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ABSTRACT

Caiibou (Rangifer tarandusare a vital component of the cultural history and contemporary
existence of First Nations and northern communities. However, caribou halitatasingly
threateed by cumulative effects of climate change and fasd pressurgsom human
settlement, forestry, and energy or mineral explora@imotableconcernare rapid changes

the boreal region of Canadahich ismostlypublicly owned andsupportsa quarter of the
world's remainingntactforest.| useddownscaled clim& projections andnthropogenic
disturbance datas inputs tamichemodelsto projectpotentialchanges in vegetation and caribou
occurrence acrosgesternNorth Americaover the next century. This all@edmeto compae
potentialprojected changdsetwesn climae only, climate +vegetation, and
climate+vegetation+roadnodels for omrthern andouthernmountain,boreal,barrenrground
andGrat 6 s digributidn®l goncurrentlyidentified areas in the Canadian boreadjion

that met intactness, ecgically-based sizeand connectivity requirementtsr dynamic reserves
Consistent with other studieggetatiorprojectionsshow a considerablaotentialredistribution
of vegetatiorthrough expansion of grasslands into current boreal forest, concomitiant
expansion of temperate ecosystems northward and into higher elevations. Garilzisi
suggest that human activities areimportant driver of current caribalistribution Future
projections suggest that climate change will push caribou nichégfurbrthward or upslope.
With significant shifts in caribou distribution expectédjentifiedonly afew potential climate
refuges, inferring that impact on caribou could be severe. A significant shift in management

strategies is needed, including thentification of areas landuse planningo facilitate caribou



climate adaptation. The scale and inherent uncertainty of climate and caribeuvalatdedimit
their use to broadcale conservation. However, tloaddatal compiled can be used at fan
scales, with more detailed caribou location dat@ jdentify potentialthresholds at which further
development may impede cariboacupancy andurvival, and thusupporta balancebetween

caribou conservation and economic development.
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1. CHAPTER ONE: INTRODUCTION

1.1 Status, trends and threatdo caribou (Rangifer tarandug in North America

Caribou Rangifer tarandusare a vital component of the cultural history and contemporary
existence of arthern communities, especially to First NatigHayes and Couture 2004)

However the species distribution is receding in Canada and worldwide, and some populations
are at record low numbe¢gnvironment Canada 2008ors and Boyce 2009, Fedianchet et

al. 2011) In western Canad&arrengroundcaribou R. t. groenlandicusare listed as of special
concern, Peary cariboR(t. peary) as endangered, amgbodlandcaribou R. t. caribo) as
threatenedlorealpopulation), endangeredgntralandsouthernmountainpopulations), or of
special conam (northernmountainpopulation)under the Species at Risk AGARA)

(COSEWIC 2002, 2014pue toongoing negotiation between jurisdictions and a lack of
exhaustive phylogenetic studi¢sised both SARA and COSEWIC taxono(BOSEWIC 2002,
2014) with notablynindher ds r ec | as s iofuit ence r fnr da mnoEEBAONEl CsO s
mountainpopulations (FidL.1).

With about one quarter of all woodland caribou in Canada (~45,000 animals distributed in 45
herds across 1,000,000 kin Yukon, western Northwest Territories, and northern British
Columbia; Fig.1.1), thenorthernandmountainpopulation contains most of the remaining
woodland caribou herds capable of sustaining human h§@@8EWIC 2014)With seven

herds stable, tvincreasing, and nindecreasing, the status of the northewuntain caribou
remains unchangedlthough forestry, roads and other developments are beginning to affect
some herdsand the trend is unknown for 27 herds (tthords of the population)COSEWIC

2014)

Although casiderable research has been undertaken to explain individual factors contributing to
the decline of woodland caribou, little is known about the effects of climate change and the
cumulative impacts of human activities on caribou hafiRatiner and Demarchi 2000

Environment Canada 20p&s well, few populations have been studied under human harvest



(Environment Canada 201N orthern mountain caribou occupy habitats with prorced

elevation gradients, and the northern regions in which they occur are experiencing more rapid
climate change effects than other ecotypes of woodland cqtPGC 2014) Rapid laneuse
changes associated with resource development and increased human settlement are also

occurring throughout the distribution of the northern mountain caribou.

Given the vulnerability of caribou to these stressors, andradegree of public interest in this
species, there is a pressing need to better understand the potential impacts of these multiple,
interacting stressors, and where possible, identify opportunities to mitigate these impacts through
pro-active planningAt the core of my research is the attempt to explore at three scales (entire
species in western North America, full range of each papulaand Yukon winter range of

northern mountain caribou) thptentialinteractive effects ofurrent roads witlelimatechange

on future caribou distribution, with additional realism from integratiogential change in

vegetation projections and fisize

1.2 Effects of climate change omoreal ecosystermand caribouin North America

Boreal forest ecosystems contaimportant habitat for caribou. A third of all boreal forests are

found in Canadaand theef or est s represent 1 (QC#@nadah Forebte wor |
Service 201) The boreal forest iglsoan important ecosystem fom@adian resoureleased

industries which producenumerous goods, including timber, pulp and fuelwasiwell energy

and mineral product8orealecosystemgrovide important ecological functisysuch as

regulating climate and floods, nutrient cyclingil $ormation and water purification, as well as

cultural functions such as educational, recreational and aesthkigs(Canadian Forest Service

20117).

However, climate changs amoung thehreas to the boreatorest(B.C. Ministry of Forests
2010 USDA 201). Mean terperature and precipitation have already increasé&brth
Americg andit is expected to beeoe substantially warmer and driarthe future especially in
northern latitudegBalshi et al. 2009Mbogga et al. 20Q%rice et al. 2013, Boulanger et al.
2014, IPCC 2014)n the Artic, melting of glacierpermafrosandshrubl/tree line expansiom

2



the tundraand thealpine are alreadgcceleratindDanby and Hik 2007, Lara et al. 2016,

Rowland et al. 2016 he effects of climate changeducedincreasan drought(Michaelian et

al. 2011, Price et al. 2013, Worrall et al. 20@ntwé et al. 2016)wildfires (Balshi et al. 2009,
Boulanger et al. 2014jliseasespesty Kurz et al. 2008Raffa et al. 201Bandthermokarsts
(Jorgenson et al. 2006, Osterkamp 2007, Schuur et al. 2GyEdd to one anothéo accelerate
vegetation responge climate changéMontweé et al. 2016)The Boreal could turn o a Carbon
source before 205MyersS mi t h et al . 2008, OO06Donlmdton et
et al. 2014, Lara et al. 2018thoughan overall conversion from coniferous stands to deciduous
(Johnstone et al. 201Mbogga et al. 200)could reducdorest flammability(Higuera et al.

2009, Schwilk and Caprio 2011, Kelly et al. 2013, Marchal et al. 2017)

Nevertheless,agetation explammuch of caribou hatat selection at the landscape level
(Leblond et al. 2011, Beguin et al. 2013, Boan et al. 2014, Poley et al. 2atibou prefer

areas of low fire frequendiL25-275 years cycle) that are suited fess denseral old
coniferous/lichen complexd€ollins et al. 2011, Polfus et al. 2011, Boan et al. 2014, Courbin et
al. 2014, Latombe et al. 2014, Leclerc et al. 20&4¢navoidng burned areas for up to 10km

and 60 yearg§Joly et al. 2003, Johnson et al. 20Mjth burnt areaso increase up to 60%y

20601 n A | Tusdkg Aighgjuality habitafor caribou may decreass 30% in winter range
asmoose habitatnayincreasdyy 64% (Joly et al. 2012)

Food availabilitymay become a limiting factor to caribou in some circumstafidésert and
Weladji 2013, Avgar et al. 2015plobal warmirg induced changes in plamtinsect phenologies
mayleadt®@ t r op hi ¢ mi s maripattirition with spring greeapt(Romnagard et al.
2002, Post 2003, Post and Forchhammer 2@08®) earlier emergence ioicreased abundance of
hematophage insedidagemoen and Reimers 2002, Welad;ji et al. 2088)vever, aribou are
especially vulnerable in wintewhen niche overlap with wolves is great@gsttham et al. 2013)
More dramatic climate changes atsoexpected in winter and northern latitudBsnke and
Dethloff 2008) threateningaribou survival and reproductiomsobserved with th@eary
caribou R. t. peary) (e.g. 98% loss on the Western Queen Elizabeth Islands betweed 9985
Miller and Gunn 2003)Svalbard reindeerR. t. platyrhynchuys(e.g. 80% loss of the
Brgggerhalvgya population in 19939%; Solberg et al. 2001, Aanes et al. 2Q@2)dsemt
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domestic Scandinavian reinddé@veraa et al. 2007Reduced winter range fideliip sedentary
woodland caribou atsshowsthe nedof protecting large blocks afinter habitat rather than
calving grounds where thegduce predation omew borns bypreathg-out (Schaefer 2008,
Faille et al. 2010, Schaefer and Mahoney 2013)

1.3 Effects of human activties onboreal ecosystermand caribou in North America

The i ndustrial f o odinereasimgtapidlymartCaanyendssdciatioNath t h
hydrocarbon and miningxploration and developme(iNicLougHin et al. 2003, Vors et al. 2007,
Wittmer et al. 2007, Environment Canada 20®@)her altering disturbance regimes and fuel
patterngdKrawchuk and Cumming 201@Whitman et al. 2015, Lehsten et al. 2016, Parisien et al.
2016, NlunguKweta et al. 2017)Habitatloss and fragmentation are the indirleat ultimate

cause of caribou declinesspeciallywithin the ®uthernmountain(McLoughlin et al. 2003,
Wittmer et al. 2007andborealpopulationgSorensen et al. 2008, Environment Canada 2008
wherehuman disturbances are great€stribou are also more likely to avoid amel negatively
affected ly logged areas than burnt aréBsvironment Caada 2008Beguin et al. 2013,
Lesmerises et al. 2013, Beauchesne et al. 2014, Losier et al, @i&pally because the

former is associated with roads/trails development which are linked to expansion efailkite
deer and associated increasediseasege.g.Parelaphostrongylus tengiandpredation

(Parmesan and Yohe 20@8ourtois et al. 20075 chaefer and Mahoney 2007, Vors et al. 2007,
Wittmer et al. 2007Boanet al. 2014Rempel 2011, Courbin et al. 2014, Leclerc et al. 2014,
Poley et al. 2014, Avgar et al. 20I3awe and Boutin 2016)ndeed low densiy secondary
roadsare strongly selected byolvesand bearss theiplasticityto anthropogenic food sourse
and infrastructurgive themmovement advantagélsesmerises et al. 201RlcKenzie et al.
2012,Latham et al. 203, Boan et al. 2014)Concomitantlyundisturbegatches <100km2 create
concentrations of caribou thatebetter hunting for predatofkesmerises et al. 2013, Latombe

et al. 2014)

Althoughdistance threshotdmay be smaller in highly disturbed ar€ébasblond et al. 2014)
caribougenerally avoictut-blocks byup to5km, seismic lines by 1001t@ over2km asdensities
increasgBeatchesne et al. 2013, Johnson et al. 20dB)es by 210 km(Polfus et al. 2011,
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Leblond et al. 2014, Johnson et al. 2QJB)mary roads by up to 30km, secondergdsby up to

10km rural roadsby about 1km(Leblond et al. 2014, Johnson et al. 2Q Hsdwellsites and

tourist cabin by ¥km (Polfus et al. 2011, Johnson et al. 20XZribou use of habitats
decreasg(Lesmerises et al. 201,3ndcalf mortality rates increaseavith all disturbancesas

well as with increasing amounts @éciduous or mixed fore@Polfus et al. 2011, Lesmerises et

al. 2013, Beauchesne et al. 2014, Leclerc et al. 2014, Losier et al. Bafrtgrs to migration

and dispersion (e.g. deep snow, burns/cuts, roads/seismic lines) may also impact caribou access
to important seasohtorage(Wolfe et al. 2000, Dyer et al. 2001, Johnson et al. 2001, Nellemann
et al. 2001, Seip et al. 200and refuge from insects, predators and thermal ikesy/k et al.

1999, James and Stu&inith 2000)

The Recwoery Strategyor the boreal populatiomlentifies a minimum of 65% undisturbed

habitat in a range as the critical habitat that can aid in recovery or provides a 60% probability for
a local population to be self sustainifignvironment Canada 2008 he risk to caribou of an

Allee effectat small population siz&8Vittmer et al. 2005, Vors et al. 2007, Wittmer et al. 2007)
also underscordble importance of connectivity to metapopulation sustainalffity and

Manseau 2011, Courbin et al. 2014, Leblond et al. 2014)

1.4 Niche models

Niche modelsdlso known aspeciesDistributionModels)rely on the statistical or theoretical
relationships between environmental predictord observed species distributigreviewed by

Elith et al. 2006)Niche modelsarealso known as bioclimeatenvelope models when correlating
observed species distributioasdclimate conditions andhave been widely used to predict

climate change impacts on: species amehmunityshifts(Thomas et al. 2004, Rose and Burton

2009, Ding et al. 2017¥cosystem biodiversifyBotkinetal. 2007) r eserves 6 ef fect
(Araujo and Williams 2000, Araujo et al. 2004, Hannah et al. 2007, Hole et al. 2009, Carroll et

al. 2017)invasive specie€Thuiller et al. 200 and assisted migratidray et al. 2016)

While climatic variables often explain rstoof distributional variance of species and predict well

the current distributionfRowland et al. 2016)yegetation response to climate is usually lagging
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and attributed to topedaphic conditions, lags in seed dispersal or-loragl tree species that

can persist invironmenunsuitable for recruitmeriStralberg et al. 2015a, Renwick et al.

2016) This may not mattewhen using empirical data to predict species distribyiedong as

the associations between climate, vegetation, and other drivers remain constant over the
modelingdomain. However, when extrapolating into new spatial or temporal domains, the costs
of using proximate variables are greater, depending on the degree of decoupling that may occur

over space or timgRoberts and Hamann 2012)

Furthermorewhile the role of human landscap@dification is likely to be confounded with
current climate conditions atcoarse scale (given the concentration of development activities in
more southern regions), it may not be the case at finer scales (such as the one applied here to
winter ranges ifYukon) or in the futureNevertheless, since many northerauntain caribou

herds have not beewell-studied, an environmental niche model across their entire distribution is

the first step irunderstandindpabitatneedgas per boreal caribo&nvironment Canada 2008

1.5Thesis rationak and overview

The objective of this thesis to exdore the impacts that future climate changayhave on
cariboudistribution,and tointegrate caribou conservation and climate change into a dynamic

conservation planning framework.

In thefirst research chapterl useniche models texamine potentialesponse of vegetatida

climate changé westernNorth America. The specific chapter objectives are as follows:

1) Evaluate vegetation response to current climate andedaphic controls angroject
potentialvegetation changes for the 2020s, 2050s,2080s.
2) Compare different techniques and model uncertainties for vegetation projections and

extrapolation into novel conditions.

To predictpotentialfuture distributions of northern @antain caribou and associated vegetation

classesl had to consideecosystem typepotentially affected by boreal forest expansion (taiga
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and tundra)or that may expand into the current boreal region (Heoreal, prairie/grassland),

thus the study area was extended to western North America. | use two modeling techniques
discriminant analysi§Goslee and UrbaR007)and regression tr§®andomForest, Cutler et al.
2007)to predict vegetation classeges$t the predictability of nine vegetation classifications

before projecting them in the future, identifying de facto current analogues to future boreal
climate conditions and potential shifts in vegetation. To model the climate, | use 18sumese
GeneraCirculation Models (GCM). | use a combination of four digital elevation models at a

fine scale in order to downsize general circulation models used to project vegetation response to
climate for the baseline year (196€290) and to train the dataset mter to project into the
future (20206s, 2050s and 2080s) .

In my second research chapterexamine key controls of each caribou population and evaluate
how they affect their distribution, and how predictions depend on thecoa&leredThe

specificobjectives of this chapter are to:

1) Incorporate current armbtentialfuture vegetation and climateato projections of potential
futurecaribou distributionin order toidentify potentialpopulationvulnerabilityto climate or
to roadsand the uncertaty with scales

2) Compare potentiahifts in distribution witrcurrentpopulationdistribution,in orderto
identify potentiakclimateir ef uge s 0.

| compareniches based on climate only, climate+vegetation, and climate+vegetationtisoagls

maximum entropynodels(MaxENT) (Peterson and Robins 2003heseresults were then

coupled with climate and vegetation projections, to assess caribou vulnerability to these,changes

and identify potentiallonate changér e f u Eirealby,do.assess the importance of sctle,

models were developed based on i) the herdaa for the entire species irstern North

America (broad scale), ii) the herd ranges for each populations (intermediate scale) oiyhe

thekeywinter areas for northernguntain herds in Yukon (regional scale) (Ad.).

In my third research chapterl integrate caribou conservation gmatentialclimate-driven
changsin fire and vegetatiomto a dynamic conservation plannirmgrnework with specific

objectvesto:



1) Studythepotentialeffect of changgin climate onthe minimum reservsizes neeeéd
2) Examine how current protected areasrespond witlthe potentialcaribourefugesand
candidate reserve networkintified

Although the climate scenaripsoduced in previous chaptesisould define the response limits
of vegetation and caribou, the reality will most likely lie betwdeseextremes. Where gaps in
existingprotection for a particular caribou population could Hediby potentialclimatechange

refuges, | generate candidate resenfaainimum intactnesonnectivity andsize for

resilienceto future firedisturbance¢Anderson 2009, Krawchuk and Cumming 2010)

The treeresearch chapters form a continuation of one anahdroffer valuable irmation

on howpotentialchanges irtlimateandvegetatiormayimpact already tigatened caribou
populations in wstern North America in the future. This research identifies potential
conservation areas thate or will be suitable for caribou, takingorsiccount intactness,
connectivity and current and futuypetentialvegetation, climate, and fire size. The final chapter
of this thesis summarizes the findmngrovides management recommendatiand discgses

future research direction for caribou comwsion.
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2. CHAPTER TWO: POTENTIAL EFFECTS OF CLIMATE CHANGE ON
VEGETATION IN WESTERN NORTH AMERICA

2.1 Summary

Concernoverdeclining forest biodiversity due to human development and climate change have
increased the use of modatssupport and evaluate management decisions over large spatial and
temporal scales. Howevelesireddhematic and spatial resolution miaglacking in available

climatic projections obiomes, ecoregions or tree species ranpes. study addresses theka

of appropriate land cover data for forest conservation and widibgtat modeling by

forecasting climatéenduced changes in 9 commonly usedjetatiorproduct over northwestern
North Americausing climate envelope modelsappliedtwo ecosystenbased climate envelope
modeling techniquesdiscriminant analysis and classification tree analygisevaluate the

effect of modeling method goredicton of vegetatiorclassdistribution. RandomForest
classification tree analysperformed better thasiscriminant analysigor this purpose

Consistent with studiefsom southern provincesnodelpredictions show vagtotential

redistribution ofvegetatiorassociated with expansiontypically temperatelassesorthward

and into higher elevations.

2.2 Introduction

Climate change is one of the main threats to biodiversity world@@idemas et al. 2004,
Ceballos et al. 2017Not only do many species have low adaptabi(i¥gaman et al. 2016put

migration will also have to be fastéran in previougllaciationgRoberts and Hamann 2016)

Increasing temperatures iregternNorth America 00.32°C per decade since the 19fKismar
2007)have resulted in drougimduced forest mortalit{Breshears etl. 2005, van Mantgem and
Stephenson 2007, Hogg et al. 2008, Michaelian et al. 2011, Price et al.i@oEse in

wildfires andreforestation failure@=ilmon et al. 2004, Balshi et al. 2009, Price et al. 2013,
Boulanger et al. 2014andepidemics of diseases and p€8¥oods et al. 2005, Kurz et al. 2008,
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Price et al. 2013, Raffa et al. 2018%sociatectlimateinduced changes in forest composition

and structurare exgcted to intensify, especially in northern latitu@@élliams and Liebhold

2002, Logan et al. 2003, IPCC 2007, Balshi et al. 2009, Price et al. 2013, Boulanger et al. 2014)
aswarming acceleragandthe expansio of human activities further alter disturbance regimes

and fuel patternKrawchuk and Cumming 2010, Whitman et al. 20T%)ese potential negative
impactssuggesh continued warming of 0.43 C per decédl2 scenao; (IPCC 2000) threates
western North Americaods (Przmegetd 2013IMore baguerttand and €
intense disturbances could speed upctireversion of boreal mixedwood forests to transitional
aspen parkland along southern margtisgg and Bernier 2005, Mbogga et al. 2QHd)d

promote an overall conversion from coniferous stands to decid(imisstone et al. 2010)
Observedreeline shifts to higher elevations anlbiag the wetern borekarctic transition zone

are also expected to acceler@tansell et al. 1998, Sturm et al. 2001, Danby and Hik 2007, Lara
et al. 2016)

Rapid permafrosthawing and associatéaind surface collapse (i.e. thermaodtgyrarealso

expectedo increase with climate chan@#rgenson et al. 2006, Osterkamp 2007, Price et al.

2013, Schuur et al. 201,5)ausing substantifélee mortality and additional release of methane
(Jorgenson et al. 2001, Mye$snith et al. 2007, MyesS mi t h et al . 2008, O0O6Do
Price et al. 2013, Johnston et al. 2014, Lara et al. 2B&fhafrost in birch forestmayonly be

0.2'0.5 °C fromwidespreadhawing( Ost er kamp 2007, OO6Donnell et
In spruce forestsnosses and thick organic sdilavehistorically providedresistageto

thermokaring by insulating the ground against summer lyeaiter than cold penetration

during winter(O'Donnell et al. 2009, Jorgenson et al. 2010, Turetsky et al. 2012, Lara et al.

2016) howeverthis is likelyto be destabilised witfuture increase in warming, droughand

y r €Bergner et al. 2004, MyeiSmith et al. 2008, Jafarov et al. 2013, Lara et al. 2016}0 a

million square kilometres of discontinuous permafrost within the Canadian boreal zone could be
degra@dby 2100, and the stby 2200(Price et al. 2013)Thawing and thermokarsting will

cause initial waterlogging of many leproductivity wabdlands and br much of the souther
discontinuous permafrost zone, thepiiy point fromcarbonsink tocarbonsource could occur

before 205(Price et al. 2013)These effects are already apparent in some regions, with

documentedhanges in Yukoimcluding melting ofglacies, permafrosthaw alpine tree line
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advance, shrub expansion on the arctic tundra, range expansion ohseatgand earlier egg

laying in arcticbirdswith earlier snow melRowland et al. 2016)

Diversity of forestassociated species is related to the abundance and quality of forest.habitats
Quantifying climateinducedvegetatiorchangess therefore required to predict impacts on
forests and to manage changing ecosys{dfilar et al. 2007) Niche models are now widely
used to infer which areas will be likely to maintain suitable habitptdactivelymitigate

climate change impacts by establishiegarvegCarroll et al. 2017)habitat restoration, or
assisted migration prograntGray et al. 2011, Gray et al. 2016uch additional sources of
information may allowpolicy makersand practitioners to weigh the risk of changing existing
practices against statgsio(e.g. Gray et al. 2011, Gray et al. 2018pwever, sudies that use
thelowest levels of/egetatiorclassification fowestern Canada still reportéteir results

focusing on broad bioméMbogga et al. 201Qpr based oly on climatewithout attempting to
accounfor expectedime lagin vegetation shié (Rowland et al. 2016)0ther studiefocus on
productivity (Powers et al. 201@&ndspecificspeciegGray et al. 201, Gray and Hamann

2013) or complexand stochastiprocessssuch as fire and vegetation dynamics using landscape

simulation modelgRupp et al. 2006)

Examining biological responses to environmental trends and vétjals valuable foreveaing
potential changes in species or communities distribuéiod to guide manageentand
conservation effort@Millar et al. 2004, Millar et al. 2007Empirical and experimental

approabes have been used to reveal plant response to climate variability and climate change
over large geographic scales, such as-tengn provenanceials over many environmen{g.g.
Matyas 1994, Rehfeldt et al. 199@alysis of growth and mortality in forest inventory plots
(e.g.van Mantgem and Stephenson 20@&t primary productivitye.g.Boisvenue and Running
2006)and dendreclimatology(e.g.Barber et al. 2000}-irstused in the 1990siche models

(also known aspecies distribution modets bioclimatic envelope modélsare the most
commonapproacho project species respongeslimate changéAraujo et al. 2005, Hannah et

al. 2007, Hole et al. 2009, Rose and Burton 2009, Roberts and Hamann 2016, Rowland et al.
2016, Ding et al. 2017Niche moekls predict suitability or occurrence bynply correlating
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survey data with environmental predictor variables, usmgofmany statistical anchachine
learning methodéeviewed by Elith et al. 2006)

The choice of modeling technique is a cause of uncertainnyojectng species responses to
climate changé€Thuiller et al. 2004, Hijmans and Graham 2006, Lawler et al. 2006, Pearson
2006) but thiscan be reducedith methods like RandomForest ensemble method$Stralberg
et al. 2015). Neverthelessbecause of substantial uncertainty iojpctions, there is a need to
investigate the relative and interactive effectsaléctionof awide setof predictors (e.gGlobal
Circulation Models (GCMprojections) and modeling techniques to identify inadequacies in
methods or data qualifyrhuiller 2003, Stralberg et al. 20d)5 Dependent variables may also be
better explained (show a better model fit) using different data sources or rfMdisisn and
Frescino 2002, Tuiller et al. 2003)
Thus,in order to develop ecosystdmased climate projections to support spebigsitat
modelling,my objectives fotthis chapterareas follows:
1) Investigate the uncertaintyith identifyingthekey climatic and tope&daphiccontrok for
variousvegetatiorproducts
2) Evaluate vegetation resposse aurrent condition@ndprojectpotentialvegetation
changes for the011-2040, 20412070, 20712100periods(hereafter refered @020s,
2050s, and 208Qshased on a range of GCMs and &sion scenarios.
3) Compare different techniques for vegetation projections.
4) Evaluatevariation inmodelaccuracy, and potential shifts in vegetatmnoss

classification algorithms and landcoy@oducs.

2.3 Materials and methods

2.3.1Study area

The sudyfocused a westerrNorth America,bordered to the north by tiAectic Ocean(72°N),
to the west by th@acific Ocear{168°W), to the south by Mexic{B2°N) and to theeast by
ManitobaandNunavut(102°W). Shown in Fig.2.5, theareacoversabout10,000,000 square
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kilometers of landn United States and Canadde study area from north to sotghst contains
theTundra, the Taiga, the Northern Forest (boreal forest), and the Great Plains ecqf&gns
2009) From west to center are the Marine West Coast Forests (or Mediterranean California to
the south) and Northwestern Forested Mountains (or North Ameries@rt3 to the south)

ecoregions.

2.32 Data sources

2.32.1 Climate baselines and future projections

With coarseresolution climate grids, temperature variatians obscuredespecially in
mountainous aregslamann and Wang 20Q8jhereforejn order to address my first objective,
first usedthe climate WNA softwaré¢o downscale (i.ebilinear interpolation anthpserate based
elevation adjustmehthe 1961-1990baselinegi.e. monthly precipitation and temperature
interpolatedwith the Parameteglevation Regression of Independent Slopes MoB&ISM,
(Daly et al. 2008jrom 2.5 areminutesto 0.5 arcmin theaverageaesolution offour high
resolution Digital Elevation Mods(DEM): SRTM, GTOPO30, GMTED, and CA3blamann
and Wang 2006and the resolution of my ensuing modédspt in a Geographic Coordinate
Sydem "WGS 1983" except when they had to be otherwise projected in Yukon Albers for
analysis of distance and aye&limateWNA downscaling of GCMs was evaluated\btiyogga

et al.(2009) who found that thelownscalingalgorithms eliminated up to 65% of the
unexplained variance in observed monthly temperataresreduced standard errors of climate
estimats by up to 40%.

Climate WNAwasalsoused tocompue 70 seasonal and annual climate variables for eatie
desired 30year periods: 1951980, 19611990, 19712000, and 1982009(Wang et al. 2012)
However, only the 1961990 period was kept as baseline aftprediminary analysis revealed
its slightly greatersensitivity(up t02.7%with the second best periot®71-2000 in
discriminant analysis and randoorEst despite that mosahd cover products date

approximately from 2000
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Uncertainty in projectionpartly arisessfrom the variance irGlobal Circulation Models (GCH
IPCC 2007 and their implementations of each scenaricC@a emissiongStralberg et al.

201%). Not onlydo GCMs predictability of past climatessy by variables, periods, and regions
(Knutti 2010, Terando et al. 201 Dut historical prediction accuracy does not correlate well with
future projections accuragRaisdnen 2007, Jun et al. 2008, Knutti et al. 200%us,| testecthe
most dissimilamodelsfrom a principle component analysis (PGAJdi and Williams 2010)
andadistmce matrixu si ng only the selected climate vari :
2070 2099 period (hereafter called the 208@g)ditionally, | tested various combinations of
similar GCMs, as other studies show that multi or ensemble models comgisteperformed
individual GCMs in predicting historical climates regardless of the mgtgtti et al. 2009)

This was completed usiragootstrapcluster analysis and ordination with rtamear
multidimensional scaling (NMDS), usirige packages Ecodigoslee and Urban 200@hd
pvclust(Suzuki and Shimodaira 200®) the R programming environmefiR Core Team 2014)

to test the robustness of the clusters created"&itblidean”, "maximum®”, and "manhattan” or
"Mahalanobi$ distancesl usedtwo emission scenarios A2 and A1B from the Special Report on
Emissions Scenarigd?CC 2000)and their implementatiorfer 2020s, 2050s and 2080y 22
GCMsfrom theCoupled Model Intercomparison Proje€iMIP3) datase{Meehl et al.
2007YBCCR_BCM2_QCCCMA_CGCM3.1 CNRM.CM3, CSIRO.MK3.Q GFDL.CM2.0 &

2.1, GISS.AOM INMCM3.0, IPSL.CM4, MIROC3.2.MEDRESMIUB.ECHO.G

MPI.LECHAM5, MRI.CGCM2.3.2A NCAR.CCSM3.0NCAR.PCM1, UKMO.HADCM3, and
UKMO.HADGEM1), or specific to A2 GISS.ER, or to A1B (CCCMA.CGCM3.T63GISS.EH
IAP.FGOALSL1.0G, andMIROC3.2.HIRES. In this preliminary analysisdentified clusters of
GCMswere not highly distinct and varied greatly dependinglanate variables used, region
analyzed, distance type, and clustering method. This suggests that there were no clear, stable
clusters of similar GCMs and that even selecting a set of most dissimilar single GCMs is
challengingl therefordropped the A1Bcenaripas thevariance among GCMs was much
greater than amongRESscenariosAdditionally, | averaged across all available modelsthe

A2 scenarido smooth uncertainty, anchproveinterpreability of vegetation mode]s

recognizing thathis may esult in unfortunate smoothing of model variabi(i§nutti et al.

2009)
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Most climate variables were highly correlated, especiallythigrseasonal and annual averages
of the same variabl®iscriminant analysis offered similar canonical functiopgendix Fig.

2.1) while randomForestlassification sensitivityTable2.1) decreased by less than 0.8%
(versus up to 4% for discriminamalysis) with any subset ot&temperature, precipitation and
continentality variables. Thukidentified thebest compromisef predictors forall vegetation
classificatiors usingbootstrapped crosglidations with permutations of predictgB&eaumont

et al. 2005, Guisan et al. 200)d identifieceightbiologically relevant and uncorrelated climate
variables (<0.85):degreedays above 5°C and below 0°C (DD>5 & DD<0), climate moisture
index (CMF the differencéoetween precipitation and Hargreaves climatic moisture deficit
according tdHogg (1997) continentaity (TD- the difference between mean January and mean
July temperature)mean summer anchiaual precipitation (MSP & MAP)@reme ninimum
Temperature (EMT }he Julian date on which the fredsée period beginbFFB (Fig. 2.1).

2.32.2 Topoedaphic prdictors

One hundred thirty sevetopo-edaphicvariableswere also converted to 0.5 argnutes before a
similar bootstrappedrossvalidationselectedLO relativelyuncorrelatedr<0.6) variables soll,
wilting point between €450cm, nitrogen density beéen 630cm, geologyfield capacity
between 680cm, saturated hydraulic conductivity betweetb@cm, slope, maximum soil
moisture, water abundance, and hillshéelg. 2.1). The slopeandhillshadevariablesl

calculatedwith the DEM Surface Tools (v. 2375;jennessent.cojrwereindeedmore important

to models thus preferred toe HYDRO1k datasefe.g. slope, aspect etc. Verdin and Verdin

1999) Likewise,he variabl e Awater abundamecmiduewas pr od
raster orwaterpercentagg(FAO/IIASA/ISRIC/ISSCAS/JRC 2012)iasa.ac.atwith aline

densityrasterl produced fronCanadgNHN-Levell-Ed1.0(NRCAN 2016) open.canada.ga

/U.S.A watercoursdataset$¢Simley and Carswellr. 2010, usgs.conaj a search radius d.5

arcminutes(after incremental testing of 0.1 search radius and convehingixel of maximum

watercourse density a value of 100

Theother122 variables came froldS Geological Surveyww.usgs.goy, Oak Ridge National

Laboratory Distributed Active Archive Centétip://daac.ornl.goy/ DataBasin
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(http:/Mdatabasin.ong and International Instita for Applied Systems Analysigdsa.ac.gt(see

Appendix Table2.1 for more details)

Althoughelevation wasmitted to avoid collinearity with climat@.g.Aradjo and Guisan 2006)
static topeedaphic variables weresedto constrain projetions as suggested dyuoto et al.
(2007)

2.32.3 Land cover and ecoregion response variables

In order toevaluatethevariation amongnultiple land cover and ecoregion response variables, as
outlined in the second objectivietested ningroducts: CEEL.III ecoregions((CEC 2009)

cec.org, MCD12Q1 (Friedl et al. 2010)Ipdaac.usgs.gQvNALC2005.v2 (CCRS 2013)

cec.org, NA-GLC2000v2 (Latifovic et al. 2002)forobs.jrc.ec.europa.uGLC2000v1.1 (Fritz

et al. 2003)forobs.jrc.ec.europa.guGlobal 198194 (Hansen et al. 2009gIcf.umd.edy),
Caradian19881 ((Agriculture and Agrfood Canad 2013) open.canada.ga
Globcover2009v2.3(Arino et al. 2012)due.esrin.esa.iptand SYNMAP200((Jung et al.

2006) webmap.ornl.goy(Table 21). Land cover classe®nsidered unnatural or lesimatically

driven,such as wetlands, cropland, and urban areas were not maukitber were rareover

types lacking sufficient occurrences.

2.33 Analysis

To address the third objective of compartechniques used for vegetation projectionsed

two contrasting techniques: discriminant analysis and classification tree analysis carried out in
the R programming environment by the MAB&nables and Ripley 2002nd randomForest
(Breiman 2001packagesrespectively
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2.33.1 Sampling of the training dataset

Discriminant analysis and randomForest techniques are able to carry out classification even
when the new aabination of predictors has no current analogue condifi@oberts and

Hamann 2012)a risk that is high at local scales but low at large;cuttinental scales

(Williams and Jackson 2007)wanted to avoid exacerbating sutgsk and to addregRoberts

and Hamann 2012pncern for amnflated statistical power with autocorrelated observations
while followingB r e i n2D@ljFecommendation that the number of observations within
classesareequal Thus,l used a random samplired 0.1% of thegrid cells or about20,000 data
points distributed equally between clask@seach modeling exerciséable 21). The slight
differencesn number of data pointsetween eacliegetatiorclassare due to the need for all
classes of thawo categorical predictors (geology and superficial soil types) to be represgnted
at least 20 data points within each vegetation claasso confirmed thamnodel accuracy and
robustness were consistent between training the models w20,a00 samplingbservations

(0.1% of the tiles)or only a random 2/3 subset.

2.33.2 Discriminant analysis

Discriminant analysis is a rotatidrased techniquiatmaximizes the total variance between
groups yegetatiorclasses imy case)o identifywhich of thevariables differentiategroups
best.Discriminant analysis uses a reduced set of independent cardisa@ahinant functions of
the original variables to reduce multicollinearity and epa@rameterizationXppendix Fig.2.1).
Therefore] tested the assuptions of univariate normality and homogeneity of covariance
among groupandtransformed variabless necessanp conform to a standard normal
distribution with the Ecodist packa¢@oslee and Urban 20Q7)

2.33.3 Classification tree analysis using randomForest

RandomForess a robust er@nble classifiethatruns a subset of variables along many

dichotomous decision treesr@ndom variables alorgp0 trees in this study) from bootstrap
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samples of the training datand determines the predicted class by majority vote over all
classificaton treeqLawler et al. 2006, Cutler et al. 200%) contrast with discriminant analysis,

the scaling of the predictor variables is irrelevant for classification trees.

According toRoberts and Haman2012) modelsthat do not considegenetic differentiation
within speciegend to underestimate the negative effect of climate changeadiable niche
spacePresumingthatspecies genetic variatios mostly accounted for by ecoregion
delineationsl also testeédnecosysterrbased methothatintersect each land cover
classification withCEClevel Il ecoregios (a framework commonly used for research and
natural resource managemenAs the models forecast several hundred-§ic&evegetation
classesl| expected dow predictability of such detailed classifications but improved results once
combined back into the broader original land cover classificatibtowever, this preliminary
analysissuggestethan een once the modeling units were combined back into thedlero
original vegetatiorclassifications, misclassification error rateish theecosysterbased method
(i.e. Intersect with CEQevel Il ecoregiohwereabout a third greatéhan withland coveralone
thereforeabandonned

2.33.4 Modelevaluation

As part ofmy fourth objective] comparedaccuracyfor each current land cover classification

the following manner(1) | compaedthe best set of predictors for each classification and
identified a compromise set of predictor varialitemodelall classifications, as well as
ecoregiongven if the later were not used to select predic{@)d usal a random 2/3 of samples
for training and 1/3 for evaluatidout-of-bag)to reportCohen Kappa valuemndthe aptitude of

the models to identify megetatia classwhere it occurs (sensitivity, measured as TP/(TP+FN),
with true positives (TP) and false negatiyeawler et al.2003. (3) | compared predictability

from randomForest with discriminant analyg#) | estimaed how much of theariance in the
predicted elevation versus northward changexplainedby he f or mul a: u EI

Latitude xslope
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2.4Results

2.4.1 Key climate and top@daphic predictors of vegetation

RandomForesmportance valuesuggesthe primaryvegetatiorpredictors were climatic
(mostly DD>5 and DD<0), followed byeé edahic variables (mostlsoil), and ially, the
topographic variableghat were by far the least importgfig. 2.1). In fact, | used 18 variables
for best predictability but a stepwise elimination procedure revealed that using the most
important 14 variales (i.e. without the four topographic variables) resilith barely anyloss in
sensitivity Also, when using only the eight climate variables randomFolassification
accuraciesuffered only by2-3% compared with about 6% when using all 10 tedaplic
variableg(Table 2.).

2.4.2 Accuracy acrosyegetationproducts

Model sensitivity across all classifications wasichlower than specificity(ability to detect a
absence ofegetationmeasured as TN/(TN+FPand, more importantlyositivelyassociated
with their spatial homogeneity and latitudinal segregation of clagkas, t was rot surprising
that among the four most predictable classifications were the threspagisily clumped (vs.
granulated) CEC level lllecoregionsMCD12Q1andCA-AVHRR. Thus it seems reasonalie
extrapola¢ data from Canadaao  f i | | CA_AVHRROG6s missing data f
(Fig. 2.4), especially singarojections in USA.ompare well visually with other classificatian
despite maybe overestimatingniferous forest in Alaska at the expense of transitional forest
(Fig. 2.2-2.5). Althoughtatradeoff had to be found between predictability and complexity
NALC2005 wes neverthelesthe most interesting classificatiomith better predictability than
CA-AVHRR and MCD12Q1 despiteontainingmoreclasses (Table.2), as well as spatial and
latitudinal heterogeneity (Fi@.2-2.5). NA-GLC2000,GlobalAVHRR andGlobcover2009
werethe least homogenous and predictgl#desthan 70% classification sensitiyiand 60%

Cohen Kappa), thus their results are not discuasddheir projections not shown
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2.4.3 Accuracy across modeling techniques

For the discriminant analyses, two orthogonal canonical discriminant functions exi@@s of

the variancemong CA_AVHRRvegetation classg 82% for NALQ005 and 70% for

MCD12Q1. The first canonical discriminant function for interpolated data (eigenvalue of 6.0,
7.5, and 1.5; and 62%, 64%, and 44% of variance explained fx\GARR, NALC2005 and
MCD12Q1] respectively) can be observed along an elevagiagradient and shows high
correlations with temperature variables, especially when measured during the growing season
such as degredaysabove 5°QAppendix Fig.2.1). Independent from the first, the second
caronical discriminant function (eigenvalue of 2.7, 2.0, and 0.8; and 28%, 18%, and 25% of
variance explained for GAVHRR, NALC2005 and MCD12Q1respectivelyreveals a

gradient from continental to maritime climatath milder winters and more precipitation the
coast due to a strongesnic influence (Appendix Fig@.1). Although a third and fourth

functions independent dimensionsre respectively required to account for 90% or more of the
total variance in NALQOO5and MCD12Q1vegetationall other furtions ©uld be dropped
without affecting the predictions or misclassification error rates. Similar discriminant functions
were obtained for similar land covelasss across CA_AVHRR, NAL2005 and MCD12Q1
classifications (Appendix Fi@.1).

Neverthelss,my amalysis showed that randomForestswaore robustwith asensitivityfor the
three most predictable land cover classifications (i.e. MCD12Q1, NALC200A\GARR) of
21-28% compared with 3-46% with discriminant analysi{§able2.1).

2.4.4 Uncertainty and projecton of vegetationshifts

Most classspecificsensitivitiesfor MCD12Q1, NALC005 and CAAVHRR were above a

Kappa of 60% and none were below 408ppendixTable2.2-2.4). When MCD12Q1,

NALC2005 and CAAVHRR products were grouped into skes based on Kappa values (<50,
50-60, and >60), an inverseendwith the standard deviation of their latitudas apparenin

other words, the more specific a land cover was in term of latitude, the better the Kappa value

(e.g. the NALC2005 classifidah where broad temperate/spblar classes had on average a
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kappa of 55.7 compared to 74.1 for the more localizegpsidy/polar or tropical/subropical
classes)l also observed a weaker trend toward higher model accuraciegietatiorclassesn
higher elevationAcrossall three classificationshe vegetatiorproductwith higher Kappa such
as snow/ice, grassland, and barren were observed at higher elevation campiabrbadleaf,

savanna/transitional/shrubland, needleleaf, and nfomedts Appendix Fig.3.2).

| found an inverse linear relationship between changes in projected elevation and latitude (Fig.
2.6). Based on the formula:Elevation= U Latitude x slope, the slope fluctuated frém31 for
MCD12Q1, to 0.42 for NALQOOS 0.44 for CEC Ecoregions, and 0.51 for GA/HRR.

Concretely, classes fOFALC 2005, MCD12Q1, CAAVHRR and CEC Ecoregions are

respectively expected to shift6,0.9, 1.9 and 1.8 m up slopel6,3.3, 3.5, and 3.2 km

northward yearly. This correlation explain28l, 53, 45 and 22 % of the variance in the predicted
elevation versus northward changes forki#d.C2005 MCD12Q1, CAAVHRR and CEC

Ecoregions projections, respectively

Aside from the southern US, for which projections may lack modern analegtien my study

area the biggest increase in mean ladiélby 2080 are expected in therthern Forests (Boreal

Pl ains ecoregion: 528km nort h; MCD2®®§6s Mixe
Temperate or supolar broadleaf deciduous: 410km north; NAAGDS s  Mkoxrest: 00km

north; CAA-AVHRR G s B b9%kandortbpppendix Fig.2.2). The models also predicted a
largedisplacement of Taigaegetation(Taiga Shield ecoregion: 299km north; Taiga Cordillera

ecoregion: 321m up slope; Alaska Boreal Interior ecoregio2 0 8 m up sl ope; MCD1
Woody savannas: 330km nort h; MCD12Q16s Savann;
Needleleaf: 294 km north; NALZD0S  Sooldr taiga Needleleaf: 265km north; NARAGOS s

Subpolar or polar barrefichen-moss: 329km north), andindravegetationfNALC200% s -Su b

polar or polar barretichenrmoss:329km north, CAVHRRG6s Tundr aA@enhdix km n ol
Fig. 2.2).

By the 2080s, the Temperate Siereasregion is expected to replace the Mediterranean and

semtarid ecoregions at highetevations. The Mediterranean and samd ecoregions are in

turn predicted to expand west at the expense of North American deserts. North American deserts
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are likely to shift northward in parof the Northwestern Forested Mountains (geuth/central

BC). The Great Plains ecoregion would also slightly move northward into the Northern Forests,
especially aroundrestcentral and northvest AlbertaThe same vegetation shift is also

projectedaround nortkeastern BCandsouthcentral YukonThe ecoregios of Northwestern

Forested Moutains and especiallylarine West Coast Foresdsenot projected to shift mugh

other tharthe formerexpanding into taigaNlorthern Forestédominated by mxied broadleafs

and needleleafsg)re also expected to extensivelylpusAl as ka an/danskioghdé6s t ai ga
forestsin higher latitude and elevation at the expenseidra(open shrublandndbarrer).

Although not discussed, loss and gains fovefjetatiorprojections are also summarized by

political regiongAppendix Fg. 2.3).

2.5Discussion

| addressethe general lack spatial and thematic resolutiby projecting changes iclimate
suitability for9 commonly used land cover aadeecoregion classifications usimichemodels.
Based orwhat Ifound, the Tundra ath Taiga ecorgionmiay be thenost at risk from climate
change, with a projeetllost of 20-30% and 2610% respectively by 20580s, fa the benefits
of Deserts/Great plains with a gain of20% by 205680s. More surprising, the Northern
Forestseecoregiommayalso expand by 30% by 2050s and over 50% by 2B80se need to be
cautious as a third of the gain expected by 2080siscerthected in Alaska/Yukoin addition,
theNorthern Forestecoregiommayincreasehe mosin latitudewith 4 +/- 6 degreedy 2080s
(e.g. 528 km north for the Boreal Plains ecoregany about 18% of the current distribution is

to be lost.

Although the link betweenlimate change and ecological impacts can be con{plgx Woods et

al. 2005, Hennon et al. 20Q6)iche models are invaluable for climate change adaptation and
conservation planning effortds such, his study adds compelling reasons ¢areful attention

to management of natural resources if currently observed climate trends continue or are
accelerated Since the reliability of projections depends on their uncertainty and accuracy
associated with modeling approaches and param@easimont et al. 2005, Coudun et al. 2006,

Luoto and Heikkinen 2008as well as the type and quality of predictor variables and census data
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(Taverna et al. 2005, Botkin et al. 200 summarizeherethe identified sources of uncertainty

and error, and how they were addressed.

2.5.1 Key climate and top@daphic predictors of vegetation

2.5.1.1Effects of static variables in ecological niche modeling

Evaluation of potentialimate changeffects orbiotausuallyfocus on dynamic climat
projectionsbased orGCMs However, environmental niches also depend on vegetation, soil and
land use to increase discriminatory capability for better predic(leasson andPrasad 1998,

Calmé and Desrochers 2000, Zimmermann et al. 2007, Buermann et al. 2008, Brook et.al. 2009)
These predictors can be treated as static because sgasceptibly changing over geologic

time, while vegetation and land use are changingrfasitereliable projections are missing.

Combining dynamic climate predictors with static soil or land use data is not tBvoalk etal.
2009. Somestudieshaveexcluded static predictofe.g. Williams et al. 2003, Thuiller et al.
2005, Araujo et al. 2006, Hole et al. 2009, Carvalho et al. 2040e others did noin orderto
improvemodelperformancelversonand Prasad 1998, Peterson et al. 2008 preferable to
exclude predictors that are indirectly biologically relevant (e.g. elevyaas they would
otherwiseresultin an underestimation of climate char{@santon et al. 20)2However, it is less
obvioushow to treat themvhen distributions directly depend on a static variéblg. plants and
solar radiation; Austin and Van Niel 201&specially if correlations with climate are not clear

(e.g. vegetation; Thuiller et al. 2004)

Topo-edaphic variablesontributed less to model accuracyrtt@dimate variables, consistent

with Mbogga et al.Z010) Howewer, models solely based on climate tentetoo pessimistic at

the rear edge of species distributigReberts and Hamann 2012ndunderestimats pe ci e s 0
topo-edaphic adaptatioor resilience in micreites(Morin andThuiller 20®, Chen et al. 2010,
Gillingham et al. 2012, Stralberg et al. 201%tanton et al(2012)also suggested that some
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intancesstatic variables improve performance for present distributions and result in nky or o

small degradation in the predictive performance for future distributions.

2.5.1.2Limitations with correlated predictsr

Differing opinions exist as to whether and how correlated variables (static or dynamic) should be
combinedn niche modelsincludng only climate variablesancause modslto be overly

sensitve to climate change under future climate scendgh@sson and Prasad 1998\t

including correlatechon-climatic variables could resulh imodels that areverfittedto current
distributions yet will be insendive to future climate scenarios because climate variables are

down weightedTaverna et al. 2005, Coudun et al. 2006, Luoto andKifesk 2008, Stralberg et

al. 2015b) The situation is complicated by possible iatgions between static and dynamic

variables.

The effects of one variable cowtkobe overestimated in the case of strongly correlated
variablegClavero et al. 2011)While the sensitivity of niche models may inform which
variables are most relevant to differentiate ecosysterdgheir distributions, it does natovide
themechanims underlyingecological responsg¢Parmesan et al. 2003 xtreme events such as
drought or low temperatur@say actaslimiting factors(Parmesan et al. 2000However, annual
climate indices, such as mreannual precipitation or temperature, proved tbdtéer predictors,
likely because they combine the information from multiple variables or events. The choice of
climate predictors may therefore not be importantia type ofanalysis, unless correlans
between unknown mechanistic drivers and variables change in the(fothiae et al. 2004)
Stralberg et al. (2015pund no change in the colaton matrix of climate variables between
1970s and 2080s projectioniserefore | had no quantitative basis for modeling under a different

assumption.
Vegetation response to climate alsods to lagandvary due taopo-edaphic conditions, lags in

seeddispersalNathan et al. 2011)ong-lived tree species that can persist in environsient

unsuitable for recruitmer{Btralberg et al. 2015&enwick et al. 2016)anddifferences in
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speciesd6 plasticity(Gayealal R0dGlLadgepgepmeand spruca,foa pt at
instance, are relatively similgenetically and may be more restricted in their ability to adapt to

climate than expectg@feaman et al. 2016l is impossible and unnesgary to consider all these

factors when doing bioclimatenvelope models atbroad scaleggs long as the associations

between climate, vegetation, and other drivers remain constant over the modeling domain

(Thomas et al. 2004, Thuiller et al. 2005, Loarie et al. 2088)vever, when extrapolating into

new spatial or temporal domains, the costs of using proximate variables are greater, depending

on the degree of decoupling that may occur over space ofRiaeerts and Hamann 2012)

2.5.1.3Issues with correlated dynamic and static peéalis

Including an indirect and static variable (elevation) that is a proxy for, and strongly correlated
with, a direct and dynamic variable (temperature) is clearly problematic. Some plants may also
occur on some types of soil when precipitation (or watailability)is low, but on others when
precipitationds above a certain value. Nevertheless, Stantah €2012)demonstrated that it

is especially importantwhen projecting potential future conditionsto include variables that

interact with climate variables.

| could have used the static variables to mask out areas that are un$oitabteclimatic
factors but forvariables that interact with climate variables (e.g. vegetation or land usgi}
would make the invalid assumption that their effects on species distributions are
independent of climate, whereas including them in the analysis allowdaxent to incorporate
dependencies Another option would have been to create a separate suitability layer based
on the static variable (e.g. by assigning a separate suitability value to each soil type or
running a separateniche modelwith the static variables only) and multiplying this map with
the probability map that is output from the niche modelwith the climatic variables (a related
approach to Pearson et al. 2004)Although this approach may be a useful way to integrate
the large scale effects of climate with the more local effects of land co\{@earson et al.
2004), as with masking, the multiplication assumes wrongly that the two layers are

independent.
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2.5.2 Variation amongland cover and ecoregion response variables

Like others(Guisan et al. 2007, Dobwski et al. 201Q)my data structure (especially of
responses variables) had biogeographic features that affected accuracy. Indeed, land cover
variables that were spatially homogeneous and segregated in latitude or higher diendédn

to have highepredictability This implies that while &adeoff between predictability and
complexity (over parameterizatioshould be consideretimay still have improved
predictability (especially for MCD12Q106s barr
by splitting the climate envelope of somegetation classdsetween north and south or low and
high elevationDoing so may also have furthesstrainegrojectedvegetatiorshiftsin ways
similar tothe ecosysterbased methodVy lower success withetergeneouvegetation

products (e.g.SYNMAP) is also most likely due to a combination of disturbance history and
unmapped topoedaphic factors. Yal best projections may be combined, as was done to

produce SYNMAP, to obtain a similarly high thematic resoluti

2.5.3 Using different techniques for vegetation projections

There is growing support for considering the genetic structure when projectingangiag

specief Bot ki n et al. 2007, Il*tal ZD08aThuilleratrald20d80o we 200
Chen et al. 2010, Polfus et al. 201l7intersectedregetation classesith ecoregions as a

substitute for complex processes (e.g. frequency/probability of presence, mortality/growth rate,
disturbance regime, genogjyHamann and Wang 2006, Botkin et al. 2007, Thuiller et al. 2008,
Mbogga et al. 2010, Gray and Hamann 2Giig to lessen predicteggetatiorshifts (Baselga

and Araujo 2009) However, the accuracy of the ecoregmmstrained method was lower than
the ddbaead onl ycontmary toRoedstanddHansa(@012)assessment for tree
speciesbecause either using ecoregions as proxies is far from the true genotype distributions, or
North American trees have repeatedly expanded and receded without maotfagior losses

of genetic diversityDavis and Shaw 2001, Botkin et al. 2007)

Neverthelessny subsequent modeling of ecoregi@isne was even more successéuld given

that hie underlying modeling unitsealso the framework for natural resource management,
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predictions can thus be directly linked to a set of applicable prescriptions under anticipated future
climates(Gray et al. 2011, Gray and Hamann 2011, Hamaah 2011)

2.54 Model uncertainty and accuracy, and potential shifts in vegetation.

Climate and topeedaphigoredictors and land cover products are spatially-aatcelatedput a
nonrindependent validation can assess the relative worth of modelghtitanay be over
optimistic (Araujo et al. 2005, Roberts and Hamann 20A8)similar discriminant functions

were obtained for similar classes across land cover products, a visual compagigestshe
CA-AVHRR model was able to predict class distribution beyond original coverage. Also, while
similar outof-samplevalidations indicate absence of oysrameterizatiorif is alsoreassuring
thatthe overall model fitsof 70-80% (and over 90% for ecoregiors®emcompetitive withother
climate envelope studies only basedcbmate parameterpresence/absendata,or more
spatiallyautocorrelatedlata likebroader biomesandspecies distributio@Roberts and Hamann
2012a, bGray and Hamann 2013, Rowland et al. 2016)

Similar toGray and Haman(2013) | foundthat on average a 100 km shift northward
corresponds to an upward shift of 42 me(€ig.2.4), versus 44 meters f@ray and Hamann
(2013) This constitute, on averagean annual 1.28m shift up in elevation or 3.1km north shift
compared with 2.4m and 5Skreportedby Gray and Haman(2013)

As climate change is the same for all vegetation products, the differences in latitude and
elevation shifts also illustratee uncertainty with the method. One reason could be that some
vegetation products are less closely linked to climate than others, perhaps simply due to mapping
inaccuracies (spatial or qualitativét)is also possibl¢hatvegetation types thaire realy

massively different get lumped into the same class or fail to track elevation well. Another reason
could berelated toscales and summaries. Maybe one vegetation product has lots of units in the
north where shifts are strongestd fewer on the coast orthe southwhich would bias the

regression lines.
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Generally, misclassifications of current conditions tend to happen between ceaebyypes
However, there are stretches of coniferous (i.e-AVAIRR) or deciduous needleleafs
(i.,e.MCD12Q1)found inthe North West Territoriesrctic in 2080 projectionsand closed
shrublands on the northern coast of Alaska (i.e. MCD12@#)overall patterns of projections
tend to followreal tendencieand similar work{Johnstne et al. 2010, Mbogga et al. 2010,
Rehfeldt et al. 2012, Price et al. 2013, Johnston et al. 2014, Lara et al. 2016, Rowland et al.
2016) Corsistent withother studiesl found that temperate speci® projected texpand their
range northward and imthigher elevationst the expense tlorealspecieswhile losing
suitable habitat at the southern end of their distribution to more tropical spkldsari and
Hypén 1996, Iverson and Prasad 20B82alberg et al. 2015B)Ithough the lower United States
and the arctic ste or provinces (AK, YT, NWT/Nunavut, and Arctic Islands) may gain in

biodiversity, the lower Canadian provinces are predicted tdlioskversity (Appendix Fig2.3).

My projectionsfor the 2080s change most notably in the higher latitudes, whereath@mng

signal is strongegBogaert et al. 2002, Lloyd and Fastie 2003, IPCC 2007 in flat regions,
where climate velocity is high€Loarie et al. 2009, Hamann et al.1&) While climate change

may result in no net loss Marine West Coast Foresthe Taiga and Tundra ecoregioase
projected to shrink substantialljhis suggests that northern and high elevation ecosystems may
be as vulnerable to climate change asrgreens in southern provinces or states, especially if
consideringgenetic adaptation of populations to local environmétigsnpe 2004)

Among other reasons, theseosystem shifts are important to understand as they will have an
impact on wildlife thatdependonthem for habitatFor example, theredicted impacts of climate
change on boreal forestwestern NortiAmericawill impact threaéned caribou populations in
these areas. Thecaribou populations are already being pushed northward by development and
human activit Environment Canada 2008ors and Boyce 2009, FedBsanchet et al. 2011)

My next research chapter will build on the work of this chapter to examirgothatial

cumulative impacts of human activity, climate change and vegetation shift on caribou

populations inwestern North Canada.
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Table 2.1 Description of all products testéaor predictability, includingsource, classification,
resolution, number of classes use (number of classes merged) per number of original classes,
number of sample points per classmdontorests accuracy give by theclassification
sensitivityand the Cohen Kappa per class (per merged class).

#used |[sampl¢ randomFoest discrim
resof classes/| pts [18clim+topo |8 climatg 10topoll8clim.topg
#original /class|Kappésensitiy sensitiv|sensitiysensitivity,
CEGC-Llllecoregiong 80(21)/ 90.58 91.85

" | Jcec.orgCEC2009| ~ | 182 | 2°°|90.5) (95.5)| 8935 | 8742 77.96

MCD12Q1 0.25
/lpdaac.usgs.gov| arc |10(7)/17 1600?614;373; (7821443 70.73 | 68.36
Friedl et al.2010 | min ' '
NALC2005v2/ 65.07| 73.40| 71.71 | 69.23| 63.04
cec.org CCRS 20132°0M13(8)19 170071 o) (g6.1)

NA-GLC2000v2 /
nforobs.jrc.ec.europa.

Satellite Classifications /
-Sensol source & reference

54.17

TERRA
-MODIS

0.5ar¢ 1 q/95 | 100051.56/ 57.44| 55.86 | 54.38| 43.72

SVFZ;C_)I_T Latifovic et al. 200 min
GLC2000v1v 0.5ar¢
forobs.jrc.ec.europa.¢ r.nin 9/22 220053.06| 65.56| 63.82 | 62.05| 49.56
Fritz et al. 2003
Global 198194/ 0.6ard
glcf.umd.edu e 10/14 | 230050.52| 63.02| 61.32 | 59.63| 47.09
NOAA min
] Hansen et al.2@
Canadian198®1/
AVHRR| ™ s hen.canda.ca Or'gi";‘]“ 8(6)/11 2500(66‘2365) (78%%9; 76.8 | 1413] 5837
AAFC 2013 ) )
Globcover2009v2.!
ENVISATI ) e esrin.esa.int |09 12/23 | 150048.86 57.95| 56.4 | 54.86| 43.68
MERIS - Sec
Arino et al. 2012
SYNMAP2000 0.5ac
- /webmap.ornl.gov rﬁin 34/48 600 |53.58/ 56.61| 55.09 | 534 42 .91

Jung et al. 2006
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Figure 2.1 Importance of climate and togamaphic variables in randomForest models. The

figure showghe cumulative importance each variable across the fauost predictable
vegetatiorproducts (MCD12Q1, NALC2005, GAVHRR, and CEC Ecoregions). Importance
was measured as the number of times each variable contributed to a correct classification in a

bootstrapped crosglidationprocedure with different permutations of predictors.
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“J MODIS MCD12Q1 Land Cover
) -Evergreen needleleaf forest Grasslands

-Deciduous needleleaf forest -Barren/sparselv vegetated

:’Mixed forest -Snow and ice

i -Closed shrublands I:\Water and wetland
-Cropland
’—Cropland outline

— Boundaries provinces/states
Figure 2.2 Projected changes in dlstrlbutlon of MCD12@dgetation The maps depict

MCD12Q106s original rdnadm&orestprojectos orstree A60199&y and
reference period, the 2020s, the 2050s, and the 2080s.
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o

MODIS NALC Land Cover -Polar shrubland-lichen-moss
-Temperate needleleaf forest-Polar grassland-lichen-moss

: -Polar needleleaf forest -Polar barren-lichen-moss
|:|Temperate broadleaf forest -Barren lands

el |:|Mixed forest -Snow and ice
-Tropical shrubland |:|Water and wetland
-Temperate shrubland -Cropland
-Tropical grassland I:lCropland outline

S ElF [ Tremperate grassland [ [Boundaries of provinces/states
Figure 2.3 Projected changes in distribution of NARGO5vegetation The maps depict
NALC200% s or i gi nal d adtraadorhForest'ppojedicne farthe IEMPO0a n
reference period, the 2020s, the 2050s, and the 2080s.
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=] Canadian 1988-1991 Land Cover

-Broadleaf forest >75% broadleaf trees
-Transitional forest <50% forest
-Coniferous forest >75% coniferous trees

-Tundra treeless arctic & alpine vegetation

. W-Barren land <25% plant cover

—r;

-Perennial snowfields or glaciers

} _': Rangeland & pasture <10% trees

I:IM ixed forest 26—75%coniferous/broadleaf:l Water

-Cropland
l:ICropland outline
l:’ Boundaries of

provinces/states

Figure 2.4 Projected changes in distribution of Canadian AVHRHgetation The maps depict

Canadian AVHRR 6 s or i gi

nal

1990 reference period, the 2020s, the 2050s, and the.2080s
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Baseline

: CEC Terrestrial Ecoregions
:2 Tundra Boundaries of provinces & states
e :3- Taiga [__Joutlines of ecoregions level 1
e | ;5. Northern Forest . (0.0 Outlines & ID of ecoregions level 2
;6. Northwestern Forested Mnts

; ;?. Marine West Coast Forests

- ;9. Great Plains

:10. North American Deserts

; -11. Mediterranean California
-12 Southern Semi-Arid Highlands
-13 Temperate Sierras

Figure 2.5 Projected changes in “distribution of CEC North Amerieaaregions. The maps

depict original data for present day CEC ecoregiongamdiomForest'projections for the
1961 1990 reference period, the 2020s, the 2050s, and the 2080s.
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Figure 2.6 Projected shifin mean elevation verses latitufte the four most predictable

vegetation productd.inear regression trend lines are provided for the overall tfBladtk and

Bliss), the three best land cover products (gré&h-AVHRR, orange NALC2005 red

MCD12Q1) and the CEC ecoregions (blue), facle perioddotted 1970s, dash/dotte&020s,
dasheelR050s, solie2080s). The equation is also indicated for the overall trend line of each time

period.
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3. CHAPTER THREE: EFFECT OF ANTHROPOGENIC AND CLIMATE
CHANGES ON CARIBOU DISTRIBUTION IN WESTERN NORTH A MERICA

3.1 Summary

Althoughconsiderable researtias beemndertakeronindividual threats to caribom Canada
(Rangifer taranduy lessis known about theotential extent and speeticlimate changeffects,
especially when combined withe cumulatre impacts of human activitieBorestry, energy and
mineral exploration, and rural expansiane rapidand-use changeoccurring throughout the
distribution of caribou, threaterg their already diminiséd habitat. Enhancedinderstanding of
how stressa of caribou habitat may be exacerbated by anticipated climate chamgensly
neededUsingMaxENT, | test whetheadding road densitlp climate only or
climate+vegetation modelstter explairs the present distributioof caribou populations across
western Canada and Alaska, amgestigate potentidlturechanges in caribou distribution
based orvegetation and climatgcenariosl performedcrossvalidationof modelsand comparea
the implication ofexaminingvariousdistributionalscaledor northen mountain caribou in the
Yukon Territory Results suggest thhtiman activitiesandassumed changesimduced biotic
factors such predation and competitibaveinfluenced currentariboudistribution beyond
consideration oflimate and vegetation alenHowever, projections for the end of the century
suggestthatpotentialfuture effects of climate change on cariboaysupersede biotic
interactions, especially at the southern range. With significant shifts in caribou distribution to be

expected| identified potential climate refugdsr each caribou populatio
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3.2 Introduction

3.2.1Caribou status, threats anonportance ofwinter habitats

Caribou Rangifer tarandusare important to the ecology, culture and economy of Canada and
Alaska(Hayes and Couture 2004 owever the species distribution is receding in Canada and
worldwide, with some populations at record low numb@savironment Canada 2008ors and
Boyce 2009, FestBianchet et al. 2011)n Western Canadbarrerrground caribouR. t.
groenlandicukare listed as of speciabicern, Peary caribolR(t. pearyj as endangered, and
woodland caribouR. t. caribo) as threatenefboreal population)endangeredcéntral and
southernmountain populations), or of special concemarthernnountain populationyinder the
Species at Bk Act(SARA) (COSEWIC 2002, 2014)

A northward shift in the distribution of woodland caridmasbeen observed in conjunction with
anthropogenic disturbangeors et al. 2007)and the Recovery Stratetpr the borebpopulation
identifies a minimum of 65% undisturbed habitat in a range as the critical habitat that can aid in
recovery or provides a 60% probability for a local population to be self sustéimagonment
Canada 2008)Climate change magiready affect caribou througtifects orforage abundance

and accessibilityPost and Forchhammer 2008) predator efficiencyHuggard 1993)

However, indirect and cumulative effectshuman developmedntre still hypothesized to be the
greatest threat to woodland carib@ddcLoughlin et al. 2003yors et al. 2007, Wittmer et al.
2007,Environment Canada 2008

3.2.2Climate change

Food availabilityis important to caribou and can be a limiting factor in some circumstances
(Hébert and Weladji 2013, Avgar &t 2015) with regeneration folloimg overgrazing within 20
years(Collins et al. 2011)Global warming induced changes in planinsect phenologies may
leadt®dt r ophi ¢ mi s marpatdrition with spmmg greempt(Rownagard et al.

2002, Post 2003, Post and Forchhammer 2@08) earlier emergence or increased abundance of
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hematophage insedidagemoen and Reime2602, Weladiji et al. 2003)Vith vegetation
explaining much of caribou habitat selection at the landscape(lealdbnd et al. 2011, Beguin
et al. 2013, Boan et al. 2014, Poley et al. 2pd¥gnagement decisiosbould consider the
dynamic nature ondscapeéArlt and Manseau 2011)

Climatechange ould altervegetation and hendke habitat of all caribou typ€Ruckstuhl et al.

2008) First, & discussed in the previous chappeolonged growing seasemay result in
expnadedimber harvest because of a higher tree growth and advancement of the tree line
(Ruckstuhl et al. 2008)Second, drought stress without comparable increases in precipitation is
expected to cause tree mortality, changes in frequency and intensity of fires or insect outbreaks,
reduced forest mean ggand treespeciecomposition(Logan et al. 2003, Page and Jenkins

2007, Flannigan et al. 200%Jaribou tend to select for relatively less dense vegetation, more
lichen, and longer periods since fire (3285 years cycle) that are suited for old

coniferous/lichen complexeCollins et al. 2011, Polfus et al. 2011, Boan et al. 2014, Courbin et
al. 2014, Latombe et al. 2014, Leclerc et al. 20Edjther, ariboumayavoid burned areas for

up to 10km and 60 yea(3oly et al. 2003, Johnson et al. 20M)th burnt areaprojectedto

increase up to 30% and 609 2B3i n Al askads nor t hrespestivelyphigle t | ¢
guality habitafor caribouoverallmay decrease% by 2053 and up to 30% in caribou's core

winter rangewhere moose habitat was projected to increase up ta&dlyoet al. 2012)

Caribou are also more likely to avoid amel negatively affected dggged areas than burnt areas
(Beguin et al. 2013, Lesmerises et al. 2013, Beauchesne et al. 2014, Losier et abek2l5e

the former is associated with roads/trails development which are linked to expanstuteof

tailed deer and associated increases in pred@ddawe and Boutin 2016)

3.2.3Anthropogenic disturbances

The industrial f o odinereasimgtapidlympartCaanyendssdizion Withr t h
hydrocarbon and miningxploration analevelopmen{McLoughlin et al. 2003, Vors et al. 2007,
Wittmer et al. 2007Environment Canada 20P)$howeverthe respective effects of different
activities on cabou have not been segregat®drs et al. 2007)Habitatloss, degradation and

fragmentation from cumulative effectseathe indirecbut ultimatecause of caribou declines
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especially at the southern edgfetheir distributionwhere human disturbances are greatest
southernmountain(McLoughlin et al. 2003, Wittmer et al. 2008H)d borealpopulations

(Sorensen et al. 200Bnvironment Canada 2008

Linear features (even winter roads or snowmobile trails, cutlines, frgdremission lines, and
pipelines),as well as expansion berb, shrubland and decidudosest northward or in
elevationbrings concommitnat changes in the abundance and distributattewfate prey
speciedike white-tailed deer and m@e(Parmesan and Yohe 2003, Schaefer and Mahoney
2007, Vors eal. 2007, Wittmer et al. 2007, Rempel 2011, Courbin et al. 2014, Leclerc et al.
2014, Dawe and Boutin 201djransmission of parasites and diseases to caribou (e.g.
Parelaphostrongylus tenyisnaythenalsoincreaseas do the proximate causes of caribou
decline:predaion and human harveglames and Stua8mith 2000, Courtois et al. 2007, Vors et
al. 2007, Boan et al. 2011, Boan et al. 2014, Poley et al. 2014, Avgar et al.|la8&8j wolves
and bearsre morecommonin humandisturbed areas than carih@s theiplasticityto
anthropogenic food sources and infrastrucgive themhunting and movement advantages
(Lesmerises et al. 2012, Boan et al. 20P4¢datorstrongly select for low densitsecondary
roads(Lesmerises et al. 201,2)nduse seismic lines more than bogs, fens, upland conifer stands,
and undisturbed forest interigompared to caribo(Latham et al. 2013As a result, an
increase in functional response can resudtnmore than linearesponse witlhespect to prey
density as well as interactions with seismic lidensity(McKenzie et al. 2012 oncomitantly,
undisturbedpatches <100kAcreate concentrations of caribou thegbetter hunting for

predatorgLesmerises et al. 2013, Latombe et all2)

Althoughdistance threshotdnay be smaller in highly disturbed arébsblond et al. 2014)
caribougenerally avoictut-blocks byup to5km, seismic lines by 1000 over2km asdensities
increasgBeauchesne et al. 2013, Johnson et al. 20diHes by 210 km(Polfus et al. 2011,
Leblond et al. 2014, Johnson et al. 2QJB)mary roads by up to 30km, secondergdsby up to
10km, rural roadsby about 1km(Leblond et al. 2014, Johnson et al. 2QHs)dwellsites and
tourist cabin by ¥4km (Polfus et al. 2011, Johnson et al. 201Zaribou use dhabitats
decreasg(Lesmerises et al. 201,3ndcalf mortality rates increaseavith all disturbancesas

well as with increasing amounts @éciduous or mixed fore@Polfus et al. 2011, Lesmerises et
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al. 2013, Beauchesne et al. 2014, Leclerc et al. 2014, Losier et al. Bafrtgrs to migration

and dispersion (e.g. deep snow, burns/cuts, roads/seismic lines) may alsaaripactaccess

to important seasonal fora@@/olfe et al. 2000, Dyer et al. 2001, Johnson et al. 2001, Nellemann
et al. 2001, Seip et al. 200and refuge from insects, predators and thermal sikesy/k et al.

1999, Jameand StuarSmith 2000) Theassociatedlevelopment of a transportation network

may thus partly explain why forestry operations have a greater negative impact on caribou

populations than equivalent losses of mature forestgldfires (Environment Canada 2008

A resultantconclusionis that human disturbances increase caribou riskddgtion, either due
to increased huntingfficiencyof wolvesand other predatoeround disturbance featur@shlers
et al. 2014)or due to expansion of apparent competi(besham et al. 2013)The riskto
caribou of an Allee effecit small population sizg®Vittmer et al. 2005, Vors et al. 2007,
Wittmer et al. 2007also underscosghe importance of connectivity to metapopulation
sustainability(Arlt and Manseau 2011, Courbin et al. 2014, Leblond et al. 2014)

3.2.4 Winter

Caribou are especially vulnerable to additional stressors in wageanow depth and hardness
influenceescage frompredators, travel, and accees highly specialized di€¢Arseneault et al.
1997) Niche overlap of wolves and woodland caribou is also greatest in winatam et al.
2013) Changes in winter conditions may thus jeopardize woodland casibeival and
reproductionasobserved irthe decline in extreme latitude of insular Peary carilfou.(pearyj
(e.g. 98% loss on the Western Queen Elizabeth Islands betweed 99B®/iller and Gunn
2003)and Svalbard reindeeR( t. platyrhynchus(e.g. 80% loss of the Braggerhalvaya
population in 19931994;(Sdberg et al. 2001, Aanes et al. 20023 well to a lesser extent so far,
the more mobile (i.e. continental) and southern ssomestic Scandinavian reindééveraa et
al. 2007) The more sedentary woodlararibou isolate themselves to reduce predationeam
born calvesthus protection ofvinter habitat rather than calving grounds per se may be more
important topopulation persistend&chaefer 2008 Reduced winter range fidelity also
highlights the necessity of protecting lardedks of preferredoresthabitat(Faille et al. 2010,

Schaefer and Mahoney 2018jnally, more dramatic climate changes are expected in winter and
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northern latitude$¢Rinke and Dethloff 2008)and will likely increasingly impact afispects of
Rangiferyt ness and henc e These pousiderdtions additiby to stronig ¢ s .
differences in seasahhabitat selection, make winter habitats key to landsleaet

conservation of caribou.

3.2.5The approach: Environmental niches

Studies @ the predictive accuracy among numerous species distribution motedmgques
supportan important role fopresenceonly modelsvhen absence data are not available
(Stockwell and Peterson 2002, Phillips et al. 2009, Elith et al. 2BEYENt (Phillips et al.
2006, Phillips and Dudik 2008 among the most widely used and best performingai s
presenceonly modeling approaché€klith et al.2006) All niche techniques have limits when it
comes to extrapola&in to environments not included in model calibrat{®earson 2006andin
dealing with spatial bias in occurrence recd@saham et al. 2008)Maxent is no exception
(e.g. Phillips and Dudik 2008, Phillips et al. 2Q09)

Environmental niche models gpaticularly usefulfor studyng the distribution of boreal

caribou becausmanypopulationshave not been studieahd their distributions are not well
mappedIn fact, according t¢Environment Canada 200&n environmental niche model across
theentire distribution oboral cariboyopulationss anappropriate first step innderstanding
critical habitatneeds.

The ultimate goal of this researalas to integrate climate changad anthropogenic disturbance
patterndnto broadscalecaribou conservation planninigfirst incorporate current and future
vegetation and climateato projectionsof potential futurecaribou distributionin order to

identify potentialpopulationvulnerabilityto climate or to roadsnd the uncertaintyith scales

| thencompared potentiahifts in distribution witltcurrentpopulationdistribution,in orderto

identify potentiaclimatefir e f uge s 0.
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3.3Methods

My purpose was to build on a previous study on boreal woodland cé8kelAppendix 6.4 in
Environment Canada 20PBy modeling the impact of climate change and human footprint on
potential distribution changes in caribou subspecies and populatiestern North America.
The absence of rare or threatened speei@srds may often represdatse negative Thus,|

used a species distributiomodelbased on presence informatiganesenceonly) to expresghe
most uniform distribution (maximum entropy) suitability over0.5 areminutesgrid cells(all
models kept in a Geographic Coordinate System "WGS 1983" except when they had to be
otherwise projected in Yukon Albers for analysis of distance and asesmajunction of
environmental variabledlaxEntv3.1; (Phillips et al. 2000)

3.3.1Variablesand model parameters

As in Chapter 2, | evaluatel37topo-edaphicvariablesChapter ZTable 2.). Similarly, 70
climate variablesveredownscaled a.5 arcminby the software Climate WNfdamann and
Wang 2006, Wang et al. 201da®d ontheemission scenario AQPCC 2000)and an average
of 18 GCMs(Meehl et al. 2007 BCCR_BCM2_QCCCMA_CGCM3.1 CNRM.CM3,
CSIRO.MK3.Q GFDL.CM2.0 & 2.1 GISS.AOM INMCM3.0, IPSL.CM4,
MIROC3.2.MEDRESMIUB.ECHO.G MPI.ECHAMS5, MRI.CGCM2.3.2A NCAR.CCSM3.0
NCAR.PCM1 UKMO.HADCM3, UKMO.HADGEM1, andGISS.ER for the1970s (baseline),
2020s, 2050s and 208psriods Most variables were highly correlated. Thuslentified the
best compromisset ofpredictors forall caribou model$y training withouteach ongthen usig
it in isolation (jackknife)

It is difficult to modelthedistribution of species with large rarsggas their subpopulations
inhabit different regions anmiay be driven byifferent climate, vegetation and biotic
interactions. Thud, also evaluated sponse variables at multiple delineations and ségles
comparing results for the species all together vs each subsgeubgesfor woodland
caribou;referredto as populationsy SARA or Designated Units by COSEWIléndwinter
rangegqfor northern maintain caribou in the Yukon Territory)
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A drawback encountereglasthe lack of comparable telemetry data between jurisdicaods
populations, anthe realitythat many northern caribou herds had no rdagged animals. Using
limited, available telemeyrdata would add spatial bigstraining datgJohnson and Gillingham
2008, Phillips and Dudik 200&nvironment Canada 200&yven if telemetry dataasfiltered to

fit other input timelinegMcKenzie et al. 2009rior to modeling multiple randorfAradjo and
New 2007)out stratified sample@radjo and Guisan 2006)nethods that do not address the
lack of data for some populatioi@us, lused asheresponse variablgystematic samples from
the distribution plygons for thelifferent populations, delineations and scales of interest.
Boreal S A R A orthermandouthern mountain populatoogn d COSEWI C6s nort het
and southermountainpopulationsDesignated Units wergbtained fromCOSEWIC(2011)
whilethoseforbr r e n/ Pear y and wee respettigety frgnbgCucunaAtrctico n s
RangiferMonitoring andAssessment NetwollCARMA) and the Alaska Department of Fish
and Game. Detailed winter ranges fiorthernmountain caribou in Yukon are from the Wildlife
Key Areas (WKA v. 2013) dataset compiled by the Yukon Department of Environment from
observed locations of wildlife and varioascillarysources.

Maxentis a probability density estimation methoahere the presence data are assumed to be
drawn fromsomeprobability digribution over the study regigiPhillips et al. 2006)Like most
methods for modeling species distributions from occurrence recbreguires data representing
the range of environmental conditions in the modedggbn (background or pseuesmbsence
datg, usually drawn at randofrom the entire regio(IStockwell and Peterson 2002, Phillips et
al. 2009, Elith et al. 2011¥%pecial consideration is to be given tche model serivity to
sampleeffort andbiases in the geographic distribution of da&specially focomparison of
models for different species or populati¢Bsockwell and Peterson 2002, Phillips et al. 2009,
Elith et al. 20.1). Therefore] maintairedthe sampling intensity acrosariboupopulations with
systematic sampling every 10 knesulting in approximate00 (for ®uthernDU) to 20,000

(for barrenground)presenceoints and30,000 (for arrerrground)to 50,000 (br southern DU)
backgroungoints Backgrounds points were limited to thistorical caribou rangélustrated in
Figure 3.5(COSEWIC 2002, 2014and includehe presence points from other populations.
Thesampling intensitf or t he fientire species model 0 (when

and all ranges are considered as presence) was redwmaay®0 km for presence points,

44



resulting in about 10,000 sampling and 15, 000
model o, | examined the influence of different
forSARAOG s n oulatidm@lrother poplations considered as backgrounthienby using

al |l popul ations (including S AaRKGaElybydadefinindher n p o

background as thamallest rectanglaroundiocations.

Samplingpopulation distributionsas oppsed to using arbirtrary arstarce locationata,

allowedmeto crossvalidatefive random subsets gointsfor eachpopulation The probability

of presencéor relative suitability was then estimated as the average logistic distribution over

thefive replicates, while the distinction between presence and absence was set aximeum
testsensitivity plus specificity logistic thresholth e scal ed up Al ogi stic ou
exponential of t he r @thwoughitrepresentbnia ardercsuitdbdity uncer t a
rather than actual probability of occurrencedefor easier interpretation and comparison across
populationsdelineations and scaledthough Maxent limitsoverfitting by limiting the

expected value of each environmental variablmatchthe average over sampling points

(Phillips et al. 2006)the riskof overfitting is increasedby using the auto features (a

combination ofinear, quadraticproduct,thresholdand hingefeatures) in order to get the most

detailed response to each predic&s implemented here

3.3.2Modeling caribou distributions with climate, topedaphic and vegetation predictors

My second objective was to describe the current and futuine oiccaribowhenignoring
anthropogenic influencgSoberon 2007, Hirzel and Le Lay 2008hus, | first used only topo
edaphic and climate indices to model caribou distribution, before separating direct fri@tt ind
effects by testing current and future importance of several variations of theegietation
products | projected in Chapte(Rppendix Table2.2). Preliminary AUC results revealed that
the best vegetation predicsdor most caribou populations weCEGC-L.III ecoregionsand
NALC2005.v2 once temperatas well asub-polar woody classesere mergedthus are the two
discussed forward\lthough vegetation is obviously limited by climate (as well as tegaphic
conditions), its response to climateaolge is likely delayed due to the persistence of-lvegl

tree species even under unsuitable conditions for establishment, and time associated with seed
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dispersalStralberg et al. 2016Therefore, to assess caribou vulneraptid climate change in
the shortterm, separating the influence of vegetation from other clire#ted factors may be

of critical importance(Huntley 1995)

3.3.3Modeling caribou distributions by adding roads

My third objective wago model the areas presently occupied by caribou and test whether
climate or anthropogenic disturbasdeest explain thedistribution.This nicheis related to

direct and indirect effects of human disturban&gisan an&Zimmermann 2000)as young
forestsattract primary wolf prey species likeoose and deer, increasing wolf predation on
secondary prey like caribdWittmer et al. 2007, Sorensen et al. 2008)enerated various
Adst anc e derived frompaigt,@alygonand linear disturbancsurcessompiledto circa
2010(e.qg. historyof mineral claimsand fire;(Canadian Forest Service 2011h,kajt later
discardedhemas adéhg unnecessary complexityith little influence on thenodels.This

Adi stance t oo s c h aemsityasiesor thelieear sauregs bnApperdlix b y
Table 3.). In an iterative processjncreasedhesearch radiug110-km incrementsip to 400

km for primary roads150 km for secondary, and 100 km for both rural andraates, when
importance orall caribou models level off. As primary, secondargnd rural road densities are
not independent from each othestarted by determining the threshold for primary roads, then
secondaryruraland othetinearfeatures. This classification seemed to best capture the different
types and magnitudes laindscapedisturbanced. found these linear feature density layers to be

more consi stent and relevant t han Adi stance

The linear features assessed include pipelines (~10 m wide), airfields (~100 m), raffys (

m), transmission lines (~30 m), primary roads (paved, ~60 m), secondary roads (less often paved
~25 m), rural roads (unpaved ~10 m), and trails/cut lines (~2 m). The data sources, the buffers
used to avoid duplicates and regions affected by those featares and buffere listed in

Appendix Table 3.2The classification used for those linear features, its correspondence with an
alternative one | also tested, as well as a description and the order of width expected on the
ground areisted in Appedix Table 3.3 A number of tasks were performed to ensure quality

data. To eliminate duplicate or differentially classified features between intersected datasets, a
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rank-order protocol was followed where the suspected most accurate (often most detaled) wa
given priority and used to clip the next one and so on. Each feature source was edited separately
in each province/region, and clipped by all sources suspected more accurate in the region. Efforts
were then made to use and reconcile existing datassifidasons and come up with a common
classification that maintained emmuch detail as possible. This also required investigating
inconsistencies in classification between bordering datasets or administrative regions (e.g. a
British Columbia secondary roasvitching to a Yukon primary road). In some cases it was

difficult to determine disturbance type, particularly when classified differently by different

sources. To minimize error, | applied a knowledgsed approach to develop two classification
systemsone focusing on importance /use and the other on whether or not roads were paved and
pipelines underground.he best exploratory models across caribou populations included primary
road density with a 40Rm search radius (improving AUCs by 0.006) and sdeoy, rural and

trails, all at 106km radius (improving AUCs by 0.002 each) and so preferred to the paved vs

unpaved system.

3.3.4 Comparing current and futur@iches with climate only or concomitantly with vegetation

and roads

My fourth objective wago comparecurrentdistribution patternsvitha popul at i onds
vulnerability to combinations of climate, vegetation, and human disturpbefmetrying to
anticipaepot ent i al c | i méPetersor dt @. 2QP@ hygothesized tha thed
difference betweealimate only and climate+vegetation+roads modklstrates the additive

effects of competion, predation, and human avoidanééhile thisapproach seems reasonable

for current conditionswith up to date climate, vegetation and road diar respectivesffects

are confoundedue to correlation between climatic variables and road densitya rasult
Maxentattributes to roads some importanogherwiseaccountedor by climate, thusrtificially
reducing model responsefidure climatewhen roads are kept statfonctionallya reduced
Aupper boundodo of bi ocNewvenielesseven panlyreérsiagpdingthe oj e c t
respective and cumulative effectsclimate change and human disturbaallews exploration of

theirpotentialeffects withfuture scenarios.
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3.4 Results

3.4.1Importance of variables to caribou distribution

As in the previous chapterom the available suite of measurescieened seven biologically
relevant, and uncorrelated climate variabte® (7) (Parra et al. 2004pr inclusion in models
fall, winter and springprecipitation (ppfat, pptwt and pptsp), and average temperatures for
eachseasons (tawt, tav-sp, tavsm, tavaf). Estimates of variable importanasingrelative
model fit (AUC scores) were generated for each popufatinit using two methods (Fig§.1,

left 1 full variable set with one removed; rightachvariable in isolation CEC-L.11I
ecoregions (CEC 200@nd primary roasl(prim400k)had thehighestindividual AUC s scores
(all populatiors combined)and thus appear to have the most useforimation by themsegks
(Fig. 3.1). They are also the variables that decrease thevel@sthe most when omitteavith
the exception oNALC2005for the Yukon winter range modetherefore appearing to have the
most information not present in the othariables (Fig3.1). Thedecreasén AUC for the other

variableswasrelatively minor

MaxENT predicted greater probability of caribou occurrence when average winter temperature
was betweer25 C and-8 C for most populationg=ig. 3.2). However, when maeling the entire
species (not shown), the greatest probabilities of occurmwefrom -40 C to-10 C because

the barren populationashigh probability of occurrence in lower winter temperatures than most
other populations (Fi§.2). Caribou occurrere generally decreased with increased road density
with higher sensitivity to primary, then secondary, theal roads, and the leasnsitivity to

trails, dthough boreal andosithern DU caribou seem relatively more sensitiveital roads and

trails, respectively (Fig3.2).

3.42 Modeling caribou distributions with climate, topdaphic and vegetation predictors

In general, kmate and vegetation models perform better at predictimgentcaribou

distributions tlan climate only model$ut worse than ecoregions aldifable 3.1) However,
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spatial extrapolationdgft column ofFigure 3.3) suggest thaturrent climate perforedbetter
alone(where better is assessed asrttoge optimistianodelwithin currentrangeand less
optimistic out of it;Environment Canada 28Pnot onlyfor boreal caribou irsouthern
Northwest Territorieshut also in mountainous parts of Yukon Key Winter Areas and
COSEWI C6s central mountain DU

To approachhe potentialrespectiveeffect of climate and vegetation on distributions of each

caribou populatiomy 208Q | subtaciedprojections for thelimate+vegetation mode(with the
compensatory effect of my projected vegetation for 2080 from the previous cliapter)

climate only projectiongright column ofFigure 33). Projections for 2080 show climate

favorability formost populations declining, especiallyrélation toelevation for mountainous
populations (i,eGr ant 6s and SARA or COSEWludny¥ukoan&eynt ai n
Winter Areas)or atthesouthern edge of their distributions (particularly boredl laarren

populations).

3.4.3Modelingcaribou distributionwhenadding roads

Figure 34 illustrates thegotentialcumulative effects ohnthropogenidactors represented abe

difference between climate+vegetatimodelsand climate+vegetation+road®dels Adding

roadsto climate and vegetatiamproved AUC values(Table 3.}, althoughmost models were
stillnotasstrongascor egi ons al one (seuthars pentrafmountais COSEWI C
DUs). Current negative impactsf roads on distributioarevisible in Anchorage (AK),

Fairbanks (AK), and Eagle Plai(¢T)f or t he Gr ant 6s d¢Yayandoou ; i n
Yellowknife (NWT) for thebarren caribou; in Prine&eorgglBC)and Cal gary (AB) f
southern population; in Edmonton, Fort St J¢BR), Fort NelsonBC) and La Créte (AB) for

boreal caribou; and in Fort Nels¢BC) and Carmacks/Whitehor$¥T) f o r S AoRhard s

population (Fig3.4).

The 2080<glimate +vegetatiomodek projectdistributionnorthward of the
climate+vegetation+roadmodelgFig.3.4), especiallyatlower elevatios for mountainous
populations (i.,eGr ant 6 s and SARAOGSs,incudingrYakaniKey Wint@mpAtedspt i on s
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or at southern edge of distributions (particularly boreal and barren populations). Gdetiad,
roadsrenders modelsore optimisti¢ a counterintuitive result of the reduced climate effect due

to inclusion ofstatic roadswhich are correlated witburrentclimate(r<0.65.

3.4.4 Comparing current and futuraiches with climate only or concomitdly with vegetation

and roads

Figure3.5 represents each populatgprojected lgses and gains distributionby the 2080s

based solely on ecoregiordgure 3.6 showsprojectedpopulation I@sesand gains by the 2080s

( SARAGs and COSE Wrespéctivelyett and rigla tolurans)}sased ortlimate

(top row), climate and vegetatiomiddle rowwith NALC2005 vegetation current and projegted

and climate, vegetation and roads (bottom r&imilarly, Fig. 3.7 summarizeshe amount (krf)
andpecent age of each SARAG sdistibudont@aOn®lkewddelsé s popul
predict by 2080 as losses (red) or refuges (orange) (adding to 100%), as well as predicted refuges

(green) and gains (blue) outside those ranges.

Figures3.5 to 3.7show smallelosseof potential distribution with additional model complexity
(i.e.adding vegetation to climate, then roggsrtly because roadse held static, diminishing

the effect of climateA change in correlation structure wast examined as there is no
empirical/observe data related to expected future decoupling for alternative scenafids all

ecoregion based models predict over 40% refuges or gains outside the current distributions
exceptbrbar r en car i b oand37)0thedclate FegetptioBnodelsfor

populationsother tharGr a "StAORSAG6 s sout hern mountain and its
are not as optimistic outside the current distributiansladding roads makeseven lesso

with significant losses of refugéy 2080(Fig.3.6 and 37).

Both SARA and COSE Wiofedes tobdefien hamtained within their e
current delineations and less supgrosedby the 20804i.e. less potential for comptetition
between populationsyhen roads are added to timedels However Figures 3 and 36 show

either a vacuum space between SARAG6s sout hern
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former is not taking over what is lastthe ®uth by t he | att eothern or COSEW

mountain DU losing connectivitground the B/Yukon border

3.4.5Population units and scale

Both climate-vegetation and climate+vegetation+roaasdelsperformedmore poorlyat

predicting caribou distributions at the broader species scale (all populations combined) compared

to more specific popation models (Tabl8.1). This may be due in paxt afunctionally

reduced backgrourshmpling areat the species scaland resultant reduction in contrast of the

variables examinedimilarly, except for the ecoregion models, the morkdtricted tahe scale

of the Yukon winter ranges tdigher AUCscores than the moregenr al model s of SAI
northern nountain population, itself better than the broad€d S E WI C6 s ountainDier n m
and woodland caribou moddEable 3.1).

Theselection obackgound poins alsoinfluenced model resultas using either the smallest

window around the known AYukon winter rangeo |
northern popul ation) respectively undndrpredic
overpredict out s iodn&ainpuRitod by 6Thand G¥apresenting feses in

AUCs of 0.0010.13 compared to using the same background pagitso r S ARAG6s nort he
popul ation (all other popul ati onBbkernpapuaionder ed

Finally, the amount of predicted refugeeawithin currentS AR AG6 s n ounthiframgeva m
larger thampredictedYukon Winter ranges, which is expected as it is a subset of the first (Fig.
3.8). However, this also represents a msataller proportion of winter refuge area within
current, although greater proportional gains of external refuge and future distribution are
predicted (kg. 3.7).
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3.5 Discussion

This is an ambitious studyf caribou distribution in terswof geographic xtent (Canada and

United States), variety of predictors considered (climate, vegetatantiopogenif scenarios
(climate change, vegetation lag, human cumulative effects), scales (species, population, winter
range) and competingppulation unit§ S A R Addthern andaaithernmountant populations,

C OS E WI fAoshems, central and southern mountalg, and mrealbar r en and Gr ant 6

populations common to both classificatigngt it is only a first step in understanding the

conservation needs of thisdespread but vulnerable species

3.5.1 Drivers of caribou distribution in western North America

Probability of occurrence for most caribou populations was higher in areas with average winter
temperature below8 C. Adding vegetation and roads did noadratically improve climate only
models. Yet, all populations were more sensitive to road density than individual climate
variables; especially to primary roads, then secondary and rural roads, and finally trails. The
vegetatiorclasses ilNALC2005 also adeld more significantly to the finer scale Yukon winter

range modelsrojections for 2080 suggest climate only models are more dynamic and more
favorable at higher latitudes (particularly at the southern edge of boreal and barren distributions)
and highereevati on (particularly for Grantdés and
Yukon Key Winter Areas), than when vegetation is included, and even more so compared to
projectionswith roads addedOverall, all models predict little distributional gain amnghgficant
potentiallosses of refuges by 2080, with all populations better maintained within their current
delineations and less superimposed on one another (i.e. less competitorgdding roads to
theprojections. This is likely due to maintenancé static roads (i.e. no projections of future

road expansion, or recovery), which reduced the somewhat correlated climate effect under

current conditions.
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3.5.1.1Effects of static variables in ecological niche modeling

Applications of correlative nidh model s t o forecast changes i n ¢
climate generally use only c¢climate GCMsO6 proj
over the time frame being modelled. Yet, other predictors are proven important for estimating
presermd ay species distributions dheypangeat of t en co
different rates (e.g. over geologic timescales for soil and delayed vegetation response to climate)

or in unpredictable ways (e.gpadg (lverson and Prasad 1998, Calmé and Desrochers 2000,
Zimmermann et al. 2007, Buermann et al. 2008, Brook et al. 2009)

Combining dynamic and static variablesnioshe modepredictions for future climate projections

remains contentioud®Brook et al. 2009)While some authors did not includatsc variablege.g.

Williams et al. 2003, Thuiller et al. 2005, Araujo et al. 2006, Hole et al. 2009, Carvalho et al.

2010) others did concluded that the best models included a mixture of climatic and static
predctors(lverson and Prasad 199&tBrson et al. 2002Hatic variables that only indirectly

influence suitability (e.g. elevation) should be excluded as they catherwise hinder the

accuracy of future predictions.Similarly to others(Stanton et al. 2012pund that some
OAT-xRECEOET ¢86 1T £ Al Ei AOA vihdn@EtAbAtioAddectly AdgendsA A D D (
on a static variablée.g. plants and solar radiation; Austin and Van Niel 20d4dpecially if

correlations with climate are not clear (e.g. vegeta(iewm. vegetation; Thuiller et al. 2004)
Also, while some consickecit AAOOAO O 1T AAOA OO1 POAAEAOAAI Ad OA
analysis,the results of Stanton et ak2012)indicate that if such variables do affect species

distributions, including them in the model isbetter, even if it means making the unrealistic

assumption that their values will not change in the future.

3.5.1.2Limitations with correlated predictors

They are risks with usinlglaxent(e.g. Phillips and Dudik@08, Phillips et al. 2009as with

other niche techniques, especially when extrapolating to environments not included in model
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calibration(Pearson 2006pr dealing with spatial bias in occurrence recdféisaham et al.
2008)

Some believe that only including climate would render models overly sensitive to future climate
scenarioglverson and Prasad 1998)hile others state that usingmclimatic variables would

fit well the current distributions but be insensitive to down weighted future climate scenarios,
especially in the case of correlated predicfgvgliams et al. 2003, Thuiller et al. 200Araujo

et al. 2006, Hole et al. 2009, Carvalho et al. 2010)

Time-lag in vegetatiomesponse to climate is attributed to tegmaphic conditions, lags in seed
dispersalor persistence dbng-lived tree species in unsuitaldavironmentor recruitmen
(Stralberg et al. 2015a, Renwick et al. 2016ing proximate variablamay not matterslong
as the associations between climate, vegetation, and other drivers remain coutstantd
becomea problemwhen etrapolating into new spatial or temporal doméiesause of the risk
for decoupling(Roberts and Hamann 2012)

When variable relationships are strong, the effects of one variable could be overestimated

(Clavero et al. 2011pndminimal bOT AAOAAT A AAAT O bpoteitialy sputiou® O £AA E A
local variations in projections to arise(Stralberg et al. 2015alror instance, roads are

especially biased toward southern climates in the boreal and assiated vegetation types

(NABCI (North American Bird Conservation InitiativeCanada) 2012, Machtans et al. 2014)

My extensive road data set, which included data from more remote parts of the boreal region,

markedly reduced this bias as didthe use of the full range of populations instead of

observational data generally biaseddward areas with greater accesand warmer climates.

3.5.13 Issues with correlated dynamic and static predictors

While the role of roads, especially primary roads, is somewhat correlated with current
temperatures (r<0.7) and precipitations {<0.4) atmy coarse scale®f analysis(given the
concentration of development activities in more southern regions), it is not the case at finer

scales (such as the one applied here to winter ranges in Yukar0.2). Yet, models that
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depend on correlated static and dgamic variables and perhapsalso on how they interact,
raise important issues. For instance, as elevatigrer sedoes not influence species

distribution but is correlated with factors that do, such as temperature, precipitation and air
pressure, keeping &vation static during future climate scenarics may cause significant
inconsistencies due to unstable correlation structure between predictorgAustin 2002).
Nonetheless, it is especially important to try to project and use varialdethat interact with
climate variables as using only the current data layers, in combination with dynamic climate
layers, does not fully account for their effect on thpotential future habitat suitability for the
species(Stanton et al. 2012)

Modelling only with dynamic variables and then using staitablege.g. vegetation or land
use) as a maskvould be invalid if their effects onsuitability depend o climate, whereas
including them in the analysis allbwsMaxent to incorporate interactions(Stanton et al.
2012) A relatedapproach, which has been used to integrate data at different spatial scales
(Pearson et al. 2004)is to combine dynamic climate and static land cover data in a twstep
process: (i) a climateonly model is built and shifts under future clmate scenarios are

predicted; (ii) the output from the climate-only model is used alongside land cover as inputs

Of A OAATTA 11 AAT 8 9AOh théded &EfecAddsttc adilargdseak Oi A OF

effect of dynamic predictors would mistakeny not interact (Pearson et al. 2004)

3.5.2 Scales and population units matter

The importance ofiblogically relevant variablesy modelsdependedo some extent on the
scale (resolution and extent) of delineatzoml populations beingedeled.For instance, the
relatively fine scale NALC200Batters morevith Yukon winter range thanomthern population
entire rangeSimilarly, the value of location datsillustrated bymodels forYukon winter ranges
outperformingheannual ranges ofanthern caribopywhich performed better than the broader
woodland caribou and the overall species modeis.nd surprisng that it is difficult to model
distribution of the widespread caribou as a single homogenous sjedasse ofariation in

life history characteristics that have contributed to the-feate population units, such as
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specialized diet in the winter and differencepapulationseasonal habitdArseneault et al.
1997, COSEWIC 2002, 2011024).

3.5.3Adding potentialvegetation response to climate changaydelay species distribution
shifts

The majority of species distribution models that project species habitat responses to climate
change use climatic variables as their sole inpum&il variablesftenexplainalarge
percentage of the variance in speciesdb probab
predictive abilities with respect to current distributions. However, using solely climate proximate
variables to extrapolatato new spatial or temporal domains has greater consequences due
notably toa tenency toward over projectingvhen realisticallya decoupling in vegetation

response to climate variablissexpectedlchii et al. 2002)| thus combind climate and
vegetatiordata to seek their respectipetentialeffects on projections of species distribution
(Peterson et al. 200Gn lieu of modeling of demographic processkfcus on bestase and
worstcase scenarios. Suextreme scenarios are usefuldonservation planning to see if there

are anythreats under the most optimistic scenario or no threats under the worst case dcenario.
incorporated dynamic vegetation layers to evaluate two besscesariosl) for caribou

plasticity to climate and lag in vegetation response to climate (ecoregionsaml®),for

caribou plasticity to new road development (climate+vegetation+redase roads are held

static at current conditionsA worstcase scenario thassumesrelevant or immediate

vegetation response to climate (climate only), and an intermediate scenario where climate
importance is lessed by vegetation lag response (climate + vegetatiane also added for a
comprehensive interpretation of projectigAsadjo et al. 2004Thomas et al. 20Q4Although
addingvegetation is important to improve modbismore realistically slowingesponse to

climate the topeedaphically constrained projections from Chapter 2 should not be interpreted as
realistic models of plant demographics or future delineation of vegetation distributions but rather as a

reduced Aupper b o Uopedpiojeatidns. bi ocl i mati c enve
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3.54 Climate-inducednorthward shift mayadd toother threats to caribou

Similarly, | ask whetheadding road densitip climate only or climate+vegetation modbéter
explairs the present distributioaf caribou populations acrosestern Canada and Alaska, and
investigate potential future changes in caribou distribution baspdtentialvegetation and
climate scenariosret, the simultaneous northward progression of climatic change and other
human disturbances render interpreta@nd prediction of their effects on caribou difficult.
Gains inAUC scores with inclusion of roads in the modedsiggest thaanthropogenic
disturbancesandinferredinduced biotic factors such akanges impredation and competition
were influencingcaribou distribution beyond consideration dfmate and vegetation aloneat
least up to year 2000 (date of the dataed). However, it does not exclutie pasibility that
climate change effects on caribou may already or in the fatymelantother human induced
direct and indirect biotic factor§he current relative optimismithin distributionsand yet
expected dramatic erosion by 208Chimate only modelssuggest that climatic factors will
becomancreasinglyimportant as predictors, especiadlypopulation southern edges, as
suggestedor boreal cariboEnvironment Canada 2008

Although it was not emphasized, eachmyf models carmccount foluncertainty in

genetic/adaptive potentigla scenario®n adaptationlomogenous species vs populaticsasl
migration(changes within or out of original range€)) no migration ancho adaptationwith

popul ation or ecotypeds refuges beorigng cel |l s s
range (2) migration only, a scenario similar to thiest, but where suitable habitat feach

populationscan now be projected outside asginal range(3) adaptation onlywith caribou not

being stratified into populations, but only able to adapt to conditions within the current range of

the species; and (#igration and adaptatiomvith no restriction to the species projection as a

homogenous entity.

These assumptions could be stressed or relaxed for populations with further ecological or genetic
data. For instance, tm® migrationscenario mightbeappo pr i at e f or COSEWI C o
southern populationss they are isolated, fragmed, andhussusceptible to Allee effect

(which also suggests the no adaptation scenario unless there is great phenotypic plasticity).
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Corversely,my migrationscenarios may be more realistic for the migmabarren caribou.

Future conditiongrobably irclude some vegetation changes and local adaptations to climate
change, but this realistic set of alternative scenarios should adequately define caribou response
limits, and suppora landscape simulation approabhat wouldallow a more complex analysis.

3.55 Few refuges from cumulative effestof climate change and human encroachment

Some climate induced range contraction may have occurred in the Okanagan and Cariboo
regions ofBC and North Idaho for theouthern population, at th@uthern frontier ofAlberta

and Saskatchewan fdoreal caribou ¢onsistent withEnvironment Canada 20Q)8and at the
southern limit of thenorthern andbarren populationssubsequent to populaticitelineations.
However,the climate only modebf Gran®t,ssouthern andoreal caribou extend south of the
delineations in most other areas. This confirms other studies showing norttegassionof

caribou in those areg$chaefer and Mahoney 2007, Vors et al. 20@ftyibutable to linear
disturbanceg(roads) in my modelsAdditionally, though to bepossibly soon superseded by
climate change in Grabiisbarren, bor e a | SARAGOs s o wunthie populatomsd n or t
andCOSEWI C6s cathetnDH thisaathrapogenicumulative effet is also expected

to grow by 2080 despitemy static approacho representation of roadeesulting in very little

refuge or gainas most projectefiiture northward opportunities may never come to fruition due

to lack of connectivity.

3.5.6 Finer-scak prediction requires location data

A common use of species distribution models is to answer the quee$tibat are the key

controls on the species being modeled? How do they affect its distribttoowéver,a few of

my results indicate an urgeméed br compatible locatiomlata between jurisdictiors
populationgespecially in isolated northern herds). For example, my use of broad caribou
population delineation as an alternative to location data failed to capture the importance of fire or
mining hisbry, asreported by Environment Canada (2009). Similarly,wayk also reveals that

without fine scale caribou dat@gquiringmulti-jurisdictional yet detailed (i.e. exhaustive
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classification), precise (@.downscaled climate dgtand timespecificanthropogeniadata, such
as road density and forestry or mining activities, is ineffectivenfsmyvery broad road

density layers were useful

Multi-jurisdictional efforts for acquisition of comparable GB&ationdata are all the more

necessary as ecam@al and timely availability of high resolution satelitegetatiordata is

secured for modeling at broad geographic sqdasg et al. 2006Environment Canada 2008

Satellite based explanatory and respodae (i.e higher resolutiorvegetatiorand GPS animal
locationdata) should improve specificity evaurther when used concurren{lyeterson and

Robins 2003, Parra et al. 200M)y coarsecaribou resolution may also explain why the detailed
vegetatiordata(e.g. NALC2005 weregenerallyworse predictors than trewarser ecoregions,
thoughusing the latter could ristverfitted modelsasecoregiona r e t he f oundati on
caribou classificatiofCOSEWIC 2014)

Nonethelessny models offer a predictive form of environmental impact assessment, wherein
the zone of influence of diffent anthropogenic disturband@lfus et al. 2011¢an be explored
relative to multiple scales of caribou respgrased in relation t@ther environmental drivers,
including climate and vegetatiowhile caribou occurrence was overall greater betwé@rno-
10°C in winterthe probability of occurrenagropped after 0.01km/km2 of primary roads and
0.1km/km2 of secondary roads.
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Table 3.1 MaxENT modelresultsfor caribou population distribution in western North America
based on climate, vegetation, rogalsd ecoregionsncludingAUC scores, specificity and
sensitivity (under/over predictioof original distribution based anaximum test sensitivity

andogistic thresholdor specificity).

AUC %pixel under/over prediction

Organizational level Climate Climate Climate Ecoregior Climate Climate Climate Ecoregior

+ Veg +Veg +\Veg +Veg
+Roads +Roads
Species
Cariboui
Rangifer tarandus 0.65  0.68 0.69 073 12.0486 11.5480 8.82362 9.68308
Sub-Species
Barrengroundi
R. t. groenlandicus 082 082 0.83 091  3.87112 3.89/112 3.6107 7.9/109
Gr aii R.& granti 094 094 0.96 0.98 6.45265 5.89/268 5.4190 2.99/264

Woodlandi R. t. caribou 0.80 0.81 0.81 0.85 9.59/380 8.94/388 6.98288 7.98250
Woodland Designated Units

Boreal 0.9 0.90 091 0.96 8.23156 8.09/159 6.1/112 1.92171
SARA northern mnt pop 0.94 0.95 0.96 0.98 492164 4.03174 2.82146 7.49/125
SARA southern mntpop  0.97 097 0.98 0.97 3.65378 3.44383 1.79262 2.31/38
COSEWIC south mnt DU 0.99 0.99 0.99 0.97 102452 10.3448 26.7138 0/720
COSBEWIC centralmnt DU 0.98 0.99 1.00 0.99 2.97076 1.31469 0.59/324 13.01507
COSEWIC northmntDU  0.93 0.93 0.95 0.97 6.41/167 6.99/161 4.1/129 5.02157

N. Mountain Range

Yukon Winter Key Areas  0.97 0.98 0.98 0.95 6.8/1332 5.91726 5.31093 1.122297
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Ecoregion
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Figure 3.1 Importanceof climate, vegetation and roads to caribou distribution in western North Amasiaagasuredy relative
AUC values for each population (the lowest value, by population, was subtracted from theagcbapgthuscomparable among the
variablesbut not among populatiopsvariables are arranged with highest contribution on top to lowest on hdttoeach variable

in isolationon the right, anall variables egept one on the left
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Figure 3.2 Response curvesf current caribou probability of occurence in western North
America toroaddensity (km/km). Notation following road types indicates the search radius

considered
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Figure 3.3 Difference between climate only and climate + vegetation models for the baseline
(1961-199Q left sidg and 2080s projectiafor caribou populations in western North
America.Places where climate only models predict more caribou occurag@achown in
gradient of blue while places where climate and vegetation models predict more caribou

occurrence are shown in a gradient of red.
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