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RESUME

La perte d’habitat et le réchauffement climatique figurent parmi les grandes menaces
pesant sur la biodiversité a échelle globale, avec entre autres des conséquences importantes
sur la distribution des espeéces de grands mammiferes terrestres. Le caribou forestier
(Rangifer tarandus caribou) a vu la limite méridionale de son aire de distribution québécoise
se déplacer radicalement vers le nord depuis 1850. Les causes potentielles de ce déplacement
peuvent étre multiples et leur identification reste essentielle a la mise en place d’actions de
conservation efficaces. Notre hypothése était que la distribution actuelle du caribou forestier
au Québec résulte en partie des effets du réchauffement climatique, ce dernier n’étant pas un
facteur majeur dans la contraction vers le nord de I’aire de distribution du caribou forestier.
Nous avons modélisé la niche climatique du caribou forestier, puis reconstitué¢ la zone
géographique présentant des conditions climatiques propices a sa présence pour plusieurs pas
de temps passés. La comparaison entre les positions des limites sud de cette zone et de celle
des aires de distribution passées du caribou forestier nous a permis de quantifier la part du
réchauffement climatique responsable de la régression vers le nord de la limite sud passée au
fil du temps. Les résultats obtenus permettent d’estimer qu’environ 17% de la régression vers
le nord observée depuis 1850 semblent liés a 1’effet des changements climatiques. Ce chiffre
souligne I’effet majoritaire des modifications anthropiques du territoire au cours du XIX® et
XX¢ siecles telles 'urbanisation, le développement du réseau routier, mais surtout les coupes
forestieres qui ont entrainé la perte d’une grande partie des vieilles foréts de coniferes, par
rapport a celui des changements climatiques. Contrairement a certaines idées regues sur le
sujet du déclin du caribou forestier au Québec, le réchauffement climatique s’avére bien
insuffisant comme seul mécanisme pour expliquer la contraction de ’aire de distribution de
ce grand mammifere. De ce fait, ce mémoire incite a concentrer les projets de conservation
autour de la protection de I’habitat du caribou forestier a travers la province, dont les leviers
décisionnels sont directement a notre portée.

Mots clés : Aire de distribution, Caribou forestier, Modé¢les de niche, Niche climatique,
Perte d’habitat, Perturbations anthropiques, Québec, Réchauffement climatique



ABSTRACT

Habitat loss and global warming are among the major threats to biodiversity
worldwide, with significant impacts on the distribution of large mammals. The trailing edge
of boreal caribou (Rangifer tarandus caribou) distribution in Quebec moved northward
drastically since 1850. Different factors could be at play in this phenomenon, and identifying
them is an essential step towards efficient conservation practices. Our hypothesis stated that
the current distribution range of boreal caribou results partially from the influence of climate
change, but that the latter is not a major factor in the contemporary northward contraction of
caribou range. We modelled the climate niche of boreal caribou and then hindcasted the area
where climate conditions were fit for caribou occurrence for several past time steps.
Discrepancies between the positions of the southern limit of the hindcasted areas and the
southern limit of the past boreal caribou distributions allowed us to quantify the impact of
climate change on the northward movement observed in caribou’s trailing edge of
distribution through time. Our results show that about 17% of this northward trend can be
attributed to climate change since 1850. This figure sheds light on the predominant effect of
the anthropogenic pressures that transformed the land during the 19" and 20™ centuries, such
as urbanization, road development, and most importantly forest cuts leading to the loss of old
coniferous forests, compared to the effect of climate change. Contrary to popular belief on
boreal caribou decline in Quebec, climate change alone appears to be far from enough to
explain the contraction of the distribution range of this large mammal species. This thesis
will hopefully encourage researchers to conduct more conservation projects focused on the
protection of boreal caribou habitat across the province, as this decision-making power is
much more available to us than the one needed to act on global warming.

Keywords: Anthropogenic disturbances, Boreal caribou, Climate niche, Distribution
range, Global warming, Habitat loss, Niche models, Quebec
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INTRODUCTION GENERALE

CHANGEMENTS CLIMATIQUES EN FORET BOREALE

Le réchauffement climatique et ses impacts a échelle globale constituent un sujet majeur
de recherche depuis plusieurs décennies (Plass 1956, Lachenbruch & Marshall 1986,
Rosenzweig et al. 2008). Si des changements sont visibles sous tous les climats de la planéte,
leur sévérité et leur vélocité ne sont pas égales partout (Loarie et al. 2009, Settele et al. 2014).
En effet, il est maintenant largement reconnu que les régions des hautes latitudes de
I’hémisphere nord subissent des transformations plus rigoureuses encore qu’aux plus faibles
latitudes (Flato & Boer 2001, Holland & Blitz 2003, Parry et al. 2007). Ce phénomene, appelé
amplification arctique, provoque une augmentation des températures arctiques moyennes

deux fois plus rapide que pour le reste du globe (Vincent et al. 2015, IPCC 2007).

Dans ce contexte, la forét boréale et la toundra, notamment en Amérique du Nord, voient
leur climat se modifier de maniére prononcée (Chapin III et al. 2000, Warszawski et al. 2013,
Settele et al. 2014). L’augmentation des températures réduit la période ou le couvert nival est
présent, lequel fond plus t6t (Stone et al. 2002, Stewart et al. 2004, IPCC 2014). La
phénologie printani€re est progressivement devancée (Parmesan & Yohe 2003, Parmesan
2007) et les étés sont plus longs (Zhou et al. 2001, Parry et al. 2007, Steltzer & Post 2009),
bien que les changements dans la phénologie automnale soient moins documentés. Le régime
de feux en forét boréale se voit également altéré (Weber & Flanningan 1997, Kasischke et
al. 2010), résultant en des surfaces briilées et des fréquences d’incendies recensées parmi les
plus ¢élevées des derniers 10 000 ans (Meredith et al. 2019). Ces parametres entravent la

régénération des essences de conifeéres majoritaires en forét boréale, favorisant la transition



vers une nouvelle composition forestiere (Chapin III et al. 2000, Johnstone et al. 2010,

Stralberg et al. 2018).

Une augmentation des précipitations sous forme de pluie et une diminution de celles sous
forme de neige contribuent a la réduction de la couverture neigeuse au sol (Brown & Mote
2009, Trenberth 2011), ainsi qu’a une augmentation de la fréquence des éveénements de pluie
sur neige (IPCC 2014, Bieniek et al. 2018). Alors que le réchauffement climatique induit un
déplacement des isothermes vers de plus hautes latitudes et altitudes (Parmesan & Yohe
2003, Lenoir et al. 2020), la forét boréale nord-américaine voit elle aussi sa limite sud

progresser vers le nord (Hogg 1994, Goldblum & Rigg 2010).

IMPACTS DIRECTS ET INDIRECTS DU CLIMAT SUR LES ESPECES ANIMALES

Ces changements ont des conséquences sur les espéces animales qui composent les
écosystemes sous ces climats (Parmesan & Yohe 2003, Walther 2010). Les liens entre la
présence d’une espéce et le climat peuvent étre directs ou indirects (Humphries et al. 2004).
Les fluctuations du climat peuvent influencer les facteurs biotiques dans I’habitat des especes
et conditionnent donc indirectement leur présence (Humphries et al. 2004, Soberén &
Peterson 2005). Une étude a long terme portant sur une communauté de petits mammiferes
au Yukon a par exemple montré que la composition en espéces s’était modifiée en réponse
aux changements climatiques (Krebs et al. 2019). Cette altération s’expliquait
potentiellement par une augmentation de la productivité primaire induite par le
réchauffement climatique; une augmentation dans 1’abondance de certains prédateurs,
exercant une plus forte pression de prédation sur la communauté, serait également mise en
cause (Krebs et al. 2019). Ces ¢éléments pourraient suggérer que certaines especes de petits
mammiferes auraient augmenté en abondance, profitant d’une plus grande disponibilité de
ressources végétales et causant en retour une augmentation de 1’abondance de certains
prédateurs. Les espéces de proies les plus prédatées ou les moins productives auraient ainsi

décliné, modifiant la composition en especes de la communauté.



Les parasites constituent un autre parametre biotique susceptible de moduler la relation
entre le climat et la distribution des espéces animales (Brooks & Hoberg 2007, Kutz et al.
2009). A titre d’exemple, de nombreux parasites d’ongulés ont un cycle de vie conditionné
par les températures estivales et hivernales (Kutz et al. 2012, Kafle et al. 2018, Hoy et al.
2021). Chez le caribou et le renne (Rangifer tarandus), une augmentation des températures
semblerait entrainer une meilleure survie des parasites (moustiques, Hypoderma tarandi,
Cephenemyia trompe), détériorant ainsi la condition physique et la survie des hotes, surtout
les individus juvéniles (Colman et al. 2003, Weladji et al. 2003, Witter et al. 2012, Raponi et
al. 2018).

A ces effets indirects s’ajoutent également les effets directs du climat sur la valeur
adaptative des individus (Humphries et al. 2004, Soberén & Peterson 2005, Huey et al. 2012).
Ils dépendent de la physiologie de chaque espece (Huey et al. 2012) et peuvent étre résumés
par le concept de niche climatique (Thomas et al. 2004, Rinnan & Lawler 2019). La définition
de niche climatique utilisée ici est équivalente a la définition de niche écologique
d’Hutchinson (1957) appliquée seulement au climat (Thomas et al. 2004), c.-a-d. un
hypervolume composé d’autant de dimensions que de variables climatiques nécessaires pour
décrire I’environnement dans lequel une espéce peut, en théorie, survivre indéfiniment.
L’effet du climat sur la survie des individus a entre autres été étudié¢ chez les endothermes
(Angilletta et al. 2010, Cunningham et al. 2021). Ainsi, une étude portant sur la marmotte a
ventre jaune (Marmota flaviventer) a mis en évidence des influences multiples du climat sur
la survie des individus selon la saison et la classe d’age (Cordes et al. 2020). Par exemple,
une longue saison de croissance semblait améliorer la survie estivale des jeunes mais
défavoriser la survie hivernale des petits de I’année (Cordes et al. 2020). De plus, la capacité
des individus a se reproduire est aussi contrainte par les fluctuations climatiques (Boyles et
al. 2011). En effet, Love et al. (2010) soulignent un lien étroit entre les températures
printanicres et la date de ponte chez I’eider a duvet (Somateria mollissima). Selon leur étude,
une date de ponte optimale permet une bonne synchronicité entre I’éclosion des poussins et
des conditions climatiques favorables a leur développement, ce qui a un impact sur leur

survie.



Dans un contexte de changements climatiques, bien que certaines especes arrivent a
maintenir leur distribution actuelle, d’autres doivent se déplacer pour suivre les conditions
climatiques auxquelles elles sont adaptées (Tingley et al. 2009, Urban et al. 2013). En effet,
ces déplacements sont déja observables chez certains taxons de I’hémisphere nord lesquels
présentent une contraction de leur limite sud, une expansion de leur limite nord et un
déplacement vers le nord de leur aire de distribution (Lenoir et al. 2020). Une étude portant
sur le lievre d’ Amérique (Lepus americanus) a par exemple souligné le role des changements
climatiques, en particulier de la réduction du couvert neigeux, dans la rétraction vers le nord
de la limite sud de son aire de distribution (Sultaire et al. 2016). De plus, Davidson et al.
(2017) ont mis en évidence une vélocité des changements climatiques, c’est-a-dire la vitesse
a laquelle les organismes devront migrer pour rester sous un climat similaire, de plus de 0,5
km/an chez 40% des mammiferes inclus dans leur étude, et de plus de 1 km/an chez 14%

d’entre eux.

UTILITE ET LIMITES DES MODELES DE NICHE

Les modéles de niches représentent des outils largement utilisés pour mieux comprendre
les mécanismes en jeu dans la répartition géographique des espéces (Figure 1). Ils permettent
de projeter ou de reconstituer la distribution d’une espéce dans le temps en créant un lien
statistique corrélatif entre la présence de 1’espéce en question et des parametres
environnementaux mesurables, comme les composantes du climat ou de la végétation (Elith
& Leathwick 2009, Riquelme et al. 2018, Malakoutikhah et al. 2020). Ces mode¢les sont
intéressants entre autres pour leur capacité a produire des résultats utiles malgré le peu
d’informations qu’ils nécessitent au préalable, contrairement aux modéles mécanistiques
(Robertson et al. 2003, Peterson et al. 2015). Cette méthode a par exemple été employée pour
prédire des modifications dans 1’aire de distribution de certaines espeéces de mammiferes
d’Amérique du Nord, comme chez le cerf de Virginie (Odocoileus virginianus) (Dawe &
Boutin 2016) ou chez plusieurs especes de prédateurs (Pandey & Papes 2018). Cependant,

I’emploi des modeles de niche suppose plusieurs postulats tels que la pertinence des variables



environnementales utilisées pour caractériser I’habitat de I’espece étudiée, I’exclusion des
interactions biotiques, le conservatisme (et donc la transférabilité¢) de la niche dans le temps
et dans ’espace, ou encore la présence de I’espéce dans tous les habitats compatibles avec sa
niche, supposant un état d’équilibre entre 1’espéce et son environnement (Wiens et al. 2009,

Dormann et al. 2012).

L’importance de cette derniére supposition a été soulignée par des études récentes qui
comparent les distributions passées des espéces, telles que suggérées par les fossiles, et les
distributions passées reconstituées par les modeles de niche (McGuire & Davis 2013, Davis
et al. 2014). Ainsi, des modeles de niche construits avec des données de présences récentes
peuvent produire des projections biaisées dans les cas ou ces données ne sont pas
représentatives d’un état a I’équilibre (Williams et al. 2013, Anderson 2013, Davis et al.
2014). Dans le cas fictif d’une population qui se maintient a 1’équilibre avec son
environnement, la différence entre sa niche climatique réalisée et la niche climatique
fondamentale de I’espece est théoriquement minime, et le lien écologique entre la présence
de I’espece et les conditions climatiques dans son environnement est maintenu. Si 1’aire de
distribution de la population venait a se contracter sous I’effet de pressions
environnementales, cette différence entre niches réalisée et fondamentale se creuserait,
altérant ainsi le lien écologique entre climat et occurrence. Cela dit, de nombreux facteurs
peuvent potentiellement limiter la distribution actuelle des espéces (Soberdn et Peterson
2005), la réduisant a une fraction de I’éventail complet d’habitats adéquats (Munguia et al.
2008). Un nombre de populations étudiées trop limité pour couvrir I’enti¢reté de ’aire de
distribution de I’espece, une espéce compétitrice qui occupe une niche similaire, ou encore
d’anciennes barrieres environnementales qui ont limité la dispersion des individus,
déterminant ainsi la distribution actuelle de I’espeéce, sont autant de facteurs qui peuvent
expliquer que cet état d’équilibre ne soit pas atteint (Munguia et al. 2008, Williams et al.
2013). A cette liste d’éléments pouvant modeler la distribution des espéces s’ajoutent les
perturbations d’origine anthropique des environnements naturels (Wright 1987, Lyons et al.
2004, Boivin et al. 2016). Si les relations entre les activités humaines et la distribution

actuelle des especes sont largement étudiées, le biais de prédiction potentiellement qu’elles



peuvent induire lors de I’utilisation des mode¢les de niche reste peu documenté chez les grands
mammiferes en Amérique du Nord. La grande majorité des études utilisant des mod¢les de
niches se concentrent d’ailleurs sur la capacité prédictive des modeles afin de projeter des
distributions futures pour les espéces d’intérét (Sharma et al. 2009, Riquelme et al. 2018).
De ce fait, la littérature scientifique est relativement pauvre de cas de reconstitution de

distributions passées a 1’aide de modeles de niche chez les grands mammiferes.

MODIFICATION DES AIRES DE DISTRIBUTION DE GRANDS MAMMIFERES EN AMERIQUE DU NORD

A une échelle globale, la perte d’habitat et la fragmentation engendrées par les activités
humaines figurent parmi les menaces majeures pour la biodiversité, au méme titre que la
surexploitation des populations naturelles (Pimm et al. 2014, Diaz et al. 2019, Newbold et al.
2015, Tilman et al. 2017). Le risque d’extinction d’une espece est étroitement li¢ au niveau
de fragmentation de son habitat entre autres chez les mammiferes terrestres, et les grands
mammiféres y semblent particulierement vulnérables (Bartlett et al. 2016, Crooks et al. 2017,
Pardini et al. 2017). En effet, en Amérique du Nord, de nombreuses especes de grands
mammiferes ont subi une réduction drastique de leur aire de distribution historique (Laliberté
& Ripple 2004, Morrison et al. 2007). Chez le grizzly (Ursus arctos), il a été montré que la
densité de routes dans son environnement entrainait une augmentation de la mortalité et
faisait chuter la densit¢ de population (Lamb et al. 2017). De plus, la fragmentation
anthropique de leur habitat réduit dangereusement la taille des populations de grizzlis et les

flux génétiques entre elles en les isolant spatialement les unes des autres (Proctor et al. 2005).

Dans bien des cas, I’exploitation des ressources naturelles se fait au détriment de
I’intégrité d’habitats de qualité pour plusieurs espéces de grands mammiferes (Northrup et
al. 2015, Suzuki & Parker 2016, Scanes 2018). Chez le caribou montagnard du sud (Rangifer
tarandus caribou), en Alberta et en Colombie-Britannique, la perte d’habitat induite par
I’aménagement forestier a été¢ identifiée comme une cause majeure de déclin et s’est méme

accélérée entre 2000 et 2018 (Nagy-Reis et al. 2021). A ces deux pressions s’ajoute la



surexploitation des populations naturelles; en effet, la majorité des grands mammiferes
d’Amérique du Nord ont connu une période de déclin prononcé de leurs populations induite
entre autres par la chasse, avant la mise en place d’efforts de conservation marqués au cours
des dernieres décennies (Mattson & Merrill 2002, Ray 2010, Venier et al. 2014). Ces diverses
causes d’origine humaine n’ont donc rien de récent et se trouvent maintenant couplées aux
effets visibles du réchauffement climatique, fragilisant les écosystémes en forét boréale

(Gauthier et al. 2015).

Toutefois, la distinction claire des effets des changements climatiques de ceux dus aux
perturbations et activités anthropiques représente un défi de taille (Figure 1). En effet, depuis
les derniéres décennies, la magnitude respective de ces effets s’est accrue (IPCC 2019),
transformant de concert la composition et la structure des milieux naturels (Parmesan et al.
2022). Les conséquences des changements climatiques peuvent parfois s’avérer similaires a
celles des perturbations anthropiques, entre autres des phénomenes de
fragmentation (Murray et al. 2017) et de perte d’habitat (Mantyka-Pringle et al. 2012). Elles
peuvent également provoquer un déplacement des populations naturelles dans les mémes
directions, souvent vers les plus hautes latitudes et altitudes (Lenoir et al. 2020). Leur
importance respective a pu étre clarifiée dans certaines études (voir Elmhagen et al. 2015,

Dawe & Boutin 2016) mais reste largement méconnue dans de nombreux cas.

ENJEU DU CARIBOU FORESTIER AU QUEBEC

Partout au Canada, le caribou des bois est reconnu comme une sous-espece
particuliérement sensible aux pressions anthropiques et au dérangement (Vors et al. 2007,
Lafontaine et al. 2019, Fryxell et al. 2020). Cette sous-espéce se décline en différents
écotypes, dont notamment la population boréale du caribou des bois, aussi appelée caribou
forestier au Québec. Le caribou forestier est sédentaire et dépend fortement des foréts
matures de coniféres pour se nourrir et éviter ses prédateurs (Courtois et al. 2004, Hornseth

& Rempel 2016). 11 a été désigné comme espece menacée par le Comité sur la situation des



especes en péril au Canada (COSEPAC) en 2000, un statut confirmé a I’ Annexe 1 de la Loi
sur les especes en péril du Canada (Environnement et Changement climatique Canada 2019).
Les perturbations anthropiques, entre autres I’aménagement forestier, résultent en un nombre
croissant de chemins forestiers et de parcelles de jeune forét de feuillus et d’arbustes qui
perturbent et fragmentent son habitat essentiel (Courtois et al. 2004, Wittmer et al. 2005,
Dickie et al. 2017, Fryxell et al. 2020). Par leurs ressources alimentaires plus appétentes et
abondantes, les zones de forét en régénération sont sélectionnées par 1’orignal (Alces alces
americana) et le cerf de Virginie, et supportent une hausse des densités qui, en retour, induit
une augmentation de densité (réponse numérique) et d’efficacité (réponse fonctionnelle) des
prédateurs comme le loup (Canis lupus) et 1’ours noir (Ursus americanus) (Wittmer et al.
2005, 2007, Festa-Bianchet et al. 2011). Depuis quelques décennies, ce phénoméene de
compétition apparente est identifi€ comme une cause majeure du déclin des populations

boréales de caribous des bois (Wittmer et al. 2005, 2007, Festa-Bianchet et al. 2011).
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Figure 1. Schéma intégrateur des concepts et outils principaux abordés dans le mémoire.



Ces pressions anthropiques ont fort probablement influencé la distribution de la sous-
espéce a travers le temps, au Québec comme ailleurs au Canada (Courtois et al. 2003, Arlt &
Manseau 2011, Santomauro et al. 2012). Plusieurs études ont mis en évidence une régression
vers le nord de la limite sud de 1’aire de distribution du caribou forestier (Schaefer 2003, Vors
et al. 2007, Drever et al. 2019). Dans les années 1850, son aire de distribution a 1’est du
continent s’étendait au sud jusqu’a la frontiere actuelle entre le Vermont et le Massachusetts,
aux Ftats-Unis (Banfield 1961, Courtois et al. 2003). Cette limite a régressé vers le nord
jusqu’a la région du Saguenay-Lac-Saint-Jean, au Québec, et ce, en 1’espace d’environ un
siecle (Banfield 1961, Courtois et al. 2003) (Figure 2). La tendance est suffisamment
marquée pour que certaines études projettent une disparition quasi complete du caribou des
bois d’Ontario d’ici a la fin du XXI° siecle (Schaefer 2003, Masood et al. 2017). Bien que la
pression de prédation, exacerbée par 1’aménagement forestier, et la conversion d’habitats
naturels en secteurs urbanisés ou agricoles demeurent les facteurs principaux de perte
d’habitat pour la sous-espece (Courtois et al. 2007, Vors & Boyce 2009, Serrouya et al.
2019), le réchauffement climatique est maintenant considéré comme une menace non
négligeable (Murray et al. 2017, Barber et al. 2018, St-Laurent et al. 2022). Dans ce contexte
complexe, ou de nombreux parametres sont entrés en jeu dans la distribution passée du
caribou forestier, il est crucial de distinguer les impacts respectifs de I’utilisation humaine de

I’espace et du réchauffement climatique.
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=== Southern Extent of Historical Boreal Caribou Distribution
- Boreal Caribou Current Distribution

Boreal Ecozones

United States

Figure 2. Carte de ’aire de distribution actuelle du caribou forestier au Canada. La limite
sud de son aire de distribution historique est représentée en ligne pleine rouge (adaptée
d’Environnement Canada 2011).

OBIJECTIF, HYPOTHESE ET PRINCIPAUX RESULTATS

Notre étude visait a mettre en évidence les effets potentiels du réchauffement climatique
sur la rétraction vers le nord de I’aire de distribution du caribou forestier au Québec (Canada)
depuis 1850. Notre hypothese stipulait que le réchauffement climatique a participé a la
rétraction vers le nord de I’aire de distribution du caribou boréal au Québec, sans en étre un

facteur majeur.
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Pour atteindre cet objectif, nous avons associ¢ des cartes de distribution historique a des
réanalyses climatiques de différentes sources. Les modeles de niche climatique construits ont
fait ressortir la différence importante entre les positions en latitude des limites sud
reconstituées par rapport a celles des limites sud historiques de ’aire de distribution du
caribou, situées beaucoup plus au sud. Ces résultats ont ainsi désigné le réchauffement
climatique récent comme responsable de seulement ~17% de la régression vers le nord
observée pour I’aire de distribution de la sous-espéce depuis 1850. La méthodologie utilisée
ici, en particulier la combinaison des différentes sources de données exploitées, est a notre
connaissance une premiere. De telles informations améliorent la compréhension actuelle des
interactions caribou forestier — changements climatiques — activités humaines, participant
ainsi a I’identification des moteurs de déclin chez les populations de caribou et a la
formulation de prédictions plus robustes concernant leurs futures distributions. Compte tenu
de la place prépondérante des perturbations anthropiques dans ce déclin, elles apparaissent
comme un levier de conservation bien plus efficace que le réchauffement climatique et sur

lequel il est possible d’agir rapidement.



12

CHAPITRE 1
LES CHANGEMENTS CLIMATIQUES NE SUFFISENT PAS A EXPLIQUER
LA REGRESSION DE L’AIRE DE DISTRIBUTION DU CARIBOU FORESTIER
AU QUEBEC DEPUIS 1850

1.1 RESUME FRANCAIS DE L’ARTICLE

La réduction de I’aire de distribution des especes est un symptome majeur de perte
de biodiversité a échelle globale. Bien que les activités et la dégradation d’habitat d’origine
anthropique soient souvent désignées comme responsables, le changement climatique n’est
pas en reste. Chez les especes menacées, distinguer les effets de la présence humaine des
effets du changement climatique sur la transformation des aires de distribution des especes
est un pas supplémentaire vers une conservation plus efficace. En associant des cartes de
distributions historiques passées avec les données climatiques de plusieurs réanalyses
(ERAS, CERA-20C, 20CRv3), nous avons évalué les effets potentiels des changements
climatiques récents sur la rétraction vers le nord de 1’aire de distribution du caribou forestier
(Rangifer tarandus caribou, population boréale) au Québec depuis 1850. Nous avons mis en
évidence les différences entre les limites sud d’aires de distribution historiques, prises comme
références, et celles reconstituées grace a des modeles de niche climatique statistiquement
robustes. Les limites sud reconstituées présentaient un déplacement vers le nord d’environ
105 km au fil du temps, et ce pour toutes les réanalyses, une tendance radicalement différente
de celle observée pour les limites sud historiques depuis 1850 (~620 km). Les tendances
différentes de mouvements latitudinaux pour les limites sud historiques et reconstituées
suggerent que le réchauffement climatique récent ne serait responsable que de seulement
~17% du recul vers le nord de la limite sud de I’aire de distribution du caribou forestier depuis
1850. Cet impact limité du climat soutient I’hypotheése qui voudrait que la contraction de
I’aire de distribution du caribou forestier soit principalement causée par les pressions
anthropiques qui ont modelé¢ la structure et la composition de la forét québécoise, telles que
les coupes, la construction de chemins, I’agriculture ou encore 1’urbanisation, ouvrant la voie
aux phénomeénes de compétition apparente et de surexploitation au cours des 160 dernieres
années. Nos résultats rappellent également I’importance d’une meilleure prise en compte des
aires de distribution passées dans un contexte de projection de futures distributions, en
particulier chez les especes menacées.

Mots-clés : Canada de I’Est; Modé¢le de niche, Modélisation; Niche climatique; Perturbations
anthropiques; Rangifer tarandus caribou;
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Ce premier article, intitulé « Climate change alone cannot explain boreal caribou
range recession in Quebec since 1850 », a été corédigé par moi-méme ainsi que par le
professeur Martin-Hugues St-Laurent et le chercheur Yan Boulanger. Cet article sera soumis
a la revue avec comité de révision par les pairs Global Change Biology. En tant que premicre
auteure, ma contribution a ce travail a ét¢ I’essentiel de la recherche, du développement de
la méthode, de I’exécution des analyses et de la rédaction de I’article. Le professeur Martin-
Hugues St-Laurent et le chercheur Yan Boulanger ont fourni 1’idée originale et coordonné
I’¢laboration du projet, la révision et les commentaires des analyses et du texte de ’article,

et Martin-Hugues St-Laurent a assuré¢ son financement.
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1.2 CLIMATE CHANGE ALONE CANNOT EXPLAIN BOREAL CARIBOU RANGE RECESSION IN
QUEBEC SINCE 1850

ABSTRACT

The contraction of species range is known to be one of the most significant symptoms
of biodiversity loss worldwide. While anthropogenic activities and habitat alteration are
recognized to be major threats for several species, climate change has not been overlooked
either. In the case of species at risk, drawing a distinction between the effects of human
disturbances and climate change on past and current range transformations is an important
step towards improved conservation strategies. We paired historical range maps with climate
reanalyses from different sources (ERAS, CERA-20C, 20CRv3) to assess the potential
effects of recent climate change on the observed northward contraction of the distribution of
boreal populations of woodland caribou (Rangifer tarandus caribou) in Quebec since 1850.
We quantified these effects by highlighting the discrepancies between different southern
limits of the caribou’s distribution range (used as references) observed in the past and
reconstitutions obtained through the hindcasting of the climate conditions within which
caribou currently range. Southern limits hindcasted through robust ensemble modelling
showed a ~105 km movement northward over time under all reanalysis datasets, a trend
drastically different from the ~620 km reported for historical southern limits since 1850. The
differences in latitudinal shift through time between the observed and hindcasted southern
distribution limits suggest that recent climate change could have contributed to only ~17%
of caribou range recession since 1850. This limited impact of climate supports the hypothesis
that the main causes of caribou range recession are the anthropogenic drivers that have
modified the structure and composition of the forest in Quebec through logging, roads,
agriculture, and urbanization, paving the way for habitat-mediated apparent competition and
overharvesting over the past 160 years. Our results also call for a better consideration of past
distribution ranges in models aiming at projecting future distributions, especially for
endangered species.

Keywords: anthropogenic disturbances; climate niche; eastern Canada; modelling; Rangifer
tarandus caribou; species distribution model.
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INTRODUCTION

Negative impacts of human activities on ecosystems are not recent news (Plass 1956,
Chapin III et al. 2000, Sanderson et al. 2002). The ongoing loss of biodiversity worldwide
weakens functioning ecosystems and compromises the benefits human societies gain from
them (Chapin III et al. 2000, Diaz et al. 2018, Diaz et al. 2019). Species range contraction
happens to be an important symptom of this phenomenon, as it is often linked to population
sustainability (Lalibert¢ & Ripple 2004, He 2012, Ceballos et al. 2017). Different
mechanisms can lead to range contraction (Yackulic et al. 2011), but anthropogenic habitat
alteration stands out as one of the most critical, yielding high extinction risks (Ceballos &
Ehrlich 2002, Di Marco et al. 2018, Pacifici et al. 2020). In fact, agriculture, hunting, land-
use change and increased human density are some of the factors that caused a significant
shrinkage of ranges described in the past decades for many mammals, especially megafaunal

species (Karanth et al. 2010; Ripple et al. 2015, Torres-Romeo et al. 2020).

In addition, the impacts of climate change on species distribution range have been
growing increasingly visible (Hughes 2000, Parmesan 2006, Colwell et al. 2008). Since the
end of the Little Ice Age (ca 1850), a clear accelerating and anthropogenic-driven warming
trend is observed at the surface of the globe (Free & Robock 1999, IPCC 2013, IPCC 2021).
Resulting in a displacement of isotherms towards higher latitudes and altitudes, it induces a
shift in phenology and biome distribution at a global scale (Parmesan & Yohe 2003, Gonzalez
et al. 2010, Lenoir et al. 2020). While some species benefit from these changes (e.g. white-
tailed deer Odocoileus virginianus; Dawe & Boutin 2016), many high-altitude and high-
latitude adapted mammals are at risk (Gilg et al. 2012, Pauchard et al. 2016, Freeman et al.
2018). Severe range contraction is observed and predicted for many of them, as global
warming is happening at a greater speed at higher latitudes because of Arctic amplification
(Parry etal. 2007, Miller et al. 2010, Cai et al. 2021). For instance, temperatures have warmed
by 1.7°C on average between 1948 and 2012 in Canada, while average arctic temperatures
have been increasing between over two to four times as fast as the rate of the rest of the world

(IPCC 2021, Bush & Lemmen 2019, Rantanen et al. 2022). For this reason, the survival of
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vulnerable populations may be critical because of the cumulative impacts of anthropogenic
and climatic threats (Sultaire et al. 2016, Wan et al. 2019). Although important contractions
of distribution range caused by future global warming are projected for many mammal
species (La Sorte & Jetz 2010, Zanin et al. 2021), a lot is yet to be understood and quantified
regarding the recent effects of climate change on past and current distribution ranges (but see
Moritz et al. 2008, McCain et al. 2021). As climate change and human disturbances have
occurred simultaneously for the past decades, it is important to be able to disentangle their

effects on contraction, expansion or shift of mammal distribution ranges.

Across the northern hemisphere, caribou (Rangifer tarandus) is one of the high-profile
species that have been suffering from a northward range contraction during the last century
(Schaefer 2003, Festa-Bianchet et al. 2011, D’Orangeville et al. 2022). The boreal population
(hereafter boreal caribou), an ecotype of the woodland caribou subspecies (R. t. caribou)
(COSEWIC 2002, Environment Canada 2012), thus represents a great subject to study range
contraction as a result of environmental pressures. Though the boreal caribou is listed as
Threatened under the federal Species at Risk Act since 2002 (Species at Risk Act 2002,
COSEWIC 2002), the southern limit of its distribution range has been shrinking northwards
for several decades (Vors et al. 2007, Drever et al. 2019). Boreal caribou rely heavily on
mature coniferous forests for foraging and spacing away from predators (Courtois et al. 2004,
DeCesare et al. 2012, Hornseth & Rempel 2016). It is thus highly sensitive to anthropogenic
disturbances such as intensive logging (e.g., DeCesare et al. 2012, Lafontaine et al. 2019,
Fryxell et al. 2020). Human-induced resource extraction activities have converted most of
these mature and old-growth stands into a matrix of recent cutblocks, mixed/hardwood
regenerating stands, and small remnants of residual older stands, all scattered by a dense

network of forest roads (Wittmer et al. 2005, Dickie et al. 2017, Fryxell et al. 2020).

In Canada, the spatial progression of anthropogenic disturbances over time happens to
present a rather similar northward trend as the one shown by climate-induced shift in
isotherms worldwide (Parmesan & Yohe 2003, Gagné et al. 2016). Anthropogenic

disturbances are the most important, well-recognized driver of habitat alteration for boreal
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caribou populations (Courtois et al. 2007, Vors & Boyce 2009, Serrouya et al. 2019); for
example, Schaefer (2003) identified forestry as the main driver of northward range recession
for woodland caribou in Ontario. Nevertheless, the role of recent global warming in the
northward displacement of the southern trailing edge of caribou distribution is still poorly
known. Though most studies on this topic focus on predicting the impact of climate change
on the future distribution of boreal caribou, anthropogenic disturbances are systematically
designated as the number-one driver of caribou decline until 2050 (Barber et al. 2018,
Leblond et al. 2022, Neilson et al. 2022, St-Laurent et al. 2022). Considering that many
factors may have contributed to shape the current distribution range of the subspecies, it is
crucial to isolate the specific influence of climate change, as it could orient and constrain our

recovery strategies.

Consequently, this study aimed at assessing the potential effects of climate change on the
northward contraction of the boreal caribou’s distribution in the province of Quebec (eastern
Canada) since 1850. More precisely, we modelled and delineated the climate conditions
under which boreal caribou occur today and defined them as their realized climate niche.
Then we hindcasted where these climate conditions prevailed in the past, from 1970 back to
1850, in order to contrast the past locations of those climate conditions with the observed
past ranges of boreal caribou. To do so, we paired historical range maps with historical
climate reanalyses from different sources. A lot is still to be done regarding past distribution
hindcasting in large mammals but the combined use of such data types in this context is a
first, at least to our knowledge. We hypothesized that the current distribution range of boreal
caribou results partially from the influence of climate change, but that climate change is not
a major factor in the contemporary northward contraction of caribou range. According to
previous findings on small mammals and vegetation species (Williams et al. 2013, Davis et
al. 2014), we predicted that the distribution hindcasted through climate niche modelling
would not accurately match the past observed distribution of boreal caribou because its
current realized climate niche is not representative of the actual diversity of climates suitable

for its presence.
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METHODS
Study area

Our study area covers the whole province of Quebec, and also includes the Maritimes,
a part of Labrador and Ontario (Canada), as well as the northeastern region of New England
(USA) (63°N to 42°N and 80°W to 56°W; Figure 3). This area was chosen to incorporate the
historical southern limits of boreal caribou range in eastern Canada and also its current
distribution range in Quebec. Two important ecological gradients exist between ecoregions
within the study area, from tundra in the north to eastern temperate forests in the south, and
from Hudson plains in the west to Atlantic highlands in the east (Wiken et al. 2011, Berteaux
2014). The climate in the tundra is much colder and drier than that of eastern temperate
forests (annual averages of -13°C to -11°C for 100-300 mm of precipitation vs. about 5°C to
9°C for 720-1200 mm of precipitation), while the climate of Atlantic highlands is milder and
more humid than the Hudson plains’ climate (annual averages of 1°C to 8°C for 850-2000
mm of precipitation vs. -3.5°C to -2°C for 500-800 mm of precipitation) (Wiken et al. 2011).
European colonisation and its impacts on natural environments have historically been mostly
concentrated in the St. Lawrence River valley between the early 1600s and 1800s (Bélanger
& Grenier 2002, Moreau et al. 2007, Terrail et al. 2020). Additional colonization and more
intensive forestry activities occurred further north and away from the valley during the 19™
century (Boucher et al. 2021). Industrialized forestry became more important in the 20"

century, especially after the 1950s (Boucher et al. 2009).

Data acquisition
Caribou data — Current and historical distribution ranges

While raw contours of the current distribution range exist for the province, fine-scale
occurrence maps are not common. We thus delineated the current distribution range using

telemetry relocations of 253 boreal caribou belonging to 10 different local populations and
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monitored from 2004 to 2019 in Quebec: Nottaway, Assinica, Témiscamie, Pipmuacan,

Manicouagan, Romaine, Basse-Cote-Nord, Charlevoix, Val-d’Or, and Gaspésie.
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Figure 3. Historical southern boundaries of boreal caribou distribution across time: ~1850
(solid line); ~1900 (dotdashed); ~1970 (dashed).
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Adult females were captured and fitted with GPS-collars by field technicians,
biologists of the Ministéere de I’Environnement, de la Lutte contre les Changements
Climatiques, de la Faune et des Parcs du Québec (hereafter referred to as MELCCFP) and
their collaborators. Capture and manipulation of study animals were approved by the Animal
Welfare Committee (according to the guidelines of the Canadian Council on Animal Care)
of the Université du Québec a Rimouski (certificates #36-08-67 and #27-07-53), Université
de Laval (certificate #2008026-3), and the MELCCEFP (certificates #07-00-02, #04-005, #06-
00-27, #07-00-04, #11-03, #12-03, #12-07, #13-09, and #14-05). We created a binary map
of the current distribution of boreal caribou in Quebec fitted to the spatial definition of each
climate data source (see Climate data) by defining every cell with at least one location

recorded as 1 and other cells as 0.

We examined archives and other sources to find reliable information on past boreal
caribou distributions. We gathered southern boundary clues for three historical time steps:
~1850 (Courtois et al. 2003), ~1900 (Banfield 1961), and ~1970 (Courtois et al. 2003) (see
Figure 3). As our sources for past distributions and southern boundaries were digital images
from online books and articles, we had to extract the boundaries by tracing them as precisely
as possible and georeferencing them using ArcMap 10.6.1 (ESRI 2018). We considered the
isolated Atlantic-Gaspésie caribou (hereafter Gaspésie caribou) population as part of the
boreal caribou distribution range, despite its current assignation to the montane ecotype, as
they used to be included in the broader boreal caribou range back in 1850 and 1900 (Banfield
1961).

Climate data

We extracted the climate data used in this study from three datasets, i.e. ERAS,
CERA-20C and 20CRv3, to limit the bias generated by the use of only one data source (Zanin
et al. 2021). Data from ERAS5 (ECMWF 2022a), CERA-20C (ECMWF 2022b), and 20CRv3
(NOAA 2022) covered 1950-2019, 1901-2010, and 1850-2015 respectively. Spatial
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resolution varied between climate datasets with ERAS having a 0.25°x0.25° spatial
resolution, while CERA-20C and 20CRv3 had a resolution of 1°x1°. From these datasets, we
built specific climate variables (listed in Table 1) that were further used in our models. We
built those variables using the following data: 2-m temperature (i.e. above ground level),
precipitation, and ground surface snow depth, in order to fit what was considered most
important according to literature when studying a large herbivore such as caribou (Welad;i
et al. 2002, Masood et al. 2017, Mallory & Boyce 2018) (see Appendix A for detailed

variable extraction).

Data analysis
Model building and hindcast

We modelled and hindcasted boreal caribou distributions using different algorithms:
Generalized Linear Models (GLM), Generalized Additive Models (GAM), Random Forests
(RF) and Boosted Regression Trees (BRT) (Guisan & Zimmermann 2000, Aratjo & New
2006, Shabani et al. 2016). This variety of approaches served to minimize the bias produced
by the use of only one algorithm to build models (Shabani et al. 2016). We tested for
correlation and multicollinearity among climate variables using the Pearson correlation
coefficient (7, threshold absolute value of 0.7; Dormann et al. 2013) and the variance inflation
factor (VIF, threshold value of 10; Senaviratna & Cooray 2019). Variables presenting indices
above threshold values were used in separate models. Out of the entire set of climate variables
tested, only a few were eventually used to comply with the thresholds selected for VIF and r
values. Different sets of variables were selected to build models for each reanalysis dataset.
The variables selected were the mean summer temperature, the total summer rainfall, the
total winter rainfall, and the total winter snowfall for models built using the 20CRv3 dataset;
the mean summer temperature, the total summer rainfall, the total winter snowfall, and the
total number of rain-on-snow events for models built using the CERA-20C dataset; and

finally, the mean summer temperature, the total summer rainfall, the total winter rainfall, the
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total winter snowfall, the mean snow depth, and the total number of rain-on-snow events for

models built using the ERAS dataset.

A k-fold cross validation was conducted with a 70/30 ratio for calibration and
validation of the models respectively, and 20 iterations were produced to minimize sampling
bias (as suggested by Berteaux 2014) (generating 80 models total). We assumed that cells
with no presence recorded could be considered as true absences, given the coarse spatial scale
used here (Lobo et al. 2010) and the robust knowledge of the current distribution range of
boreal caribou in Quebec at our disposal, built through several years of telemetry monitoring
on an extensive number of individuals in all caribou populations over the province (MFFP
2021a). The models produced were evaluated using the true skill statistic (TSS) performance
index and then combined in an ensemble model (Allouche et al. 2006). We used the weighted
mean as an ensemble modelling method, according to the TSS values obtained (Berteaux
2014). An ensemble model was produced, from all 80 models generated, for each reanalysis
dataset using the 1981-2010 period, hereafter named the “baseline” period. The past
distributions of boreal caribou in Quebec were then hindcasted at specific past time steps
under each reanalysis dataset by using the ensemble model pertaining to the appropriate
reanalysis dataset (Figure 4). Model building and hindcasts were conducted on R 4.1.3 with
the BIOMOD?2 v.3.5.1 package (Thuiller et al. 2016).

Quantification of spatial discrepancies

We compared the results of hindcasted distributions with the observed distributions
of boreal caribou for the four time steps investigated (~1850, ~1900, ~1970, ~2010) to
evaluate if there were spatial discrepancies produced by our models (and if so, quantify to
what extent) (Figure 4). A threshold of 0.3 probability of occurrence was used to extract

southern boundaries from model outputs (i.e. mapped the contours of the distribution range).
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Table 1. List of the climate variables selected to build hindcast models.

Name Unit Description

Maximum winter Kelvin (K) Monthly maximum between December and

temperature March

Mean winter Kelvin (K) Monthly average between December and March

temperature

Minimum winter Kelvin (K) Monthly minimum between December and

temperature March

Maximum summer Kelvin (K) Monthly maximum between June and August

temperature

Mean summer Kelvin (K) Monthly average between June and August

temperature

Minimum summer Kelvin (K) Monthly minimum between June and August

temperature

Total summer rainfall Meter (m) Monthly sum of rainfall between June and
August

Total winter rainfall ~ Meter (m) Monthly sum of rainfall between December and
March

Total winter snowfall Meter (m) Monthly sum of snowfall between December

Mean snow depth

Total number of rain-
0n-snow events

Start of the growing
season

End of the growing
season

Duration of the
growing season

Meter of water
equivalent (mwe)

Event (number)

Julian Day (JD)

Julian Day (JD)

Days (number)

and March

Monthly average of ground surface snow depth

Monthly sum of rain-on-snow events

Date of the first day of a series of over 5
consecutive days with an average daily
temperature above 5°C

Date of the first day of a series of over 5
consecutive days with an average daily
temperature under 5°C

Number of days between the date of start and
the date of end of the growing season
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We selected this value as it presented the best fit of the position of hindcasted southern
limits to the position of historical southern limits of distribution for the most recent time step
(2010). This step ensured that there was minimal error generated in the inference of southern
range boundaries from hindcasted distributions, but also that small southern populations were
represented in the tracing of these boundaries. The focus here was on the fit of the southern
limit of the range of distribution, and as such we did not use a threshold that would have
maximized the value of the TSS (Liu et al. 2005). Indeed, when compared to the 0.1, 0.3 and
0.5 thresholds, the 0.3 threshold presented the shortest median distance between observed
and hindcasted southern limits of distribution for 2010, all reanalyses combined (Figure C1).
We still tested the sensitivity of our analyses to the choice of such threshold by running them
for all considered values (0.1, 0.3, 0.5), yielding similar results and an identical overall trend

(Figures C2 and C3).

We evaluated the effect of including the three small, isolated populations found south
of the current continuous distribution range (i.e. from west to east: Val-d’Or, Charlevoix and
Gaspésie) by hindcasting past distributions with and without those populations in our dataset
(see Appendix B for results). Since the contraction of historical caribou range followed a
clear south to north pattern, we measured geographical distances between historical and
hindcasted southern limits for points of the same longitude, and for each time step of interest,

and we compared the latitudes of historical and hindcasted southern limits through time.
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Figure 4. Schematic workflow depicting the different analytical steps used. Hindcasted
boreal caribou distributions (maps of probability of occurrence) were produced by climatic
niche ensemble modelling for each source of data and time step of interest. Southern
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boundaries for each time step, by quantifying their respective movements northward, to
underline the discrepancies between history and hindcast. These spatial analyses bring
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through time. The circle represents the ensemble modelling done through BIOMOD2, and
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RESULTS

Past caribou distributions inferred from climate reanalysis show little effects of climate
variation

Ensemble models show very high goodness-of-fit when modelling the current
realized climate niche of boreal caribou. Indeed, TSS values of ensemble models with 95%
CI were 0.926 [0.918: 0.926], 0.945 [0.945: 0.945], and 0.901 [0.896: 0.901] using 20CRv3,
CERA-20C, and ERAS5 datasets respectively. The hindcasted locations of the climate
conditions fit for caribou occurrence, obtained through ensemble modelling, showed rather
similar trends in probability of occurrence through time and space under all reanalyses
(Figure 5). These analyses also presented very similar patterns of probabilities of occurrence
for a given time step. Probabilities of occurrence over the entire study area and for all data
sources were overall higher for recent time steps than for older ones. Furthermore, areas of
probable occurrence (>0.3) showed a slight northward trend with time. In other words,
hindcasted ranges described here resided at rather consistent longitudes but lightly increasing
latitudes, with no visible expansion nor shrinkage, over time and across all reanalysis

datasets.

Observed southern boundaries of boreal caribou range presented a clear northward
displacement with time (Figure 6). Indeed, limits for all time steps were visually easily
distinguishable from each other, and latitudinal positions of limits start around 44—45°N in
1850-1900 to end up around 49-50°N in 1970-2010. However, southern boundaries of the
hindcasted locations of climate conditions fit for boreal caribou occurrence showed limited
spatial displacement through time, with minimal northward migration between 1850 and
2010 (Figure 6). Boundaries of consecutive time steps from hindcasted climate niche
analyses tended to strongly overlap or these boundaries lay just one cell away from each
other. The limits used here were generated from a threshold of 0.3 of probability of
occurrence applied to the ensemble modelling results, as it best reconstituted observed

southern limits of distribution.
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Figure 5. Hindcasted probabilities of boreal caribou occurrence over the study area obtained
by ensemble modelling for each data source (20CRv3, CERA-20C, ERAS) and each
available time step (1850-1900-1970-2010, 1900-1970-2010, and 1970-2010 respectively).
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Discrepancies between observed and hindcasted southern limits across all datasets
increase as we go back in time

Distances between southern limits of observed caribou ranges and southern limits of
hindcasted locations of climate conditions fit for caribou occurrence largely increased as we
go back in time between today and 1850, regardless of the reanalysis dataset used (Figure 7).
Indeed, 20CRv3 presented nearly overlapping southern boundaries of past caribou ranges
and hindcasted locations of climate conditions suitable for boreal caribou in 2010, the
distance between those limits increased over time to reach ~280 km in 1850. Though
distributions could be relatively wide for certain time steps, especially 1970, similar trends
were observed under CERA-20C and ERAS, for which median distances went from ~100
km in 2010 to ~425 km in 1900, and ~25 km in 2010 to ~90 km in 1970, respectively. These
results were similar whether southern boundaries were defined using a probability of

occurrence threshold of 0.1, 0.3, or 0.5.

Observed and hindcasted southern limits show distinctly different trends of latitudinal
displacement through time

Trends of latitudinal movement through time were markedly different between
southern boundaries of observed caribou ranges and southern boundaries of hindcasted

locations of climate conditions suitable for boreal caribou (Figure 8).
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Figure 6. Observed (green) and hindcasted southern range boundaries with the 20CRv3 (red), CERA-20C (blue), and ERAS
(black) reanalysis datasets for each time step of interest (1850, 1900, 1970, 2012).
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Figure 7. Boxplot (black line: median value, box: upper and lower quartiles, whiskers:
distribution outside of the upper and lower quartiles) of distances between observed southern
range boundaries and hindcasted southern range boundaries for each time step of interest and
the three reanalysis datasets available. Distances were measured between points of same
longitude on observed and hindcasted southern limits.

Hindcasted southern boundaries presented a slight northward displacement across
time steps, with median latitudes showing a northward range recession of the southern limit
from 48° to 49° N. In contrast, the observed past southern boundaries of caribou range
showed an important displacement (Figure 8), with a more pronounced northward range
recession from 43° to 49°N over time according to median latitude values. The median
latitude in 1970 also happens to be higher than the median latitude in 2010. From these
results (see Figure 8), we calculated a distance of ~105 km between the median positions in

latitude of southern limits of hindcasted locations of climate conditions fit for caribou
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occurrence in 1850 and the one estimated in 2010. In comparison, the distance between the
median positions in latitude of observed southern limits of caribou range in 1850 and the
one observed in 2010 is of ~620 km, which equals to a rate of range contraction of
approximately 39 km/decade. This trend was similar whether southern boundaries were

defined using a probability of occurrence threshold of 0.1, 0.3, or 0.5.
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Figure 8. Latitudinal position of observed and hindcasted southern boundaries through time.
Boxes for hindcasted southern boundaries were obtained by combining data from all
reanalysis datasets.
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DISCUSSION

We successfully hindcasted climatic conditions in the boreal caribou’s current range
(e.g., its current realized climate niche) in the province of Quebec. More interestingly, by
comparing the southern limits of occurrence of these climate conditions with the southern
boundaries of past boreal caribou range, we highlighted discrepancies between available
historical information, used as reference, and reconstitutions through climate niche
modelling. Doing so, we showed that climate change appears to have only scarcely
contributed to the observed northward recession of the southern limit of boreal caribou range
since 1850. We also tested for different thresholds of probability of occurrence when

hindcasting southern boundaries and highlighted the robustness of this main result.

Hindcasted-observed southern limit discrepancies: consequences of a truncated
realized niche

Hindcasted maps of boreal caribou occurrence based on climate conditions where the
species is currently ranging presented a trailing edge of probable distribution moving very
slightly northward under all reanalysis datasets, i.e.~105 km on average for the trailing edge
of distribution between 1850 and 2010 (which is equivalent to 6.5 km/decade). As a result,
southern limits of the hindcasted locations of climate conditions fit for boreal caribou
occurrence under all reanalysis datasets showed minor poleward displacement, while
observed southern limits of caribou range presented drastic northward movement through
time. Distances between both types of southern limits were also largest in 1850 and decreased

over time up to the calibration period (i.e. 2010) (Figures 7,8).

Overall, the reliable ensemble models we built and that account for parameters such
as temperature, precipitation, snow cover and phenology cannot reconstitute locations and
southern limits of caribou range similar to those observed in the past despite a high statistical
robustness and a high quality of both caribou and climate data. Such incoherence, resulting

in the inability of these models to recreate past southern distribution limits of caribou range,



33

suggests that the current distribution range of boreal caribou in Quebec might not be
representative of its fundamental climate niche. This situation actually stems from a key
condition of niche model building, which is the fact that the species has to be at equilibrium
with its environment (Wiens et al. 2009, Dormann et al. 2012). In fact, niche modelling relies
on the direct ecological link between environmental clues and a species’ presence, and this
link has to be intact for niche models to perform. If the species’ distribution range is “an
environmentally biased subset of abiotically suitable areas” (sensu Anderson 2013), the
predictive power of the niche model can be strongly hindered and projected distributions

biased and inaccurate (Williams et al. 2013, Anderson 2013, Davis et al. 2014).

The few studies that hindcasted past ranges of mammal species based on models
delineating climate conditions within which the species were found to range showed similar
results (Guralnick & Pearman 2010, Davis et al. 2014, McGuire & Davis 2013). As these
studies showed partial reconstitutions of observed fossil presence, several of the potential
explanations they raised for such mismatches most likely do not apply to our case. In fact,
considering the relatively short duration of our study, changes in the climate niche of boreal
caribou through time such as niche shifts through evolution or phenotypic plasticity
(Guralnick & Pearman 2010, McGuire & Davis 2013) are probably irrelevant. Similarly,
climate conditions seem very unlikely to have changed enough since 1850 to produce non-
analog climates (Davis et al 2014) that would generate a niche bias as significant as the one
presented here. Aside from that, the statistical quality of the models used can obviously be
part of the problem. In our case, the ensemble models, suitable algorithms and model
calibrations (see the section 2.3.1 Model Building and Hindcast, in Methods), as well as the
high scores obtained from a reliable performance index are all elements that indicate that our
models have very high goodness-of-fit. For all these reasons, it seems very unlikely that the
inability of our reconstitutions to match past boundaries could be due to the poor quality of

our data or models.

Differences between the actual distribution range of a species and the area designated

by their climate niche are nevertheless expected, as factors such as predation, competition,
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or dispersal limitations also weigh into the geographical distribution of species (Colwell &
Rangel 2009, McGuire & Davis 2013). That being said, the continuous northward movement
for over one and a half centuries and its magnitude exhibited in the case of the range recession
of boreal caribou seem unlikely to originate from natural biotic factors. Schaefer (2003)
reached the same conclusion in the case of woodland caribou in Ontario, with a similar rate
of observed northward range recession during approximately the same period (about 34
km/decade). In addition, the median pace of poleward range shift associated with climate
warming is estimated to be about 16.9 km/decade for species globally (Chen et al. 2011), a
rate drastically different from the ones observed in Quebec and Ontario, further supporting

the limited implication of climate change in caribou range recession.

Thus, we suggest that the distribution of boreal caribou has probably been shaped by
anthropogenic drivers (e.g., Laliberte and Ripple 2004, Vors et al. 2007) that have disrupted
the state of equilibrium of the species with its climate environment since 1850. This would
result in its current distribution being a subset of what it used to be and what it could be in
terms of climate conditions. Indeed, there is now growing evidence that anthropogenic
activities and space use have affected species range enough to create a significant
disconnection between the fundamental climate niche of species and their realized niche
(Nogués-Bravo 2009, Veloz et al. 2012, Pineda-Munoz et al. 2021). In mammals, this
phenomenon is especially true for large-sized and specialist species whose current
distribution ranges are only a portion of what they used to be about 100 years ago (Pineda-
Munoz et al. 2021). A major consequence is the great difficulty to rely on current presence
data only to calibrate niche models, even though they are usually the most precise available
(Faurby & Araujo 2018). Including past distribution ranges and anthropogenic impacts on
distribution range alteration in the calibration of climate niche models is, for that reason,

often highly recommended (Nogués-Bravo 2009, Faurby & Araajo 2018).
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Limited effect of climate change on range shift suggests important impact of
anthropogenic land use since 1850

Southern limits of observed past caribou ranges and southern limits of hindcasted
areas where climate conditions are suitable for boreal caribou presented two very distinct
trajectories of displacement in latitude, with observed limits showing a much more dramatic
northward trend. According to our findings, the northward movement of observed southern
limits of boreal caribou distribution range between 1850 and 2010 was of ~620 km, whereas
it was of only ~105 km for southern limits of the hindcasted locations of climate conditions
fit for caribou occurrence. This implies that if climate was solely responsible for current and
past caribou distribution range, the latter should have shifted only ~105 km north in the past
160 years. According to our results, only ~17% of the observed recession of caribou range
since 1850 would be imputable to the displacement of climate conditions fitting for boreal
caribou due to climate change (for a 0.3 threshold of probability of occurrence, see Appendix
C for results using 0.1 and 0.5 thresholds). As discussed above, anthropogenic drivers
referring to land use (i.e. loss, fragmentation and alteration of caribou habitat induced by
natural resource extraction, urbanization or agriculture) or caribou harvest (i.e. traditional
Indigenous hunting, poaching or past sport hunting, the latter being prohibited since 2001)
are most likely the main cause for the remaining 83%. The importance of habitat loss is
consistent with a large body of knowledge on the decline of this species, as reviewed by

Festa-Bianchet et al. (2011).

As in many other places in the world, the human footprint has grown rapidly in the
province of Quebec since 1850 (Boucher et al. 2014). Lumber as well as pulp and paper were
some of the province’s biggest industries in the 19" century (Minville 1946, Natural
Resources Canada 2014). Forest harvesting developed as an important economic activity in
regions surrounding the St. Lawrence River and in most of southern Quebec (Girard 1989),
gaining in intensity by the 1920s (Blais & Boucher 2008, Flamand-Hubert 2016). At the same
time, a dense network of roads and railways progressively covered the southern part of the
province, eastwards to the Gaspé Peninsula in the 1850s, but also northward to the region of

Lac-St-Jean by the beginning of the 20" century, and further northwest to the region of
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Abitibi by the 1930s (Rinfret & Taché¢ 1907, Editions Forest 1935, Letarte 1971). The
population of the province increased from ~890,000 to ~2 million inhabitants between 1850
and 1911 (Department of the Interior Canada & Chalifour 1915), inducing a rapid conversion

of forests (i.e., caribou habitat) into agricultural lands around the valley of the St-Lawrence

River (Dick & Taylor 2015, Behiels 2020).

By the beginning of the 20" century, cities, concentrated mostly in the southern part
of Quebec, began growing in size and population (Letarte 1971, Department of the Interior
Canada & Chalifour 1915), furthering the transformation of landscapes south of the province.
In addition to this increasing anthropogenic land use, boreal caribou was commonly hunted
by non-Indigenous populations (Minville 1946, Government of Quebec 2022), until
endangered species laws started protecting it under federal and provincial jurisdiction in the
2000s (Environment Canada 2012, MFFP 2021a). For all these reasons, we suggest that
anthropogenic land use and activities have probably been an important driver of the historical
local extirpation of boreal caribou from the southern part of the province, exceeding climate
change in terms of impact and leading to the northward range recession recorded since 1850.
Indeed, in Quebec there is close correspondence between the southern range limits of boreal

caribou and the northern limits of forest fragmentation (Schindler & Lee 2010).

The literature is rich regarding studies focusing on the negative impacts of various
types of anthropogenic disturbances on boreal caribou in Quebec and other Canadian
provinces, such as forest harvesting (Vors et al. 2007, Lafontaine et al. 2019, Fryxell et al.
2020, Lochhead et al. 2022), railways, paved and forest roads (Whittington et al. 2011,
Leblond et al. 2013, Newton et al. 2017, Lochhead et al. 2022), and other industrial
exploitations of natural resources (Dyer et al. 2001, Stewart et al. 2020, MacNearney et al.
2021). Whether they affect their movement capacities (Dyer et al. 2001, Beauchesne et al.
2013), survival rates (Courtois et al. 2007, Losier et al. 2015, Fryxell et al. 2020), or
reproductive outputs (Pinard et al. 2012, Leclerc et al. 2014), potential anthropogenic drivers
of caribou decline are numerous. Many of these disturbances lead to apparent competition

with other deer species, which may serve as alternative prey for wolves or coyotes (Wittmer
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et al. 2005, DeCesare et al. 2012, Frenette et al. 2020). The increase in early regeneration
stands resulting from forest harvesting in the habitat of caribou induces a rise in moose and
white-tailed deer populations attracted by abundant and palatable early-seral vegetation,
which in turn generates growing wolf or coyote populations that also travel more easily,
increasing predation pressure on caribou populations (Wittmer et al. 2005, DeCesare et al.
2012, Frenette et al. 2020). All those elements further support the hypothesis of post-
industrial human-driven land-use change and anthropogenic activities in caribou range
recession, which have been exerting their detrimental effects on boreal caribou populations
in Quebec for over 150 years. Though several factors, such as diseases (Environment and
Climate Change Canada 2019, MFFP 2021b), nutrition and access to key resources
(Bergerud & Mercier 1989, MFFP 2021b), and dispersion (Bergerud & Mercier 1989), have
been put forward over the last few decades to explain caribou decline, the major direct or
indirect implications of anthropogenic land use are now clearly identified (Schaefer 2003,
COSEWIC 2002). Moreover, predation and fires, both historical drivers that have shaped the
boreal ecosystem, now represent threats to caribou population sustainability because of their
link with human land use activities (Environment and Climate Change Canada 2019). In a
landscape historically modelled by forest fires, the deep modifications done by human
presence reduce even further the area of available suitable habitat (Racey & Armstrong 1998,
Environment and Climate Change Canada 2019). In addition, high predation rates are
inherent to the apparent competition phenomenon identified as a considerable factor of
caribou decline across Canada and a result of anthropogenic habitat alteration (DeCesare et
al. 2012, Frenette et al. 2020). Hence, the limited impacts of climate change in the past boreal

caribou range recession tend to align with those assertions.

LIMITS

As climate niche modelling relies on climate data, any default in the reconstitution of
past climates by the reanalysis data used here definitely affects the quality of hindcasted
distributions. Despite scarce literature on the local performances of ERAS, CERA-20C and
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20CRv3 over the province specifically, some studies indicate that these data are sufficient
for analyses on a broader geographic scale and for various uses (Alves et al. 2020, Crossett

et al. 2020, Tarek et al. 2020, Slivinski et al. 2021).

An important assumption made in this study is that the historical southern boundaries
are actually representative of the situation for the time steps they describe and can therefore
be used to test the predictive capacity of our models. Considering the different methods and
sources most likely used to trace those boundaries through time (archive descriptions, aerial
surveys, etc.), their quality can obviously be questioned, as for any historical source of
information. Because they describe the past, sometimes in a biased or imprecise manner, they
still bring a new perspective into the topic of boreal caribou conservation and hold unique
information that could not be accessed otherwise. For that reason, we chose to use these
sources and deemed them reliable enough to include in analyses designed to understand the
mechanisms that lead to the current situation regarding boreal caribou distribution. That
being said, the fact that our results produced the median latitude of the 1970 southern range
boundary north of the one for 2010 is most likely due to the difference in precision between
the methods used to define those limits. The southern boundary observed in 1970 was based
on aerial survey data, whereas the 2010 observed southern boundary was obtained using
telemetry data, which is more spatiotemporally precise and more geographically extensive.
The boundaries observed in 1850 and 1900 could also be imprecise, but they were both
described by at least two different sources, ensuring a relative reliability to the information.
Furthermore, the observed recession described in our results presents a distance that is much

greater than the potential imprecision held by each archival boundary used in our analyses.

CONCLUSION

By highlighting the limited role of climate change in the northward recession of the
southern boundaries of boreal caribou range since 1850, our study suggests that

anthropogenic land use (i.e. timber harvesting, agriculture, development of cities, villages
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and road networks) and caribou harvest (hunting and poaching) were the most important
drivers at play during the last 160 years. This implies that management measures aiming at
limiting the detrimental impacts of human activities on boreal caribou habitat are far from
irrelevant. Moreover, our results do not align with the ideas that the caribou’s northward
range recession in Quebec is mainly driven by climate change and that land-use practices
(mainly timber harvesting and oil and gas extraction) have nothing to do with this major,
pan-Canadian decline, though this argument is commonly raised by opponents to caribou
conservation (e.g. Alliance Forét Boréale 2019, St-Gelais & Gilbert 2021). Such denial
campaigns can have detrimental effects on decision-maker commitment and on stakeholder
involvement toward caribou recovery actions (Boan et al. 2018), especially when caribou
conservation threatens socioeconomic development (Hebblewhite 2017). Whereas the
evidence for climate-driven range contraction is scant, the evidence for habitat loss is
immense (Schaefer 2003, Festa-Bianchet et al. 2011, Courtois et al. 2007, Vors & Boyce
2009, Serrouya et al. 2019, D’Orangeville et al. 2023).

Although climate change is an unavoidable concern for the future (Leblond et al.
2022, St-Laurent et al. 2022), our results call for the upholding and strengthening of
conservation actions to protect boreal caribou populations in Quebec, especially in relation
to forest management. The combined negative effect of anthropogenic pressures and global
warming has been identified as an important threat to endangered species, with climate
change growing in magnitude and aggravating the decline of species made vulnerable by
human activities (Carroll 2007, Garcia-Valdés et al. 2015, Penjor et al. 2021). In the case of
the boreal caribou, expected changes in fire regimes in the boreal forest (Boulanger et al.
2014, Barber et al. 2018), in parasite transmission (Pickles et al. 2013), or in temperature
(Racey et al. 2005, Masood et al. 2017) due to climate change are main factors of uncertainty
that could become particularly detrimental to caribou if cumulated over an already

deteriorated habitat resulting from anthropogenic activities (St-Laurent et al. 2022).
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In conclusion, and from a theoretical perspective, our results suggest that future
distribution range predictions should be made with caution when using species distribution
models based on climate, notably for species currently recognized as threatened or
endangered, as they are not necessarily in equilibrium with their environment. If using recent,
high-quality presence data is a benefit, accurate predictions will have to take into account

such non-equilibrium states, notably by considering information from past distributions.
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Table Al. Name, description, and step-by-step summary of the extraction method for each
climate variable used in this study.

Name Description Extraction method
Maximum winter Monthly e Determination of minimum, average
temperature maximum and maximum temperature for each
between month between December and March,
December and from 2-meter temperature data from
March reanalyses and projection datasets
. e Averaging of the monthly values over
Mean winter Monthly average 30 years to generate climate variable
temperature between input in BIOMOD2
December and
March
Minimum winter Monthly
temperature minimum
between
December and
March
Maximum summer Monthly e Determination of minimum, average
temperature maximum and maximum temperature for each
between June and month between June and August, from
August 2-meter temperature data from
reanalyses and projection datasets
Mean summer Monthly average * ?8] eraging of the monthly Value§ over
years to generate climate variable
temperature between June and input in BIOMOD2
August
Minimum summer  Monthly
temperature minimum

between June and
August
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Total summer
rainfall

Total winter rainfall

Total winter
snowfall

Monthly sum of
rainfall between
June and August

Monthly sum of
rainfall between
December and
March

Monthly sum of
snowfall between
December and
March

Splitting of daily precipitation data as
either rainfall or snowfall for each day
between December and March and then
between June and August included,
from 2-meter temperature (273.15K
tipping point) and precipitation data
from reanalyses and projection
datasets.

Sum of monthly rainfall and snowfall
separately between December and
March and then between June and
August included.

Averaging of the monthly sum values
over 30 years to generate climate
variable input in BIOMOD?2

Mean snow depth

Monthly average
of ground surface
snow depth

Determination of average ground
surface snow depth for each month
from ground surface snow depth (in
water equivalent) data from reanalyses
and projection datasets

Averaging of the monthly mean values
over 30 years to generate climate
variable input in BIOMOD?2

Total number of

rain-on-snow events

Monthly sum of
rain-on-snow
events

Determination of daily rain-on-snow
events (0 or 1) from 2-meter
temperature (273.15K tipping point),
precipitation (over 0 mm), and ground
surface snow depth (over 0 mm) data
from reanalyses and projection
datasets.

Sum of monthly rain-on-snow events
(maximum as the number of days of
each month).

Averaging of the monthly sum values
over 30 years to generate climate
variable input in BIOMOD?2

Start of the growing

s€ason

Date of the first
day of a series of
over 5
consecutive days
with an average

Determination of the date of yearly first
day of a series of at least 6 consecutive
days with an average daily temperature
above 5°C (Frich et al. 2002, Peichl et
al. 2014) between January 1% and




daily temperature
above 5°C

August 31% (see Figure), from 2-meter
temperature data from reanalyses and
projection datasets.

Averaging of the yearly values over 30
years to generate climate variable input
in BIOMOD?2

End of the growing
season

Date of the first
day of a series of
over 5
consecutive days
with an average
daily temperature

Determination of the date of yearly first
day of a series of at least 6 consecutive
days with an average daily temperature
under 5°C (Frich et al. 2002, Peichl et
al. 2014) between August 15" and
March 31% (see Figure), from 2-meter

under 5°C temperature data from reanalyses and
projection datasets
Averaging of the yearly values over 30
years to generate climate variable input
in BIOMOD?2
Duration of the Number of days Determination of the duration between
growing season between the date the dates of start and end of growing
of start and the season for each year. If the date of start
date of end of the is detected after the date of end of

growing season

growing season (overlap of detection
periods between August 15 and 31%),
duration is considered having a null
value.

Averaging of the yearly values over 30
years to generate climate variable input
in BIOMOD?2
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Figure A1l. Diagram of detection periods of dates for phenological variable extraction. Dates
of the start and end of growing season (dates of the beginning of spring and fall respectively)
can be detected until the end of the next season (for example, if by the end of summer, no
beginning date of spring has been detected, it is concluded that no growing season has
occurred, according to the detection criteria defined here for starting date of growing season).
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APPENDIX B: BIOMOD2 ENSEMBLE MODELLING RESULTS WITHOUT INCLUDING SMALL,

ISOLATED POPULATIONS IN PRESENCE INPUT DATASET

1850 1900 1970

20CRv3

Probability of
occurrence

1

0.75
0.5

0.25

_§

Figure B1: Hindcasted probability of boreal caribou occurrence over the study area obtained
by ensemble modelling for each data source (20CRv3, CERA-20C, ERAS) and each
available time step (1850-1900-1970-2010, 1900-1970-2010, and 1970-2010 respectively)
without considering the three southern, isolated populations.

The effect of including or not the three small, isolated populations (i.e. Gaspésie,
Charlevoix and Val-d’Or) on hindcasted probabilities of occurrence was negligible, as maps
of probability of occurrence produced when discarding these three populations showed little

variation from the ones obtained when including them (Figures 5 and B1). Areas described
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with and without isolated populations were similar in trends of geographical position, size,
and probability of occurrence change through time. Ensemble models show very high
goodness-of-fit. Indeed, TSS values of the ensemble models were 0.957 [0.950; 0.958], 0.993
[0.989; 0.993], and 0.914 [0.913; 0.914] using 20CRv3, CERA-20C, and ERAS datasets
respectively. Maps obtained through ensemble modelling without the three isolated
populations showed rather similar trends in probability of occurrence through time and space
under all reanalyses (Figure B1). They also presented very similar patterns for a given time
step. Probabilities of occurrence over the entire study area and for all data sources were
overall higher for recent time steps than for older ones. Furthermore, areas of probable
occurrence (>0.3) showed a slight northward trend with time. In other words, hindcasted
ranges described here resided at rather consistent longitudes but lightly increasing latitudes,

with no visible expansion nor shrinkage, over time and across all reanalysis datasets.
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APPENDIX C: SELECTION OF THE THRESHOLD OF PROBABILITY OF OCCURRENCE AND

SENSITIVITY OF OUR ANALYSES TO ITS VALUE

M
2
o

1001

southern range boundaries (km)

Distance between observed and hindcasted

0.1 0.3 0.5
Probability of occurrence threshold

Figure C1: Boxplot (black line: median value, box: upper and lower quartiles, whiskers:
distribution outside of the upper and lower quartiles) of the distance between observed and
hindcasted southern limits of distribution for 2010 for each considered threshold (0.1, 0.3
and 0.5 of probability of occurrence). Distance measurements from all reanalyses were
combined to obtain each box.

The threshold value presenting the shortest median distance between observed and
hindcasted southern range boundaries for 2010 is 0.3 (Figure C1). All figures obtained from
the same analysis showed similar results, independently of the threshold selected (Figure
C2a, b and c, and Figure C3a, b and c, respectively). We calculated a distance of ~291 km
between the median latitude of southern limits of hindcasted locations of climate conditions

fit for caribou occurrence in 1850 and the one estimated in 2010 when using a threshold value
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of 0.1, ~104 km for a threshold of 0.3, and ~14 km for a threshold of 0.5. In comparison, the
distance between the median positions in latitude of observed southern limits of caribou range
in 1850 and the one observed in 2010 is of ~620 km. These results allow us to estimate that,
for thresholds of 0.1, 0.3 and 0.5 of probability of occurrence, ~47%, ~17% and ~2%
respectively of the observed recession of caribou range since 1850 would be imputable to the
displacement of climate conditions fitting for boreal caribou, due to climate change. No
matter what threshold value was considered, trends and conclusions from these results are
also identical to what has been described in the body of the article, underlining the relatively
low sensitivity of our analyses to the choice of said threshold and the robustness of the trend

in our results.
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Figure C2: Boxplots of distances between historical southern range boundaries and hindcasted southern range boundaries for
each time step of interest and the three reanalysis datasets available, for each considered threshold of probability of occurrence:
(a) 0.1, (b) 0.3 and (c) 0.5. Distances were measured between points of same longitude on observed and hindcasted southern
limits.
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Figure C3: Latitudinal position of observed and hindcasted southern boundaries through time, for each considered threshold of
probability of occurrence: (a) 0.1, (b) 0.3 and (c) 0.5. Boxes for hindcasted southern boundaries were obtained by combining
data from all reanalysis datasets.



CONCLUSION GENERALE

Retour sur les objectifs et les principaux résultats

Notre objectif était de quantifier la part du climat ayant pu jouer un réle dans la
régression vers le nord de la limite sud de I’aire de distribution du caribou forestier (Rangifer
tarandus caribou) au Québec depuis 1850. Grace a I’utilisation de données historiques
d’archives comparées aux reconstitutions de nos modeles de niche, nous avons pu contraster
la position dans I’espace des conditions climatiques représentatives de celles rencontrées
dans I’aire de distribution actuelle du caribou (c.-a-d. 2010). Ces résultats ont mis en évidence
que les changements du climat n’étaient responsables que de ~17% du recul de la marge sud
de ’aire de distribution continue de 1’espéce depuis 160 ans. Ainsi, le développement des
activités anthropiques (c.-a-d. aménagement forestier, agriculture, construction de routes et
de villes) dans le sud de la province depuis 1850 apparait comme un facteur important, bien
supérieur aux effets des changements climatiques, pouvant expliquer la majeure partie de

cette contraction historique.

Contributions théoriques

Notre étude a permis de mettre en évidence que la niche climatique est un outil
particulierement utile pour mieux comprendre les mécanismes régissant a la distribution
géographique des grands mammiferes. Par le fait méme, elle souligne la potentielle perte de
I’état d’équilibre entre une espece et son environnement et le biais de modélisation généré
par une telle situation. Cet élément a déja été mis en évidence par le passé par d’autres études
s’intéressant a I’utilisation des mod¢les de niche (hindcast) chez d’autres mammiféres

(McGuire & Davis 2013, Davis et al 2014) quoique jamais, a notre connaissance, pour des
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especes de grands mammiferes et, a fortiori, pour le caribou forestier. La quantification du
biais de modélisation mise en avant dans notre étude permet de mieux appréhender I’étendue
de la niche climatique du caribou, qui a jusqu’ici €t¢ documentée dans un cadre prédictif
seulement. En effet, ces études utilisaient des données de distribution récentes (caribou
forestier : Neilson et al. 2022 ; caribou des bois : Deb et al. 2020), donc susceptibles d’avoir
¢té fortement influencées par 1’occupation anthropique du territoire, et ne faisait pas

particuliérement de cas de la présence de ce biais dans les données.

D’autre part, la présente ¢tude souligne la pertinence des données climatiques de
réanalyses de qualité, pour leurs importantes couvertures temporelle et spatiale (ECMWF
2022a, ECMWF 2022b, NOAA 2022), dans un contexte de reconstitution a une échelle
spatiale aussi large. De plus, 'utilisation de ces données en combinaison avec des sources
historiques pour compléter les informations récentes concernant les aires de distribution des
espéces est une approche novatrice dans le cas du caribou forestier. L’utilisation de ces
données d’archives permet une prise de recul face aux résultats des modeles de niche, dans
un but de reconstitution ou de projection (Guralnick & Pearman 2010, Davis et al 2014,
McGuire & Davis 2013). Cette vérification s’avere méme cruciale, comme le montre notre
¢tude, dans les cas ou I’espece a I’étude est rendue vulnérable par les activités anthropiques,
ce qui, ironiquement, constitue une part importante des cas présentant un besoin de
prédictions, entre autres pour guider les actions de conservation (Schwartz 2012, Zhu et al.
2021). La littérature est malheureusement pauvre en études ayant recours a une telle
vérification par données historiques (mais voir Davis et al. 2014). Aussi, notre étude supporte
la prise en compte de données historiques lorsqu’elles sont disponibles, comme moyen
efficace de s’assurer du respect des conditions d’application des modéles de niche et pour

mettre en perspective les résultats de modélisation.
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Contributions appliquées au cas du caribou forestier

La littérature abonde d’études mettant en évidence les divers impacts délétéres des
activités anthropiques sur le caribou forestier et son habitat (p. ex. Newton et al. 2017,
Lafontaine et al. 2019, Fryxell et al. 2020, Stewart et al. 2020, MacNearney et al. 2021,
Lochhead et al. 2022). Cependant, I’impact du réchauffement climatique reste a bien des
¢gards une source de questionnement scientifique. Notre étude apporte de nouvelles
informations qui confirment non seulement le réle potentiellement limité des changements
climatiques récents dans le déclin passé du caribou forestier (Neilson et al. 2022) mais
renseignent aussi davantage sur I’historique de ce déclin, probablement en lien avec
I’utilisation anthropique du territoire depuis 1850. Nos résultats ne vont pas dans le sens
d’une rétraction vers le nord de la limite méridionale d’aire de distribution du caribou
forestier causée par le réchauffement climatique des 160 dernieéres années. Les activités
anthropiques telles que les coupes, les chemins forestiers et la conversion de foréts en
territoires agricoles et urbains, ainsi que leurs impacts indirects comme 1’augmentation de la
pression de prédation, de méme que la chasse et le braconnage, ont ét¢ mises en évidence
comme les facteurs majeurs de déclin pour le caribou forestier, incitant a des modifications
profondes de ces activités et des actions rapides de conservation. Cependant, 1’incertitude
(toutefois décroissante) reliée aux impacts des changements climatiques sur cette espece tend
a étre disproportionnellement prise en compte, au sein du corpus de connaissances actuelles
sur ce déclin, et peut parfois méme étre détournée par certains lobbys pour justifier
I’immobilisme a des fins économiques (Alliance Forét Boréale 2019). La présente étude
vient, pour la premiére fois, chiffrer cet impact sur le recul de son aire de distribution et ainsi
apporter un ¢lément factuel central dans la problématique du caribou forestier au Québec.
Elle soutient I’hypothése qui désigne 1’exploitation anthropique du territoire, et en particulier
de la forét mature de coniferes, comme principale responsable du recul vers le nord des
populations de caribou. Si les conséquences néfastes des activités anthropiques ont été
largement explorées dans la littérature, le manque de mise en perspective par rapport a celles
des changements climatiques alimentait des spéculations (p. ex. Alliance Forét Boréale 2019,

St-Gelais & Gilbert 2021). Notre analyse soutient ainsi I’importance des actions de
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conservation centrées autour de ces mécanismes anthropiques, en particulier I’aménagement
forestier. En montrant les conséquences limitées du réchauffement climatique depuis 1850,
elle invite a concentrer les efforts de conservation sur les solutions les plus efficaces a notre
portée, a savoir la protection et la restauration des habitats, des leviers qui sont completement

sous notre contrdle (St-Laurent et al. 2022).

Nos résultats soulignent également 1’utilit¢ des modéles de niche, malgré leurs
limites, pour la compréhension des changements dans la distribution géographique des aires
présentant un climat propice a la présence du caribou forestier. De tels outils peuvent profiter
a des projets de conservation des populations en offrant des informations spatiales qui
permettent de cibler des zones géographiques critiques au maintien des populations et donc
potentiellement d’améliorer 1’efficacité des actions menées. Plusieurs études ont déja
employ¢ de tels modeles dans un but d’identification de zones propices a 1’instauration

d’aires protégées (Bernardo-Silva et al. 2012, Zhu et al. 2021).

Limites

Les limites sud d’aires de distribution historiques ont été extraites de sources fiables
(cartes et archives) mais restent limitées dans leur précision spatiale par la nature de leur
tracé, surtout pour les sources les plus anciennes. De plus, les méthodes qui ont servi a
générer ces tracés ayant changé avec le temps, les positions relatives de ces limites sud
peuvent parfois sembler manquer de cohérence, comme c’est le cas de la limite sud de 1970

par rapport a celle de 2010.

Nos modeles ont été calibrés spécifiquement pour notre aire d’étude et peuvent donc
difficilement étre exportables dans d’autres aires d’¢tude sans ajustements, faute de quoi ils
pourraient générer des erreurs de projection. L’emploi de la méme méthode pour une autre
espece ou dans une autre aire d’étude nécessiterait ainsi de produire de nouveaux modeles,
bien que les variables d’intérét risquent d’étre sensiblement les mémes s’il est de nouveau

question de caribous forestiers. L’ajout de composantes mécanistiques (p. ex. un modele de
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thermorégulation) a nos modeles corrélatifs pourrait probablement améliorer cet enjeu de

transférabilité dans I’espace (Peterson et al. 2015).

D’autre part, bien que les données climatiques de réanalyses utilisées ici soient d’une
grande qualité, elles restent issues de mod¢lisations et ont donc une certaine marge d’erreur,
proportionnelle a 1’horizon de reconstitution. Ainsi, nos modélisations présentent-elles
¢galement une marge d’erreur plus importante pour 1850 que pour 1970, bien qu’elle reste
globalement faible. De plus, nos analyses ont été réalisées a une échelle spatiale relativement
grossiere (1°x1°). Bien que les tendances lourdes persisteraient trés certainement,
I’utilisation de données climatiques a une résolution spatiale plus fine améliorerait la
précision géographique de nos résultats. Dans un contexte prédictif, un tel ajustement
permettrait la visualisation de zones de climats actuelles et futures a échelle locale, ce qui

faciliterait la protection anticipée de régions « refuges » pour le caribou forestier au Québec.

Conclusion et pistes de recherche futures

La perte actuelle massive de biodiversité a 1’échelle planétaire pousse les scientifiques
a s’interroger sur les mécanismes aboutissant au déclin de populations animales comme
celles du caribou forestier au Québec. L’identification des facteurs principaux en cause dans
les phénomenes de dégradation et de perte d’habitat est au coeur de ces questionnements et
s’avere bien souvent la clé d’actions de conservation efficaces (Schneider 2001, Coristine &
Kerr 2011, Gongalves-Souza et al. 2020). Tandis que la littérature traitant des facteurs
anthropiques s’étoffe, les conséquences des changements climatiques sur les distributions
passées, présentes et futures des espeéces animales figureront certainement parmi les sujets
phares des prochaines décennies en conservation (Thuiller 2007, Sirami et al. 2017). Dans ce
contexte, les outils de prédiction, dont le role est fondamental dans I’orientation des projets
de conservation, sont en perpétuel perfectionnement (Thuiller 2007, Zimmermann et al.
2010, Santini et al. 2021), a I’instar de la mise en évidence du biais de modélisation identifié

par notre étude. A cet effet, les données de réanalyses jointes aux données de distribution
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historiques sont des outils efficaces et prometteurs. Leur utilisation conjointe, ici novatrice,
est fortement encouragée puisqu’elle facilite la prise de recul face aux distributions
géographiques actuelles. Elle permet de générer des reconstitutions robustes qui s’appuient
sur des données climatiques historiques d’une grande fiabilité et qui permettent d’analyser
des territoires dont la couverture en stations météorologiques est particulierement déficiente.
De futures études pourront se saisir des informations générées ici pour améliorer la capacité
prédictive des modeles de niche et ainsi faire des projections de meilleure qualité. Ces
¢léments donneront lieu & un meilleur éclairage dans la prise de décision concernant la
conservation du caribou forestier, et d’autres espéces de grands mammiferes, sur les moyen

et long termes.

De nombreux éléments restent encore a explorer dans la relation complexe entre les
changements climatiques et la distribution des espeéces animales (Potter et al. 2013,
Schleuning et al. 2020). II est cependant certain que le temps dont nous disposons pour mettre
en place des solutions de conservation permettant aux populations de grands mammiferes de
se restaurer est compté. Bien que leur mise en application se heurte souvent a des enjeux
politiques et économiques (Hebblewhite 2017), de nombreuses propositions dans ce sens,
basées sur les études scientifiques des dernieéres décennies, ont déja été faites dans le cas
spécifique du caribou forestier (Courtois et al. 2004, MFFP 2021, St-Laurent et al. 2022).
Les études a venir qui formuleront des prévisions quant aux futures zones géographiques
présentant des conditions climatiques propices a la présence du caribou forestier viendront

participer a cet effort.
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