectif
était donc de développer un indice d’estimationlalebiomasse de lichens terricoles
disponibles au caribou a I'échelle du paysage rér ke la carte écoforestiere, en se basant
sur des caractéristiques des peuplements (age,itgjersauteur) et de variables
géographiques (pente, altitude, latitude). Poufage, nous avons échantillonné 439 sites
dans une aire de 8 340 krocalisée >100 km au nord de la riviere SagueGyebec,
Canada), dans le domaine de la pessiére & moudsssiddstant reconnus pour supporter
des lichens terricoles, seuls les peuplements uke g¢ 50 ans d’age dont I'épinette était
I'essence dominante ont été échantillonnés, reptaéise41,8% de l'aire d’étude. A l'aide
d’'une approche en deux étapes, nous avons prenggtenodélisé I'occurrence de lichens,
puis ensuite la biomasse de lichens dans les silesles lichens ont été retrouvés.
L'occurrence de lichens était positivement corrélda latitude et négativement a I'age, la
hauteur et la densité du peuplement. La biomasdehiEn était quant a elle fonction de

l'altitude et de la densité de tiges arborescentds. tel indice pourra orienter la
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conservation des superficies forestieres qui soptus susceptibles de contenir de grandes
biomasses de lichen, favorisant ainsi le maintiecatibou dans les paysages exploités.

Ce deuxieme article est actuellement disponibletriquement sur le site de la
Revue Canadienne de Recherche Foresti@mnddian Journal of Forest Reseajcht
parait dans le numéro de mars 2011 (Lesmeeisak 2001, 41:633-643, dal0.1139/X10-
229). Je l'ai redigé en collaboration avec mon deer Martin-Hugues St-Laurent,
professeur au département de biologie, chimie @jjrgghie ainsi qu’avec mon co-directeur
Jean-Pierre Ouellet, professeur et vice-rectearfarmation et la recherche a 'TlUQAR. En
tant que premier auteur, j'ai réalisé en grandetigpdia planification des travaux
d’inventaire, dirigé lesdits inventaires, dévelopa@proche statistique et rédigé I'article.
Le professeur Jean-Pierre Ouellet, second auteapparté sa contribution au niveau du
développement des hypothéses de recherche, a isiorewde larticle ainsi qu'au
financement du projet. Le professeur Martin-Hug8es&aurent, dernier auteur, a apporté
son aide tout au long du processus, du financerdanprojet a la formulation des
hypotheses, au développement de la méthodologmr’auda révision de larticle. Une
affiche scientifique résumant cette étude a étéegmtée a 'automne 2010 a Winnipeg
(Canada) lors du3" North American Caribou Workshaginsi qu’au 3% congrés de la
Société Québécoise pour I'Etude de la Biologie dem@ortement (SQEBCOkenu a
Montréal (Canada), de méme qu’'au colloque de teshsfe connaissandee caribou
forestier : un enjeu de développement duraplésenté a Saguenay (Canada) sous I'égide

du Ministere des Ressources naturelles et de lad-au
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2.2 ASSESSING TERRESTRIAL LICHEN BIOMASS USING ECOFOREST MAPS: A SUITABLE
APPROACH TO PLAN CONSERVATION AREAS FOR FOREST -DWELLING CARIBOU

ABSTRACT

Terrestrial lichens are an important part of thatesi diet of forest-dwelling caribou
(Rangifer tarandus caribouzmelin), and developing forest management guidelitee
support high lichen biomass could enhance bothviddal and population-level health of
this threatened species. Our objective was to dpvah index to assess terrestrial lichen
biomass available to caribou at the landscape scsaie ecoforest maps based on forest
characteristics (age, density, height) and geoggaphkariables (slope, altitude, latitude).
We sampled 439 sites within 8 340 km? of the spimoss domain, located >100 km north
of the Saguenay River (Quebec, Canada). Sincediteeknown to support terrestrial lichen,
we sampled only spruce-dominated stands older Bl0ayears, representing 41.8% of the
study area. Using a two step-approach, we firsteteatlichen occurrence and thereafter
lichen biomass in sites where lichens were founithén occurrence was positively
correlated with latitude but negatively with staagke, height and density. Lichen biomass
was primarily a function of altitude and tree dénslJsing this index could prioritize
conservation of areas that are most likely to dankagh lichen biomass, thus favoring

caribou population maintenance in logged landscapes

Keywords Forest-dwelling caribou; forest stand structua@dscape configuration;

lichen biomass index; ecoforest maps; protecteasare

INTRODUCTION

Understanding the relationships between forestdststnucture and biomass of
terrestrial lichen is of prime importance to effictly assess habitat quality for woodland
caribou Rangifer tarandus caribomelin). The forest-dwelling ecotype of woodland
caribou (Courtois et al. 2003), a threatened speiciecCanada, exhibit patterns of habitat

selection that differ from other ungulates inhalgtithe same distribution range. For
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example, unlike mooséAlces alceslinnaeus), caribou select old-growth conifer ftses
and open lichen woodland as prime habitats (Johasah 2002; Gustine et al. 2006; Hins
et al. 2009) in order to segregate themselves fpoedators while also fulfilling foraging
requirements (Johnson 2001; Courtois et al. ap(Ry avoiding stands with an important
regeneration layer of deciduous shrub, caribou h#les habitat overlap with other cervids
like moose (Risenhoover 1989; Molvar et al. 1998|@udice et al. 1997). Consequently,
these behavioral decisions limit encounter prolitgbiith predators, which feed primarily
on ungulate species present at higher densitiesdéwabou (Antoniak and Cumming 1998;
Metsaranta and Mallory 2007). Moreover, studiesehstvown that lichens are an important
part of caribou winter diet (~4.9 kg-dhyf dry terrestrial lichen for an adult caribou:
Holleman et al. 1979), which are used instead efdi®us shrubs in the boreal forest of
northeastern North America (Bergerud 1972, 1974rréstrial lichens are far more
abundant than arboreal lichens in this area (Czu2003) and represent the basis of
caribou winter diet, and are thus an essential uregoto ensure caribou overwinter
survival. Despite their importance as a food sodocevoodland caribou, little is known

about terrestrial lichen distribution at the larajse scale.

In North America, forest harvesting is the main haopogenic disturbance
throughout the entire distribution range of fordafelling caribou (Burton et al. 2003).
Although previous studies suggest that lichen isanlamiting factor for caribou persistence
in the northeastern part of their range (Court@83 Briand et al. 2009), the expansion of
logging activities could decrease the global lickermass at the landscape scale through
the harvest of mature, coniferous forest standschvinave the highest probability of
supporting terrestrial lichens. Since predationthie proximal cause of most caribou
mortality (Bergerud and Elliot 1986; Seip 1992)sdoof preferential habitats appears to
simultaneously increase predation pressure and laocess to foraging opportunities
(Courtois et al. 2008). Food quantity and availability are of great impace for ungulates
because they determine animal condition and reptoacu output (Pekins et al. 1998).
Consequently, limiting the access to food resourey jeopardize caribou population
health through increased movement rates in pradais®& habitats in order to fulfill their

diet requirements, thus increasing encounter ratis predators. Such a behavioral
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response to forest harvesting could be exacerbatedinter, when caribou diet is not

diversified.

Terrestrial lichens are an important element ofebbrforest floor composition,
particularly in the boreal-tundra transition zokeirshaw 1978), but also at lower latitudes
in spruce and pine stands where lichens are fooodlly (Payette et al. 2000). The
chronosequence in lichen species richness and aboedollowing disturbance (e.g., fire
or timber harvest) has been well studied in softivetands (e.g., Auclair 1985; Foster
1985; Morneau and Payette 1989; Coxson and Maréii)2Qichen coverage is lower
when the stand density is high in early seral staadd also when light availability
decreases following the closing of the canopy m ldte seral stages (Coxson and Marsh
2001; Sulyma and Coxson 2001). However, little Hmsen done to establish the
relationships between lichen biomass and standactarstics (i.e., density, age and height)
in northeastern North America. Until now, assesgergestrial lichen biomass availability
had to be done through expensive and time-consurnghd) surveys. For example, in
ecoforest maps used in Quebec, only stands exighitiore than 40% of lichen coverage
are identified as supporting terrestrial lichen.rtRermore, no biomass estimates are
available, making these maps useless for decisi@king based on foraging opportunities.
Using satellites images (such as Landsat TM phdtsissess terrestrial lichen coverage
has been done in the taiga-tundra transition ad wa&lin northern areas, and was
determined to be an accurate and relevant methddridscapes with little or no tree cover
(Chalifoux et al. 2001; Théau et al. 2005). Howegerch a method is not reliable in boreal
forest where canopy closure is high. Whereas spstangds with patchy lichen are of less
importance for barren-ground caribou (since theyabit areas with far higher lichen
cover), they can be a source of food for forestilimgecaribou in continuous boreal forest
(Briand et al. 2009). Other studies have attemptecestablish links between lichen
productivity and climatic or environmental variablat the landscape and regional scales
(e.g., Moser and Nash 1978; Lechowicz 1981), begdhstudies did not focus on predicting

lichen biomass at the stand and landscape scale.
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The need for an easy and reliable way to deterrnesstrial lichen biomass
available for caribou at a large scale, based w@asfostand characteristics, is growing
together with new management objectives of maimgitarge patches of mature forest
suitable for caribou in managed landscapes (Caurdial. 2003). Our objective was
therefore to develop an index that allows managemstimate the biomass of terrestrial
lichen available for caribou at the landscape soaleg ecoforest maps in order to guide
configuration of cut blocks and residual stands. \Wgpothesized that there are
relationships linking stand characteristics antidit biomass along a latitudinal gradient.
Based on previous knowledge, we also predicted gative relationship between stand
density and lichen biomass.

METHODS
Study area

The study area was located approximately 100 krtheast of Dolbeau-Mistassini,
Quebec, Canada, (70°27’'N to72°11’'N and 49°13'WQ@d18’'W). It covered approximately
8,340 km? and was divided in two zones based oestarover dominance. Forests in the
north of the study area were characteristic of $peuce — moss domain and forest
harvesting covered less than 5% of the area poiatata collection. Hypnaceous mosses
with ericaceous shrubs and sparse herbaceous plareghe most common features within
the understory, although terrestrial lichen (e@adina spp. (Browne)) can be locally
abundant. Forests in the southern part of the shuely were transitional between the spruce
— moss domain and the balsam fir — white birch dommend logging was more common,
covering ~35% of the area. We chose the study aeaLise it was representative of boreal
forest in Quebec, as the spruce — moss domain £@l& 400 km2 of the province, while
the balsam fir — white birch domain covers 139,6@@. The mean annual temperature
ranges between -2.5 and 0°C and annual precipitfitictuates between 1,000 and 1,300
mm, of which 30 to 35% falls as snow (Robitailledeaucier 1998). The elevation ranges

between 300-800 m with low rolling relief.
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Field sampling

Only spruce dominated stands (mature to old-growgh, between 50 and >120
years old) and open lichen woodland (classified&sin Quebec’s ecoforest map and
hereafter considered as a density class) were denesi in our analyses as terrestrial
lichens are more often seen in such stands (F&9&%; Morneau and Payette 1989), and
because caribou exhibit strong selection towardntli€ourtois et al. 2002a; Hins et al.
2009). These stands represented 41.8% of foreatsds lin the study area. Terrestrial
lichens can also be occasionally found in othendsa(e.g., mature fir, younger spruce
stands < 50 years old) but this occurs infreque(flséte and Manseau 1996) so these
stands were not taken into account during our aeslyand we assumed a slight
underestimation bias in our biomass estimates. yseal were then based on two age
classes: 1) stands with a dominant tree strataingrigetween 50 and 70 years old were
considered mature stands with a regular struc®yestands with a dominant strate00
years old were identified as old growth stands aithirregular structure. Stand age could
also provide additional information because of kngatterns of colonization by terrestrial
lichens, turnover in species since disturbance, faraly replacement by feather moss
(Hypnus sp.Coxson and Marsh 2001; Sulyma and Coxson 2001).

Field surveys were conducted in summers 2006, 20072009. The study area was
classified into 24 forest polygon categories foliogvthe ecoforest map characteristics of
stand age, height and density (Table 1), publishgdthe Ministéere des Ressources
Naturelles et de la Faune (MRNF; updated in 2004He southern part of the study area
and in 2005 for the northern part). Informationemoforest maps is presented in Appendix
A. Fifteen sampling stations were randomly distiol within each available forest
category (some categories were lacking or poorjyregented in our study area, for
example, young stands of tree height H2). We maieatt> 500 m between each sampling
site to limit spatial autocorrelation ardl00 m from roads to limit edge effects. Although
this latter distance came from studies on moreibem®piphytic lichen (see Esseen and
Renhorn 1998; Rheault et al. 2003) and no roadegsgtsd negative effect has been found



54

on terrestrial lichen (Harper et al. 2004), we éati that such caution prevented potential
bias. All geomatic analyses were carried out with@S 9.2 (ESRI, Redlands, California,
USA).

At each sampling siten(= 439), we placed four 15 m transects orienteedoh
cardinal direction with three 0.25 m? quadrats g\¥em on the north-south axis and at the
ends of the east-west transect. In every 0.Z5quedrat, we estimated the relative
abundance of herbs, mosses, lichens, and ericasbauss as a proportion of ground cover
using 10% classes, and we measured lichen matn#gsskwhen present. Since stand
heights were not provided in the DS category in lfgaés ecoforest maps, we measured
mean tree height from 10 stems and then assigeigat class (from 1 to 4) to each DS
site based on this measurement. We randomly andllgcllocated an age to every DS
standa posteriorj since this information was not provided by ecetrmaps. In order to
estimate lichen biomass in relation to mat thickresd cover we harvested, when possible,
a 625 cmz lichen sample (25 x 25 cm completely ey lichen) and measured its
thickness. Lichen samples € 117) were taken from as near as possible tacémer of
each site, preserved in a paper bag and storedlig place to prevent mold growth until
laboratory treatments. This method was used instédicbezing samples as done in other
studies (e.g., Créte et al. 1990; Arseneault e120.7) because of logistical constraints in
the field. In the lab, we removed the decaying lowertion of lichens, litter, moss and
other exogenous materials, oven-dried the lichenpsa at 70°C until mass stabilization
(generally 48 h) and then weighed them to the stérég.

To estimate lichen biomass, we first performednadr regression between height
and weight of lichen samplé priori tests show that linear relationship fits the dattidy

than a non-linear relationship. The following edgomatallowed us to calculate lichen

biomass? (kg-ha') for each site

[egn. 1] g = ((ax +b) (1%)) 160
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wherea andb were the slope and intercept of the linear regpassespectively,
and x was the mean lichen thickness assessed in eagh(igt, the mean of five
measurementsy. referred to the mean cover in percentage of tlaigus at each site and

160 to a constant converting biomass from g- (0.0693 into kg-h&.

Statistical analyses

Since our sampling sites were distributed alongihasouth gradient (~ 240 km
long), we first searched for spatial autocorrelatiosing Principal Coordinates of
Neighborhood Matrix (PCNM; Borcard & Legendre 2002)lthough no PCNM was
significant when regressed on lichen biomass (nhen simultaneously considering
latitude and longitude), we noted an increasedheln occurrence in sampling sites with
increased latitude. In order to predict lichen béss) our objective was to relate lichen
biomass with latitude, slope (%) and altitude (mm)cavariates and stand density, height,
and age as fixed factors. Slope and altitude wete@ed from a digitized information

model (DEM) using Geographic Information SystemS¥z|

Considering numerous null biomass values in thas#at[leading to violation of
regression assumptions (i.e., error normality aadamce homogeneity) even following
data transformation], we adopted a two-step arcalyapproach. We began by classifying
sites according to presence/absence of terrestins and randomly split the dataset in
two subsets. The first one included 70% of the dathwas used to calibrate the candidate
models, while the remaining 30% was used as anuatrah dataset to determine the
percentage of well-classified sites (Fielding anell B997). In order to highlight factors
predicting lichen occurrence we used a logisticrasgjon (logit) with latitude, slope,
altitude, age, density, and height as explanat@wables. The last three variables are
categorical and were transformed into binary oakkewing a 1 or a O at each level of these
variables (e.g., a stand with density class A hddfer this level but a O for B, C, D, and
DS). We developed 24 candidate models that werdt@tions of landscape variables and
stand characteristics (Table 2). Because lightlaviity is of prime importance for lichen

presence and growth (Palmqgvist and Sundberg 2009m& and Coxson 2001), we always



56

kept tree density in our models. Because of thev&mion of density, age and height into
binary variables, we considered only contrastedsitferievels (i.e., A, D and DS, as
intermediates are often considered less precisesdult et al. 2001), only old age level
(since absence of old stand indicate young one)oahdH?2 to account for canopy closure
with higher trees (Sulyma and Coxson 2001). La&fwadtitude and slope were considered
as potentially important explanatory variables iany candidate models because lichen
occurrence increases in well drained soils andhénrtorthern part of boreal forest (Créte
and Manseau 1996; Grytnes et al. 2006; Kosta arkl 2008). We used Akaike’'s
Information Criterion (AIC) to select the most parsnious models and conducted model
averaging for candidate models exhibitingIC < 2 (Burnham and Anderson 2001). The
Receiver Operating Characteristic (ROC) curve wsesduto evaluate the proportion of
correct classifications (see Boyce et al. 2002)mdygplying the average model against the
30% evaluation dataset. Area under the curve (AW@}¥ calculated to assess model
predictive power (Swets 1988; Cumming 2000), kngwinat an AUC of 0.5 suggests a
null model and a perfect model reaches an AUC @f As discussed in Swets (1988) and
Manel et al. (2001), we considered a model showm@UC ranging between 0.7 and 0.9

as offering useful application potential.

Once the probability of occurrence was determinegl,removed all zero-biomass
sites from our dataset and performed a multipledinregression, using only the 70%
model-building dataset, with log-transformed biomasing stand age, density, height,
latitude, altitude and slope as predictors. Theesamdel selection procedure was used as
for the previous logistic regression. As above, uged the average model with the 30%
evaluation dataset to compare predicted versus\masdichen biomass (Fielding and Bell
1997). All statistical analysis were carried ouingsR 2.10 software (The R project for

statistical computing 2009).

RESULTS

We found a significant linear relationship betweerrestrial lichen weight and
thickness Er.1-112) = 37.16;P < 0.001; Fig. 1). We used this relationship andatign 1 to
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calculate the lichen biomass (kg'hat each site (mean = 212 kg'haanging from 0 to
3,531 kg-hd). Since no tree height measures were availabla ftee maps for the DS
density category, we attributed height classeshto @S standsn(= 62) based on tree
measurements in the field, i.e., 89% in the H4 gate and 11% in H3, and age classes

were randomly distributed between them.

Model averaging of the logistic regression indidatthat lichen occurrence
increased with latitude, but decreased with traghteand stand density (Table 3). Open
lichen woodland (i.e., density DS) explained a éapgrt of variability in lichen presence
whereas altitude, slope and stand age appear ® [tte influence on lichen abundance.
The ROC curve and its AUC of 0.775, with a cutodfue of 0.56 (i.e., when probability
was over this threshold, sites were classified asgnlg lichen present) indicate that this
model performed well in discriminating lichen prese and absence (based on model

application against the 30% evaluation dataset).

In contrast with lichen occurrence, the most paosimus candidate model
explaining lichen biomass retained only densityjtide and altitude as the relevant
variables (Table 4). The average model includedraliables, but only density seems to
have a significant influence on lichen biomass. Madidation process on the 30%
evaluation dataset showed that the correlation @atvobserved and predicted biomass was
relatively low (adjusted R?= 0.32) and the averagedel tended to consistently
overestimate lichen biomass, primarily becauseirttercept varied greatly depending on
whether latitude was included in the model or nable 4). Such a weak relationship
between predicted and observed biomass could bsudt of high variability in the dataset
(see Fig. 2). To adjust for this bias, we corredtezipredicted biomass using the equation
of the previous relationship and grouped sites tand density (5 classes) and height (3
classes); we then obtained stronger correlatiobnsds®n observed and predicted biomass
with an adjusted R2 of 0.673 for density and of8@.%or height (Fig. 3). These stronger
relationships were obtained using the mean biorpasslass that dampened the individual
site variation, helping us to achieve our objectofepredicting lichen biomass at the

landscape scale (i.e., using several forest staatl®r than at the stand scale.
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DISCUSSION

Based on a rigorous sampling, we built a relevadéx to estimate terrestrial lichen
occurrence and biomass from ecoforest maps. Tldiaeship between terrestrial lichen
thickness and biomass was not as strong as revbglether studies; moreover, our slope
was different than the one obtained by Moen &28l07) with similar lichen species (28.39
instead of 11.22 for the present study). This cdnddexplained by the range of thicknesses
that differ greatly between our two study areasywagseached thickness values twice what

they measured, and because the predictive powezaies as the thalli height increased.

We demonstrated that latitude, stand density, heigh, to a lesser extent, age were
important in determining lichen presence. The dexed occurrence of lichen with higher
tree density and height that we observed at thedd&vel is consistent with conclusions of
studies carried out at finer scales. Such a deereasld be due to a reduction in light
availability at the ground layer and an accumutatad organic detritus (Auclair 1985;
Sulyma and Coxson 2001), inducing a replacemeneréstrial lichen by feather moss.
The gradual change, from southern spruce-moss rtbara spruce-lichen domains, could
explain the increased presence of lichen with exed latitude, as climatic conditions

become harsher (e.g., lower annual mean temper&aletaille and Saucier 1998).

Although our average logistic model was reliabts, predictive power suggests
there are probably other factors that could expl&inen occurrence at finer scales. For
example, we used spruce dominated stands but coompapecies, when present, were
balsam fir Abies blasaméa larch (arix laricina) or pine Pinussp.); each of these is
associated with types of soil and ground moistiaetors that can influence terrestrial
lichen presence (Ahti and Oksanen 1990; Kosta alkd?008). Disturbance at the origin of
the stand (e.g., fire, insect outbreak, windthrosguld also have an impact on its
subsequent colonization by terrestrial lichen (W&BB6; Payette et al. 2000; Girard et al.
2009). We did not include this last variable beeaesoforest maps do not give this
information for stands older than fifty years. Qmulex was built using natural disturbance-
originating stands only; as lichen responses méferddepending on disturbance type

(Webb 1996), the index should only be used to eggmichen biomass in previously



59

unharvested area. Despite these considerations) udexl properly our model was able to

determine areas with higher lichen availability.

Factors determining lichen presence differ fromsthanfluencing lichen biomass.
According to our results, terrestrial lichen biosasried with tree density but tree height
seemed to be less important because this variaddenat included in the top three models.
This finding is consistent with studies that shdehén abundance increases with the
opening of the canopy and a reduction of tree barss (e.g., Auclair 1985; Coxson and
Marsh 2001; Sulyma and Coxson 2001). However, teasdies also underline a reduction
of lichen abundance with the closure of the carlopged with the ageing of the stand. The
absence of these effects in our data could be iegolaby the fact that canopy closure is
considered in the estimation of density, whereinolth stand with low tree density will
allow as much light to reach the ground as a youstgnd with the same density. Other
studies have shown that older stands do not alwalit more closed canopies (Fenton
and Bergeron 2007, 2008), but these studies werduoted in a very different study area
with older, spruce-dominated stands with open cgreop a sphagnum dominated moss
layer where paludification took place. Consequerdhyil deposits and topography differ
largely, resulting in water accumulation favoreddbyy abundance and flat relief. As such,
soil deposits and topography must be taken int@watcby managers before using our

index, and our models should be recalibrated udiff@rent conditions.

Management implication and limits

We have developed an accurate and user friendljioddb assess lichen biomass
at the landscape scale that will help caribou cmas®n managers plan habitat
disturbances and conservation areas within canboge. Although our validation analysis
informed us that the average model performed wedldy, low predictive power) in
assessing terrestrial lichen biomass in a singladstit seems highly reliable to estimate
average biomass values for a group of stands basettheir structural characteristics.
Again, this limit could be partially explained biyetimportance of unconsidered predictors

that may explain lichen biomass at finer scales, dtso because of limited sample size



60

when trying to build and validate our average mddel, less than the half of the sampling
sites contained lichen and we retained 30% of tlséss to validate the biomass model),
making it difficult to counterbalance the variatyiliobserved. However, by adding

sampling sites, we suggest that the model’s rdiiglcould be improved even further.

Although this tool is based primarily on the cléissition of Quebec’s ecoforest maps, we
believe that it can be easily used as a guidebrdevelop similar indices in other forested
landscapes in North America, based on variationspography, dominant tree species, and

stand structure.

We are confident that this new tool will allow maeas to quickly identify groups
of stands with greater lichen biomass when planwcimgservation areas at the landscape
scale (see a brief protocol with simple steps ipémix B). For forest-dwelling caribou
conservation, discriminating which areas shouldpbaetected can help to maintain the
ecotype persistence in logged landscapes by optighithe wintering habitat carrying

capacity.
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Table 1 Description of variables extracted from numeadcekt maps and their respective
categories considered in the analyses.

Variables Categories Description

Young (Yg) Stands with dominant tree strata ranging from 50Qgears old

Aoe Old Stands with dominant tree strata >90 years old
H2 Stands with dominant tree stratd7 and < 22 m in height
Height H3 Stands with dominant tree stratd2 and < 17 m in height
H4 Stands with dominant tree stratd and < 12 m in height
A Stands with tree cover > 80%
B Stands with tree cover ranging from 61% to 80%
Density Stands with tree cover ranging from 41% to 60%
Stands with tree cover ranging from 25% to 40%
DS Stands with tree cover < 25%
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Table 2 Groups of variables used to build candidates fsoddée 24 candidate models
represent the combinations of the 6 groups of leeyas variables with the 4 groups of
stand characteristics.

Landscape variables Stand characteristics
Latitude + Slope + Altitude Density + Age + Height
Latitude + Slope Density + Height
Latitude + Altitude Density + Age

Slope + Altitude Density

Latitude

Slope




Table 3 Candidate models built to estimate terrestr&idin occurrence using logistic regressions. Model® classified using
Akaike’s Information Criterion, and only models @xting AAIC < 2 were presented and used to conduct model averagi

Density Age Height

Model Y, Latitude Altitude Slope AIC AAIC w
A D DS Old H2

Estimate -47.050  0.945 -0.020-1.154  0.993 3.429 -1.222  352.900.00 0.370
SE 12.227 0.247 0.014 0.420 0.316 0.632 0.420
Estimate -50.900 1.019 -1.210  0.969 3.417 -1.169 353.000.10 0.352
SE 11.924 0.241 0.444 0.313 0.631 0.417
Estimate -47.113  0.948 -0.021-1.160 0.992 3.424 -0.087 -1.187 354.811.91 0.142
SE 12.208 0.246 0.014 0.447 0.316 0.632 0.287 0.435
Estimate -46.710 0.940 -0.0002 -0.0201.154 0.992 3.429 -1.217 354.891.99 0.137
SE 12.991 0.255 0.002 0.0140.448 0.316 0.632 0.424
Average
Estimate -48.362 0.971 -0.0002 -0.0201.175 0.984 3.424 -0.087 -1.198
SE 3.956 0.497 0.002 0.1180.661 0.561 0.795 0.287 0.650




Table 4. Candidate models built to estimate terrestrighdn biomass using GLMs. Models were classifiechgqig\kaike’s
Information Criterion, and only models exhibiting\IC < 2 were presented and used to conduct model averagi

Density Age Height

Model Y, Latitude Altitude  Slope AIC AAIC w
A D DS Old H2

Estimate -1.519 0.096 -0.002 -0.139 0.397 0.631 2448400 0.321
SE 4.426 0.087 0.001 0.183 0.122 0.122
Estimate 3.314 -0.002 0.003 -0.148 0.393 0.572 245.804 0.201
SE 0.469 0.001 0.005 0.186 0.123 0.114
Estimate -2.672 0.118 -0.002 0.005 -0.167 0.410 0.628 6M51.16 0.180
SE 4.613 0.090 0.001 0.005 0.186 0.123 0.122
Estimate -1.667 0.099 -0.002 -0.135 0.390 0.620 -0.18@45.82 1.38 0.161
SE 4.437 0.087 0.001 0.183 0.123 0.123 0.235
Estimate -0.742 0.081 -0.002 -0.132 0.409 0.669 0.069 m61.69 0.138
SE 4.664 0.091 0.001 0.184 0.124 0.140 0.128
Average
Estimate -0.673 0.099 -0.002 0.004 -0.144 0.399 0.622 0.0690.180

SE 2.739 0.297 0.030 0.073 0.430 0.302 0.352 0.128.235
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APPENDIX A. Example of the information available in a ecofomasip, published by the
Ministere des Ressources Naturelles et de la FMR&F).

Figure Al. Part of the ecoforest map inside the study aEsah polygon represents a
different stand where the value of at least onéabéa recorded in the attribute table (see

Table Al) differs from other surrounding polygons.
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Table Al. Information provided in the attribute table whéEe refers to the numbers shown in Figure A1. Amdhg
available variables, COV_TYPE refers to the mapetyf forest cover (R: softwood; M: mixed), GR_$Rhe tree species
(e.g., EE: sprucep.,; ES: sprucesp. with balsam fir; RBB: softwoodp. with paper birchBetula paperiferg SE: balsam fir
with sprucesp.), DENS_CL to classes of density (see Table 1)IGHHT _CL to classes of height (Table 1), AGE_CL to
classes of age (e.g.,VIN: irregular stand oldent®@ years), and CO_TER to polygons covered byrdthbitat types than a
forested successional stage (e.g., EAU: lake asmdl; iDH: swamp).

ID AREA LATITUDE COV_TYPE GR_SP DENS CL  HEIGHT CL AGE_CL CO_TER
1 366924.39  5587483.90 R EE C 3 120

2 688.63 5587905.94 EAU
3 172152.57  5587660.38 R ES C 3 120

4 12720.02  5587383.91 DH
5 851.63 5587378.82 EAU
6 128371.57  5586817.13 R ES C 4 VIN

7 120705.73  5587344.45 R ES C 3 VIN

8 86732.84  5586672.44 R EE B 3 120

9 18134555  5588216.79 R EE C 3 120

10 11829674  5588434.76 R EE B 3 120

11  29131.28  5587755.49 DH
12 135522.71  5586587.98 R ES C 3 VIN

13 117577.26  5587864.39 DH




AREA LATITUDE COV_TYPE GR_SP DENS CL  HEIGHT CL AGE_CL CO_TER
14  166036.70  5587482.06 M RBB C 3 VIN

15  88228.24  5587200.55 R EE C 3 120

16  72689.78  5587137.10 R EE B 3 120

17  88292.19  5588214.27 R ES D 3 VIN

18  431218.41  5587963.02 R EE C 3 120

19  20110.35  5587399.64 DH
20  166321.10 5587053.42 R SE C 3 VIN

21 10597255  5586411.48 R ES C 3 VIN

22 131799.09  5587882.31 R EE C 3 120

23 84789.78  5586732.81 R ES C 3 VIN

24  88687.27  5586338.84 R ES C 3 VIN

25  119982.40  5588069.18 R EE C 3 120

26 144428.18  5587556.21 R EE C 2 120

27  130656.75  5586874.98 R SE C 3 VIN

28  139057.30  5588306.47 R EE C 3 120

29  88168.35  5587037.87 M RBB C 4 VIN

30  85836.09  5586629.59 R ES C 3 VIN
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APPENDIX B. Simplified protocol to use the terrestrial lichenrbass index.

As this manuscript is primarily methodological, w&plain below how to use our
terrestrial lichen biomass index through simple prayjressive steps.

Determining stands characteristics

Using a ecoforest map and a GIS, the first stép gelect stands that are older than 50
years with sprucepp.dominance along with open lichen woodlands (ckss DS), and
then assign each stand a 1 or a O for every cleswited in the Table 1. Allow randomly
age class to DS stands and allow O to each foHthelass (the only height class that was
taken into account in the models) because non&éefDS stands surveyed reached this
height.

For each stand, users will need to determine tiflpased on the stand centroids), and
build altitude and slope rasters to calculate nmetitude and slope values for each polygon
(stand).

Determining lichen occurrence

The average model (following equation B1, based able 3) must be used to classify
lichen “presence” for each stand when the resuilteves higher than the cutoff of 0.56.

[egn. B1]

( ) e—4-8.362+0.971Lat—0.0002Alt—0.0ZOSlo—1.175A+0.984-D+3.4-24-DS—0.0870ld—1.198H2
P(x) =

1+e—483 62+0.971Lat—0.0002Alt—0.020Sl0—1.175A+0.984D+3.424DS—-0.08701ld—-1.198H2

Determining lichen biomass

The average model (following equation B2, basedTable 4) will allow users to
calculatep (i.e., log-biomass) for each stand that are classefgpresence” by the previous
step. These results must then be converted fromitmgass to biomass (kg-ha

[egn. B2]

B = —0.673 + 0.099Lat — 0.0024It + 0.004Slo — 0.144A + 0.399D + 0.622DS +
0.06901d — 0.18H2

Then, the equation presented in Figure 3a, modibexmbrrect the biomass estimation.
[egn. B3]
Obs = 0.766Pred — 1408

Finally, multiplying the biomass in kg-hay the area in hectares of the stand will
result in the forage potential (i.e., terrestrighén availability) for a group of stands.
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CHAPITRE 3
CONCLUSION

De par son statut menacé au Canada et vulnérabl@uaébec (COSEPAC 2002,
MRNF 2008), le caribou forestier est un écotypeéfiéiant d’'une attention particuliére
tant de la part des scientifiques, des gestionsathe public en général, que des décideurs
politiques. Par le fait méme, la somme des conaatsEs concernant son écologie, sa
sélection d’habitat et sa sensibilité aux dérangesnanthropiques est plus importante
chaque année. Basées sur cette compréhensiortratégies d’aménagement développées
pour permettre le rétablissement des populatiohg@nappliquées a l'intérieur de son aire
de répartition. Au Québec, cette stratégie s’appuigcipalement sur les études portant sur
la taille des domaines vitaux et sur la sélectitrakitat du caribou (e.g. Courtois 2003;
Courtois et al 2007). Les recommandations quant a la taille messifs forestiers a
préserver, le temps que des massifs de remplacepaasent prendre leur place,
provenaient de compromis entre les connaissancedamoins du caribou, la répartition
actuelle de la forét résiduelle et les contrairgesio-économiques (Courtog al 2004;
Equipe de Rétablissement du Caribou Forestier déb@u 2008). Toutefois, afin de
s’assurer de l'efficacité de ces mesures, une atdid s’imposait. En effet, il y avait des
lacunes concernant notre compréhension de I'uibisale I'espace par le caribou forestier,
principalement en ce qui a trait aux facteurs guidan utilisation de la forét résiduelle.
Outre les criteres de composition forestiere egel’des peuplements, I'élaboration d'un
outil permettant de cibler les zones prioritaireandpoint de vue alimentaire était

nécessaire afin d’optimiser la configuration dessifa de protection et de remplacement.

Les résultats obtenus permettent de combler plissigel ces lacunes. Le chapitre |,

avec son approche en deux étapes, a permis dagdisti la présence de caribou a
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I'intérieur des massifs forestiers résiduels de lgilisation, plus ou moins intensive. Cette
distinction importante a permis de mettre en lumigm processus de décision hiérarchique
de la part du caribou, soit le choix de se retroue non a lintérieur d’une portion du
paysage suivi par le choix de concentrer ses #&didans un secteur en particulier plutét
gu’'un autre. L'influence a grande échelle de lariatentourant les massifs forestiers
résiduels sur ces deux étapes décisionnelles seulig sensibilité du caribou a la
configuration de son environnement. Etant une espgarticuliérement sensible a la
prédation et au dérangement, la considération aeisats sécuritaires jusqu’a des distances
pouvant atteindre 7,5 km lui permet d’éviter lesteers les moins propices a sa survie.
Nous avons aussi découvert un lien entre I'écteéiidluence et la taille du domaine vital
saisonnier. En effet, lors des saisons pendanuédieg le caribou fréquente des domaines
vitaux de grande superficie (i.e. printemps et Hivea répartition dans le paysage semble
étre fonction de sa connaissance du milieu a graobelle. Une fois établit dans une zone
favorable, I'utilisation plus ou moins intensivesdmassifs forestiers semble étre fonction
de la configuration spatiale a plus fine échelld’'ofposé, lors des périodes de mise-bas et
d’élevage des faons, comme les domaines vitaux@aatréduits, I'influence du paysage
semble plus limitée et donc la décision de se wetpou non a l'intérieur d’'un massif
pourrait étre le fruit d’'une intégration des inf@tions perceptibles rapidement et a courte
distance. Toutefois, l'intensité de l'utilisatioresl massifs résiduels occupés signifie un
temps de résidence plus long et donc la possibdiiatégrer la configuration de
I'environnement a plus grande distance afin de témie risque de prédation et le
dérangement anthropique. La densité de localisati®émétriques était donc fonction des
attributs de la matrice jusqu'a 7,5 km lorsque eefchelle d’influence n’était pas

considéreée lors de I'étape décisionnelle précédente

Outre la distance jusqu’a laquelle I'environnementluencait le caribou, sa
composition avait aussi un effet tres important Butilisation des massifs forestiers
résiduels. Parmi les catégories d’habitat présedsss la matrice, les peuplements en
régénération (i.e. 20 a 40 ans) avaient un e®strégatif sur la probabilité d’occurrence de

caribou. En fait, les secteurs ayant une trop graptbportion de peuplements en
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régénération étaient tellement évités que les gasim’y démontraient plus aucune réponse
lors de la deuxieme phase d’analyse puisque lessifhaéquentés n’étaient jamais
entourés d’'une proportion suffisante de ce typeahifat. La densité de structures
anthropiques pérennes, telles que les routes etHafets, avait aussi une influence
importante sur l'utilisation de la forét résiduelfdors que les massifs entourés d’une forte
concentration de chalets étaient évités, les roatesent un effet variable, bien que

toujours négatif lors de la saison critique de isaibas.

Un des principaux objectifs de ce projet de redneretait de déterminer la taille des
massifs forestiers résiduels nécessaire a leursatidn par le caribou. Nous avons
démontré une grande exigence de cette espéce guamjuantité d’habitat requise pour
assurer sa présence dans un paysage. Le tableigsuldé la figure 3 du chapitre 1)
démontre que la proportion de massifs occupés @fivec au moins une localisation
télémétrique) augmente rapidement a partir de 19gour atteindre 100 % pour la classe
supérieure & 1000 KmBien que ces résultats soient fonction du nonderearibou suivi,
nous croyons que cette tendance non-linéaire gstgentative de la population en
générale, en dépit du fait que les valeurs exguiessent difféerer. En se référant aux tailles
de massifs considérées par la stratégie québédeisétablissement du caribou (Equipe de
Rétablissement du Caribou Forestier du Québec 2@08ux d’occupation varie de ~ 40 a
48 % pour les massifs de 100 ket de ~ 53 & 62 % pour ceux de 250°kBu coté de
l'intensité d’utilisation, tel qu’expliqué dans tEhapitre I, un effet refuge expliquerait la
concentration des caribous dans les petits magsisc, plutdt que de voir une utilisation
plus intensive d’'une forét résiduelle comme étaitif, cela signifierait au contraire une
agrégation des individus et/ou des activités danteld fragments d’habitat, ce qui pourrait
les rendre plus facilement accessibles et détexdaidr les prédateurs. Selon nos résultats,
il faudrait une taille minimale de 100 Knpour atteindre des densités de localisations
analogues a celles qui sont retrouvées dans lesifidsrestiers de trés grande taille
(~1 800 krd) et pouvant s'apparenter a celles de la foréticoatafin de permettre au
caribou de pouvoir exprimer sa stratégie antiprémkatde dispersion a faible densité
(Bergerud et Page 1987; Ferguson et Elkie 2004a).



Tableau 1 Proportion des massifs forestiers résiduels aes (@ pres) selon des classes de taille logaritsigour chaque saison.
L’augmentation du pourcentage d’occurrence pourjgbaclasse est représentée par,Tél T réféere a la proportion de massifs
forestiers occupée pour cette classe de taille;ed Ta proportion occupée pour la classe de taibedrente. La seconde partie du
tableau référe aux proportions extrapolées, argetia section du haut, pour des tailles définies.

Printemps Mise-Bas Eté Rut Hiver
Taille (km?

% pres T/ % pres T/ITy % pres T/ % pres TM % pres TM
>0,04<0,1 1,20 - 0,75 - 1,33 - 0,82 - 1,30 -
>0,1<1 2,08 1,73 1,87 2,50 3,53 2,66 1,69 2,04 3,16 2,43
>1<10 9,11 4,39 7,02 3,76 10,44 2,96 6,93 4,11 9,96 3,15
>10<100 34,17 3,75 25,00 3,56 34,17 3,27 30,83 4,45 40,00 4,02
>100<1000 69,23 2,03 80,77 3,23 73,08 2,14 76,92 49 2, 76,92 1,92
>1000<1800 100,00 1,44 100,00 1,24 100,00 1,37 0000, 1,30 100,00 1,30
10 14,49 - 9,48 - 16,22 - 11,34 - 16,27 -
50 33,04 2,28 23,40 2,47 33,08 2,04 29,49 2,60 138,6 2,37
100 41,06 1,24 36,07 1,54 40,97 1,24 39,87 1,35 3348, 1,25
150 45,99 1,12 45,73 1,27 46,46 1,13 47,03 1,18 054, 1,12
200 49,88 1,08 53,35 1,17 51,03 1,10 52,75 1,12 3068, 1,08
250 53,25 1,07 59,53 1,12 55,05 1,08 57,58 1,09 8%61, 1,06
500 66,87 1,26 78,48 1,32 70,60 1,28 74,46 1,29 8674, 1,21
750 77,88 1,16 88,21 1,12 81,67 1,16 84,94 1,14 084, 1,12

1000 87,30 1,12 94,13 1,07 90,07 1,10 92,16 1,09 2591 1,09
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Le chapitre Il s’inscrit dans la continuité de lkecson précédente, en estimant la
biomasse de lichens terricoles présente dans desifmdorestiers résiduels afin de
caractériser la disponibilité alimentaire. Suittagancement des coupes forestieres autour
des zones d’habitat a conserver (e.g. aires preségieblocs de protection), il y a un risque
gue la quantité de lichen terrestre devienne utefiadimitant pour le caribou. Cet outil
permettant de cibler les secteurs a forte biomdsdiehen pourrait orienter les aménagistes
impliqués dans la conservation du caribou quarg eépartition des blocs de protection,
d’ou la complémentarité des deux chapitres. Iltolatefois pas été utilisé pour évaluer la
biomasse de lichen des massifs forestiers résialielshapitre précédent compte tenu de
leur vaste gamme de tailles (0,4 a 180 000 hagda gbrécision de I'outil a I'échelle des
grands massifs seulement. Néanmoins, en détermlaantaractéristiques structurelles
intrinséques et extrinséques des massifs forestsiduels requises pour que ces derniers
soient utilisés par le caribou et en répartissasthlocs de protection dans les secteurs a
forte biomasse de lichen terricoles, la stratégiecahservation du caribou forestier aurait

beaucoup plus de chance d’étre couronnée de succes.

Ces résultats obtenus avec le caribou pourraiessi altappliquer a d’autres espéeces
possédant des caractéristiques semblables, sogrande sensibilité a leur environnement
(e.g. via la prédation, le dérangement ou les besailimentaires) et des échelles
d'utilisation de l'espace qui differe dans le tempdne perception et une influence
différentielles en fonction de la connaissance gasst actuelle du territoire pourrait
expliquer la répartition saisonniere des especes.plbs, en utilisant des éléments du
paysage (e.g. des massifs forestiers résiduelsineommité d’échantillonnage plutét que
I'individu, il est possible de caractériser legibtits, autant intrinséques qu’extrinseques,
influencant leur utilisation par I'espéce d’intér€ette approche méthodologique pourrait
aussi étre appliquée pour évaluer les réponses dagpece vulnérable a la disposition
d’aires protégées de méme que pour évaluer le caempent d'un prédateur évoluant dans
un paysage ou les parcelles a forte densité deeprednt insérées dans une matrice

perméable de moins grande qualité.
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Il demeure tout de méme quelques zones d’ombrengamcent les conclusions de
cette étude. L'utilisation de I'espace et la sébecte I'habitat sont souvent liées a la survie
et au succes reproducteur des individus de mémauxuendances démographiques a
I'échelle populationnelle (Delibest al. 2001; McLoughlinet al. 2005). Toutefois, suite a
des modifications rapides de I'habitat, comme darmss présent avec le développement de
I'aménagement forestier a I'intérieur de I'airerégartition du caribou, un découplage peut
survenir (e.g. Best 1986; Boal et Mannan 1999;iBa&004). Des lors, la présence de
'espece dans certains habitats n’'est plus un g#gepérennité pour cette derniere.
Considérant I'effet refuge observé dans les magsiéstiers de petite taille (Chapitre 1), un
tel scénario est potentiellement en cours dansel’diétude. Toutefois, pour confirmer
pareille hypothese, un suivi démographique de laufaion en fonction des attributs du
paysage est nécessaire. Connaissant la plastawit@artementale du caribou en fonction
des types d’habitat retrouvés (Jame¢sl 2004; Hinset al 2009), malgré une sensibilité
tres importante a la prédation et au dérangemeasrigéBud et Elliot 1986; Ducheseé al
2000), un tel suivi permettrait d’orienter les effode conservation sur les éléments les plus

néfastes pour la survie du caribou.



REFERENCES BIBLIOGRAPHIQUES

ANTONIAK, K. et H.G. CUMMING. 1998. Analysis of fast stands used by wintering
woodland caribou in Ontario. Ran. Special Issuelb7-168

ARSENEAULT, D., N. VILLENEUVE, C. BOISMENU, Y. LEBANC et J.
DESHAYE. 1997. Estimating lichen biomass and caribgrazing on the
wintering grounds of northern Quebec: an applicatibfire history and Landsat
data. J. Appl. Ecol. 34: 65-78

BASTILLE-ROUSSEAU, G., D. FORTIN, C. DUSSAULT, R.QURTOIS et J.P.
OUELLET. 2010. Foraging strategies by omnivore® hlack bears actively
searching for ungulate neonates or are they sirnoplyortunistic predators?
Ecography DOI: 10.1111/j.1600-0587.2010.06517.x

BATTIN, J. 2004. When good animals love bad habitacological traps and the
conservation of animal populations. Cons. Biol. 1882-1491

BELLEAU, A., Y. BERGERON, A. LEDUC, S. GAUTHIER &. FALL. 2007. Using
spatially explicit simulations to explore size distition and spacing of
regenerating areas produced by wildfires: recommgos for designing
harvest agglomerations for the Canadian boreastoF®r. Chron. 83: 72-83

BERGERON, Y., A. LEDUC, B.D. HARVEY et S. GAUTHIER2002. Natural fire
regime: a guide for sustainable management of trea@ian boreal forest. Silva
Fenn. 36: 81-95

BERGERUD, A.T. 1971. The population dynamics of Nmmdland caribou. Wildlife
Monogr. 25: 3-55

BERGERUD, A.T. 1972. Food habits of Newfoundlanditezu. J. Wildl. Manag. 36:
913-923



86

BERGERUD, A.T. 1974a. Decline of caribou in NortmArica following settlement. J.
Wildl. Manag. 38: 757-770

BERGERUD, A.T. 1974b. Relative abundance of foodwimter for Newfoundland
caribou. Oikos 25: 379-387

BERGERUD, A.T. et J.P. ELLIOT. 1986. Dynamics ofibau and wolves in northern
British Columbia. Can. J. Zool. 64: 1515-1529

BERGERUD, A.T. et R.E. PAGE. 1987. Displacement agpersion of parturient
caribou at calving as antipredator tactics. Cadodl. 65: 1597-1606.

BERGERUD, A.T. et W.E. MERCER. 1989. Caribou intmoton in eastern North
America. Wildl. Soc. Bull. 17: 111-120

BEST, L.B. 1986. Conservation tillage: ecologiaaps for nesting birds? Wildl. Soc.
Bull. 14: 308-317

BOAL, C.W. et R.W. MANNAN. 1999. Comparative breedi ecology of Cooper’'s
hawk in urban and exurban areas of southeasteroai J. Wildl. Manage. 63:
77-84

BRIAND, Y., J.-P. OUELLET, C. DUSSAULT et M.-H. STAURENT. 2009. Fine-
scale habitat selection by female forest-dwelliragiou in managed boreal
forest: Empirical evidence of a seasonal shift leetwforaging opportunities and
antipredator strategies. Ecoscience 16: 330-340

BRODEUR, V., J.P. OUELLET, R. COURTOIS et D. FORTIRD08. Habitat selection
by black bears in intensively logged boreal for€stn. J. Zool. 86: 1307-1316

BRYANT, D., D. NIELSEN, et L. TANGLEY. 1997. The d& frontier forests:
ecosystems and economies on the edge. World Resolnstitute, Washington,
D.C. 42 p.

BURTON, P.J., C. MESSIER, G.F. WEETMAN, E.E. PRERA®GL. ADAMOWICZ
et R. TITTLER. 2003. The current state of boreak$iry and the drive for
change. Pages 1-40 Dans Towards sustainable maeagefrthe boreal forest.
Burton, P.J., C. Messier, D.W. Smith, W.L. Adaman{&ds.). NRC Research
Press, Ottawa, 1039 p.



87

BUSE, A., S.J. DURY, R.J.W. WOODBURN, C.M. PERRINGEJ.E.G. GOOD. 1999.
Effects of elevated temperature on multi-specieteractions: the case of
pedunculate oak, winter moth and tits. Funct. Et81.74-82

COSEPAC. 2008. Especes sauvages canadiennes erCoénité sur la situation des

especes en peéril au Canada. Site Web
http://www.cosepac.gc.ca/fra/sctO/rpt/rpt_ecepnif.cfConsulté le 3 février
2011]

COURTOIS, R. 2003. La conservation du caribou fiireslans un contexte de perte
d’habitat et de fragmentation du milieu. These dide présentée a I'Université
du Québec a Rimouski. 350 p.

COURTOIS, R., J.-P. OUELLET, A. GINGRAS, C. DUSSAULL. BRETON et J.
MALTAIS. 2001. Changement historique et répartitiactuelle du caribou au
Québec. Société de la faune et des parcs du QuBbrection de la recherche
sur la faune et Direction de I'aménagement de Uada Université du Québec a
Rimouski, Ministére des Ressources Naturelles déb@ct 45 p.

COURTOIS, R., OUELLET, J.-P., BRETON, L., GINGRAS,, et DUSSAULT, C.
2002. Effet de la fragmentation du milieu sur lisation de l'espace et la
dynamique de population chez le caribou forestarciété de la faune et des
parcs du Québec. 51 p.

COURTOIS, R., L. BERNATCHEZ, J.-P. OUELLET et L. BRON. 2003.
Significance of caribou (Rangifer tarandus) ecosyfrem a molecular genetics
viewpoint. Conserv. Gen. 4: 393-404

COURTOIS, R., J.P. OUELLET, C. DUSSAULT et A. GINBR. 2004. Forest
management guidelines for forest-dwelling caribouQuébec. For. Chron. 80:
598-607

COURTOIS, R., J.P. OUELLET, L. BRETON, A. GINGRA¥§@. DUSSAULT. 2007.
Effects of forest disturbance on density, space asd mortality of woodland
caribou. Ecoscience 14: 491-498

CUMMING, H.G. et B.T. HYER. 1998. Experimental Itguling trough a traditional
caribou wintering area. Ran. Special Issue 10: 258-



88

CZECH, B. et P.R. KRAUSMAN. 1997. Distribution anchusation of species
endangerment in the United States. Science. 2718-41117.

CZECH, B., P.R. KRAUSMAN et P.K. DEVERS. 2000. Eoamics associations among
causes of species endangerment in the United SBitesience 50: 593- 601

DELIBES, M., P. GAONA et P. FERRERAS. 2001. Effectsan attractive sink leading
into maladaptative habitat selection. Am. Nat. 1587-285

DUCHESNE, M., S.D. COTE et C. BARRETTE. 2000. Resg®s of woodland caribou
to winter ecotourism in the Charlevoix Biospheres&ge, Canada. Biol. Cons.
96: 311-317

DUSSAULT, C., J.-P. OUELLET, R. COURTOIS, J. HUOL, LAURIER et H.
JOLICOEUR. 2005. Linking moose habitat selection lbmiting factors.
Ecography 28: 619-628

EDENIUS, L. et J. ELMBERG. 1996. Landscape effeztamodern forestry on bird
communities in North Swedish boreal forests. LaafgsdEcol. 11: 325-338

EHRLICH, P.R. et E.O. WILSON. 1991. Biodiversityudtes: science and policy.
Science 253: 758-762

EQUIPE DE RETABLISSEMENT DU CARIBOU FORESTIER DU @BEC. 2008.
Plan de rétablissement du caribou forestier (Randgdrandus) au Québec —
2005-2012. Ministére des Ressources naturelleg ¢h dFaune, Faune Québec,
Direction de I'expertise sur la faune et des habita3 p.

FAHRIG, L. 1997. Relative effects of habitat lossdafragmentation on population
extinction. J. Wildl. Manag. 61: 603-610

FAHRIG, L. 2001. How much habitat is enough? B@bns. 100: 65-74

FAILLE, G., C. DUSSAULT, J.P. OUELLET, D. FORTIN,.;EOURTOIS, M.H. ST-
LAURENT et C. DUSSAULT. 2010. Range fidelity: theissing link between
caribou decline and habitat alteration? Biol. Cds8: 2840-2850

FALL, A., M.J. FORTIN, M. MANSEAU et D. O'BRIEN. 207. Spatial graphs :
principles and applications for habitat connecjiviEcosystems 10: 448-461



89

FERGUSON, S.H. et P.C. ELKIE. 2004a. Seasonal mewtrpatterns of woodland
caribou (Rangifer tarandus caribou). J. Zool. 2625-134

FERGUSON, S.H. et P.C. ELKIE. 2004b. Habitat reguoients of boreal forest caribou
during the travel seasons. Basic Appl. Ecol. 5:-4858

GREENWOOD, P.J. 1980. Mating systems, philopatnyg alispersal in birds and
mammals. Anim. Behav. 28: 1140-1162

GUSTINE, D.D., K.L. PARKER, R.J. LAY, M.P. GILLINGAM et D.C. HEARD.
2006. Interpreting resource selection at differss#les for woodland caribou in
winter. J. Wildl. Manag. 70: 1601-1614

HARVEY, B.D., A. LEDUC, S. GAUTHIER et Y. BERGERON2002. Stand-
landscape integration in natural disturbance-basadagement of the southern
boreal forest. For. Ecol. Manage. 155: 369-385

HEBBLEWHITE, M., J. WHITTINGTON, M. BRADLEY, G. SKNNER, A. DIBB et
C.A. WHITE. 2007. Conditions for caribou persisterin the wolf-elk-caribou
systems of the Canadian Rockies. Ran. Special [s8UE9-91

HINS, C., J.-P. OUELLET, C. DUSSEAULT et M.-H. STAURENT. 2009. Habitat
selection by forest-dwelling caribou in managedelabforest of eastern Canada:
Evidence of a landscape configuration effect. Eanl. Manage. 257: 636-643

HUNTER, M.L. 1999. Maintaining biodiversity in fast ecosystems. Cambridge
University Press, Cambridge. 698 p.

JAMES, A.R.C., S. BOUTIN, D.M. HEBERT et A.B. RIA®I12004. Spatial separation
of caribou from moose and its relation to predabgnwvolves. J. Wildl. Manag.
68: 799-809

JOHNSON, C. J., K. L. PARKER et D. C. HEARD. 20Fhraging across a variable
landscape : behavioral decisions made by woodlanidau at multiple spatial
scales. Oecologia 127: 590-602

JOHNSON, C.J., K.L. PARKER, D.C. HEARD et M.P. GINGHAM. 2002. A
multiscale behavioural approach to understandirgniovements of woodland
caribou. Ecol. Appl. 12: 1840-1860



90

JOHNSON, E.A., H. MORIN, K. MYANISHI, R GAGNON et .B. GREENE. 2003. A
process approach to understanding disturbancet fdy@amics for sustainable
forestry. Pages 261 a 306 Dans Towards sustaimad@gement of the boreal
forest. Burton, P.J., C. Messier, D.W. Smith, WAdamowicz (Eds.). NRC
Research Press, Ottawa, 1039 p.

JOLICOEUR, H. 2005. Chroniques sur la vie des carsbde Charlevoix et des chargés
de projet, au temps de I'étude télémétrique, 199&E1 Québec, Ministére des
Ressources naturelles et de la Faune, Directiodésreloppement de la faune.
41 p.

KERR, J.T. et J. CIHLAR. 2004. Patterns and causfespecies endangerment in
Canada. Ecol. Appl. 14: 743-753

KLEIN, D.R. 1982. Fire, lichens, and caribou. JnBa Manage. 35(3): 390-395

LAMBERT, C., R. COURTOIS, L. BRETON, R. LEMIEUX, VBRODEUR, J.-P.
OUELLET, D. FORTIN et M. POULIN. 2006. Etude degeédation du caribou
forestier dans un écosystéeme exploité : Résultaélinpnaires. La Société
Provancher d’Histoire Naturelle du Canada: 44-50

LANTIN, E. 2003. Evaluation de la qualité des hatsitd’alimentation pour le caribou
forestier en forét boréale du nord-ouest du Quéldémoire de maitrise présenté
a I'Université du Québec a Montréal. 124 p.

LINNELL, J.D.C., R. AANES et R. ANDERSEN. 1995. Whilled the bambi? The
role of predation in the neonatal mortality of tesrgde ungulates. Wildl. Biol. 1:
209-223

MAHONEY, S.P., K. MAWHINNEY, C. MCCARTHY, D. ANIONSet S. TAYLOR.
2001. Caribou reaction to provocation by snowmaghiim Newfoundland. Ran.
21: 35-43

MCKENNEY, D., B. NIPPERS, G. RACEY et R. DAVIS. 189Trade-offs between
wood supply and caribou habitat in northwesterna@ot Ran. Special Issue 10:
149-156

MCLAUGHLIN, J.F., J.J. HELLMANN, C.L. BOGGS et P.REHRLICH. 2002.
Climate change hastens population extinctions. PR&3070-6074



91

MCLOUGHLIN, P.D., J.S. DUNFORD et S. BOUTIN. 200Relating predation
mortality to broad-scale habitat selection. J. Anool. 74: 701-707

MCRAE, D.J., L.C. DUCHESNE, B. FREEDMAN, T.J. LYNHA et S. WOODLEY.
2001. Comparisons between wildfire and forest retmrg and their implications
in forest management. Environ. Rev. 9: 223-260

METSARANTA, J.M. et F.F. MALLORY. 2007. Ecology anhbitat selection of a
woodland caribou population in west-central Mangto@anada. Northeast. Nat.
14: 571-588

MINISTERE DES RESSOURCES NATURELLES ET DE LA FAUNEJ QUEBEC.
2008. Liste des especes vulnérables du Québec. Sieb:
http://mww3.mrnf.gouv.qc.ca/faune/especes/menatieles/asp?noEsp=53
[Consulté le 05 février 2011]

MORRIS, D.W. 2003. Toward an ecological synthesiscase for habitat selection.
Oecologia 136: 1-13

MOSNIER, A., J.-P. OUELLET et R. COURTOIS. 2008a8k bear adaptation to low
productivity in the boreal forest. Ecoscience 1854197

NGUYEN-XUAN, T., Y. BERGERON, D. SIMARD, J.W. FYLE®t D. PARE. 2000.
The importance of forest floor disturbance in tlaglyeregeneration patterns of
the boreal forest of western and central Quebeawvildfire versus logging
comparison. Can. J. For. Res. 30: 1353-1364

OSKO, T.J., M.N. HILTZ, R.J. HUDSON et S.M. WASERO04. Moose habitat
preferences in response to changing availabilitwildl. Manag. 68: 576-584

OSTLUND, L., O. ZACKRISSON et A.-L. AXELSSON. 1997The history and
transformation of a Scandinavian boreal forest $aage since the 19th century.
Can. J. For. Res. 27: 1198-1206

PIMM, S.L. et P. RAVEN. 2000. Extinction by numbeiature 403: 843-845

PINARD, V., C. DUSSAULT, J.P. OUELLET, D. FORTIN &. COURTOIS. 2011.
Calving rate, calf survival rate and habitat setecbf forest-dwelling caribou in
a highly managed landscape. J. Wildl. Manag. soesse.



92

POTVIN, F. et N. BERTRAND. 2004. Leaving forestig$rin large clearcut landscapes
of boreal forest: A management scenario suitablentdlife? For. Chron. 80:
44-53

PURCELL, K.L. et J. VERNER. 1998. Density and rafuctive success of California
towhees. Conserv. Biol. 12: 442-450

RATTI, J.T. et K.P. REESE. 1988. Preliminary testhe ecological trap hypothesis. J.
Wildl. Manag. 52: 484-491

RETTIE, W.J. et F. MESSIER. 1998. Dynamics of waodl caribou populations at the
southern limit of their range in Saskatchewan. Cafool. 76: 251-259

RETTIE, W.J. et F. MESSIER. 2000. Hierarchical habiselection by woodland
caribou: its relationship to limiting factors. Ecaghy 23: 466-478

RETTIE, W.J. et F. MESSIER. 2001. Range use andemewt rates of woodland
caribou in Saskatchewan. Can. J. Zool. 79: 1933194

RQED, K.H., H. STAALAND, E. BROUGHTON et D.C. THOM®&\ 1986. Transferrin
variation in caribou (Rangifer tarandus L.) on @&nadian Arctic Islands. Can.
J. Zool. 64: 94-98

SAHER, D.J. et F.K.A. SCHMIEGELOW. 2005. Movemeratipvays and habitat
selection by woodland caribou during spring mignatiRan. Special Issue 16:
143-154

SCHAEFER, J.A. 2003. Long-term range recessionthegersistence of caribou in the
taiga. Conserv. Biol. 17: 1435-1439

SCHAEFER, J.A. et W.O. PRUITT. 1991. Fire and waodl caribou in southeastern
Manitoba. Wildlife Monogr. 116: 3-39

SCHAEFER, J.A., AM. VEITCH, F.H. HARRINGTON, W.KBROWN, J.B.
THEBERGE et S.N. LUTTICH. 1999. Demography of deelof the Red Wine
Mountains caribou herd. J. Wildl. Manag. 63: 580-58

SCHLAEPFER, M.A., M.C. RUNGE et P.W. SHERMAN. 200Ecological and
evolutionary traps. Tr. Ecol. Evo. 17: 474-480



93

SCHMIEGELOW, F.K.A. et M. MONKKONEN. 2002. Habitéass and fragmentation
in dynamic landscapes: avian perspectives fronbtneal forest. Ecol. Appl. 12:
375-389

SEBBANE, A., R. COURTOIS et H. JOLICOEUR. 2008. @baments de
comportement du caribou de Charlevoix entre 19720€t1 en fonction de
I'évolution de I'habitat. Ministere des Ressourcesturelles et de la Faune,
Direction de I'expertise sur la faune et ses h&hits4 p.

SEIP, D.R. 1991. Predation and caribou populattan. Special Issue 7: 46-52

SEIP, D.R. 1992. Factors limiting woodland caribquopulations and their
interrelationship with wolves and moose in souttexasBritish Columbia. Can.
J. Zool. 70: 1494-1503

SEIP, D.R., C.J. JOHNSON et G.S. WATTS. 2007. Rispiment of mountain caribou
from winter habitat by snowmobiles. J. Wildl. Mand@d: 1539-1544

SEYMOUR, R.S., A.S. WHITE et P.G. DEMAYNADIER. 200Rlatural disturbance
regimes in northeastern North America — evaluasiylgicultural systems using
natural scales and frequencies. For. Ecol. ManHgf&. 357-367

ST-LAURENT, M.-H., J.-P. OUELLET, C. DUSSAULT, C.INS, Y. BRIAND et G.
FAILLE. 2008. Impacts de différents modeles de dispn de coupes sur le
caribou forestier en forét boréale québécoise etv8laguenay — Lac-St-Jean,
Rapport d’étape 2008. Université du Québec a RikiouMlinistere des
Ressources Naturelles et de la Faune, Directiohadeénagement de la faune
Saguenay — Lac-St-Jean, Faune-Québec. 31 p.

THOMAS, C.D., A. CAMERON, R.E. GREEN, M. BAKKENES,.J. BEAUMONT,
Y.C. COLLINGHAM, B.F.N. ERASMUS, M.F. DE SIQUEIRA, A.
GRAINGER, L. HANNAH, L. HUGHES, B. HUNTLEY, A.S. VA
JAARSVELD, G.F. MIDGLEY, L. MILES, M. A. ORTEGA-HURTA, A.T.
PETERSON, O.L. PHILLIPS et S.E. WILLIAMS. 2004. Endtion risk from
climate change. Nature 427: 145-148

VISSER, M.E., AJ. VAN NOORDWIJK, J.M. TINBERGEN &.M. LESSELLS.
1998. Warmer springs lead to mistimed reproduciiogreat tits (Parus major).
Proc. R. Soc. Lond. 265: 1867-1870



94

VISTNES, I|. et C. NELLEMANN. 2008. The matter ofa@l and temporal scales: a
review of reindeer and caribou response to humanwitgc Polar Biol. 31: 399-
407

VORS, L.S., J.A. SCHAEFER, B.A. POND, A.R. RODGERSEB.P. PATTERSON.
2007. Woodland caribou extirpation and anthropogémdscape disturbance in
Ontarion. J. Wildl. Manag. 71: 1249-1256

WITTMER, H.U., B.N. MCLELLAN, D.R. SEIP, J.A. YOUNGT.A. KINLEY, G.S.
WATTS et D. HAMILTON. 2005. Population dynamics tiie endangered
mountain ecotype of woodland caribou (Rangifer rtdues caribou) in British
Columbia, Canada. Can. J. Zool. 83: 407-418






