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Abstract

Cari(®awmgi f er )araer avnidtuasl to terrestrial €CcCOoOSyste
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R®s um®

Dans l'ensemble de son aire de répartition circumpolaire, le caribou (Rangifer tarandus)
est vital pour les écosystemes terrestres et central aux économies traditionnelles. Les
caribous de la toundra entreprennent les plus longues migrations observées dans les
habitats terrestres, et ils le font chaque année a travers les régions arctiques et
boréales qui ont subi le réchauffement le plus rapide de la planéte. Le comportement de
déplacement, y compris la migration, est essentiel a la survie et a la reproduction dans
des environnements variables. Cette these étudie comment les changements
environnementaux, en particulier les changements dans la phénologie de la glace de
lac, et les outils de surveillance, en particulier les colliers GPS, influencent le
comportement de déplacement des caribous et, potentiellement, leur survie. Dans le
chapitre 1, je fais une synthése de nos connaissances actuelles liant la survie du
caribou et I'écologie du mouvement: (i) aux changements environnementaux plus
généraux qui se produisent dans I'Arctique, (ii) aux changements dans la phénologie
des glaces de lac au printemps et aux outils de télédétection actuellement disponibles
pour surveiller les changements environnementaux, et (iii) aux effets a court terme des
captures effectuées dans le cadre des programmes de surveillance par collier GPS.
Dans le chapitre 2, je produis des cartes a échelle fine de la phénologie de la glace des
lacs de printemps en développant un algorithme de télédétection Open Pixel-based
Earth eNginelce (OPEN-l CE) mi s en Tuvre dans | a platefor
de Google Earth Engine (GEE). OPEN-ICE combine des images provenant de trois
capteurs optiques différents pour permettre la surveillance de la phénologie de la glace
des lacs d'eau douce dans les petites et grandes masses d'eau sur les grandes
étendues géographiques typiques des aires de répartition du caribou migrateur. J'ai
évalué la précision du produit de données OPEN-ICE sur une période de 9 ans en
comparant les dates de début et de fin de la fonte des glaces dans 105 lacs surveillés
par le Service canadien des glaces et j'ai trouvé un biais systématique moyen de -1,10
et -0,69 jours, respectivement. Dans le chapitre 3, j'ai utilisé le produit de données
OPEN-ICE pour évaluer les réponses comportementales des caribous de la toundra
femelles aux conditions transitoires de la glace de lac pendant leur migration
printaniére. J'ai constaté que la sélection ou I'évitement des caribous variait en fonction
de I'état phénologique (eau libre, glace en fonte, glace) et de la taille des plans d'eau
rencontrés. Plus précisément, au cours de la migration printaniere, les femelles
évitaient fortement les zones ou la glace se brisait dans les petits et surtout dans les
grands plans d'eau et, dans une moindre mesure, les zones d'eau libre. Elles ont plutét
choisi des chemins de migration a travers des zones avec des petits lacs couverts de
glace, tout en ayant tendance a éviter les traversées exposées des tres grands lacs
couverts de glace. Dans le chapitre 4, j'ai étudié les effets de la capture et des colliers
GPS sur les déplacements et la survie des caribous de la toundra apres leur remise en
liberté. Pour évaluer les impacts de la capture dans le cadre d'une étude a capture
unique, j'ai développé des stratégies statistiqgues qui permettent de comparer les
individus réecemment capturés aux niveaux de référence de la population en tenant
compte des tendances saisonniéres et des différences sexuelles, interindividuelles et
interannuelles. Les captures ont un impact sur les déplacements des caribous jusqu'a
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quatre jours apres la capture et la durée de la capture combinée a la concentration de
cortisol dans le sang permettent de prédire les cas présumeés de mortalité liée a la
capture. Cette recherche fournit des outils de télédétection et des stratégies statistiques
importants pour la surveillance des glaces de lac, I'étude des déplacements des
caribous migrateurs et I'évaluation des impacts des changements environnementaux et
du stress lié a la manipulation sur une espéece clé au niveau écologique et culturelle et
dont l'avenir demeure incertain.
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1. 2Whlat are migratory caribou?
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of the Arctic and its First Peoples are cl ose

cari bou dhetrhdes rahnyt hms of their seasonal migrat

1. 2Wh3at is the current status of migratory car

| mportant popul ation declines have been ob
mi gratory caribou and wild reindeer herds in
2016; Vors and Boyce, 2009). Since aerial sur:
more wideldyfadomoni toring | arge caribou herds
have counted individuabhs$vdogi aggcaelgat ngnser apd
popul ati amsd pea&kguent crashes. For example, an
conducted dadivihggpost the aggregations of the
mi gratory herd in Quebec and Labrador, sugges
823,000 individuals in 1993 (Couturier et al
20228t emates the population to be 7200, a stag
yeafBrodeur et Quwler, t2h0e2 1s)ame peri-gdopusdveanl bb
herds of the NortNwepahafferdecbrnesd anda simil
téh | ast survey in 2021, the Bathurst herd has

popul ation peak®@0(Q0AdamdB8éwaki 4Bualeys2082) he



Bl uenkoasset herd suggest it peake@O00Dmdi2wWildu alts ay
has since plummeted OBoalpamgoeaili matFadri.hed2002e2s)t W
the Porcupine caribou herd i s curhraevret Iggtdatbh d io
andontdtnauei ncrwiasle the | atest survey in 2017 e
21800, an incr eadas0e0 afndalvmodsutal %S4 rel ative to it

(Porcupine Caribou Technical Commi ttee, 2022).

Mi gratory caribou popul azedobydympmr tanar po
cycles, sodwbiipeshase dramatic, they have be
the adoption of aerial surveys for management

extended popul ation crashes were documented a

2022). Becausaretehesatcpnt!l €9 | ife in the Arcti
traditional knowledge accounts of the I ndigen
mi gratory nmidrlidbivonaisowsen et al ., 2021; Fergusol

Dendrochronol ogue adl snethheans thsaed to date t hese

using the scarring patterns created by trampl

cari bou abundance along i mportant migration <c
Zal atan et al ., 2006) .
Il n the Iight of current declines, territor

have designg@gtewadndacareinbou herds as threatened

Species at Risk Committee, 2017) , although no
for emsgemhory caribou. Unl i ke their woodl and
counterparts, whose declines are driven pri ma

mining and forestry activities (Hervieux et a

9



to the exact drivers of population declines i
further compounded by the unprecedented rates
changes observed in the AThet ipa e(cRarti omemnr yetpra
justifies adequatreoprofi e@ad¢ s @amsclando adequatel

conservation efforts and range planning.

1. 2Whdy are migratory caribou herds declining?

The relative synchrony of popuil magti dorr ocaydc | e

spati al( Eddalnes 1924; Gunn, 2003; Hanakenhhetghl

research increasingly points to a variety of
synergistically i mpose cumul,ateifuie cefifveedtys ionmncr
their vulnerability wheBoagékerdoéet pabul| a20da;

201)lRAIi nding suf Biat iemieyr ghoowidr gwecr sici al t hrough
year j nbetatr hebaoluv,i n-gal pios ¢, asneda ssbhuansnee rb e e n
i dent isfiigendi faiscant energetic bottlenecks that e

and female repr dhecteif veexegseurctcse shsave i denti fied

o

i sturbances and seasonal conditions on the s
during spring migration as key to the conseryv

(Bongelli et al., 2022).

1. 2 .S4.mime r season

As capital breeders (Taillon et al ., 2013)
success of migratory caribou pivots on the nu

being sufficient to not only sustain themsely

10



winter months when food is scarcer and not as
nitr-ngpmnted terrestrial ecosystems of the Arc:
species for migratory caribou typically.consi
Carex,Esrpp.phorumlspmxkph.ens, fresh foliage of s o0me
birBéat Il o apd. alil ¥ wsg@es. wel l mushrooms | ater

(B®l and et al., 2023; Webber et al., 2022). T
a@inst time to consume as much of this fresh

degrades in | ate summer and earl yddmilhg and m
summean reduce the body fat and resources ava
the following spring. Missed opportunities ar
processes which vary by year and by herd (Bon
t he pompudfatsome | arge herds reached their peal

on summeirges was oOobser vdadkpemdewictes ydewosittry but e

subsequently observed declines (Bergerud et a
change has caused increased temperatures and
that can be |Ilinked to chabgéstiyn Baddgsaebsboga

| onger growing seasoArscttiha oaurgdh oAirtc ttihoe, Stutbe str

composition of vegetation communities are shi

and aAldeus)(slpgpcomi ng more prevalent in many re
al ., 2006; Tremblay et al., 2012) and reducin
2012). Although this represents an overal/l i n
2017), twuulbhesepexshrs | ock more proteins into ind

| eaves contain higher concentrations of pheno

11



browsing in | ate summer (Thompson and Barboza
domi nance of these species |ikely reduces ove

sedges and grasses dominated communities (Bry

appeart competition as other | arge herbivores t
(Joly et al ., 2012) . However, the effects of

mitigated by a | onger and more productive gro
reprodwectsuccess in some popul ati ohs magAkebon et
chanhgaes al so been |l inked to increased parasiti
short Arctic summer, when temperatures peak a

by mosgéAetes}wépbl eHyfdad deesr nfa) ,t aarnadn doiot f I i es

(Cephenemyi)a ctanonbpee so severe that sioff drirvdoum,

to higher, coolexrposaendd amoaaes wintdh | ess foragin
et al ., 201l8§e aBeodladwmetes f oraging ti me, summe:r
intense |l evels of insect harassment a+e typidc

condition of females and calf weights the fol
l inked to survivatessdi nepomdupbpukasuons (Jo

Joly et al., 2020).

1.2CAIl%Zing -@aaldvipmgtseason

Many migratory spPpecis@s i aigmatrleeg &fersct i ¢ t o r &
of fspring, a behaviour which has evolved to r
to capidmltihe adeasdaemnhaldph nutfroiotdi swWaNr t ks ams et
al ., 2017) . Il n addition to recovering from th

the energetic cost of gestation, female migra

12



Sy
Ho
t h
i n
be

tr

ergetic cost of | actation in the period i mm
e synchrony of calving with spring vegetat:
ndition, survival, and recruitment.vEe&Dr exa
rd suggests that the single most i mportant
rth, with [ ater Dbirths Iinked to increased
ternal body condition is i mporyt sonft f(rTeasihl |foonr
the period i mmediately following parturiti
cumul ated from the previous summers, althou

e season may also be a factor (Vuill aume et

Cli mate change has caused widespread advanc
enology (HRye et al., 2007), and it is wuncl
ring migration and calving have adjusted. C

periencedmasmabobphi bet ween the energetic dem

riod I mmediately following parturition and
ringugrekaoli et al., 2018), in some cases
rvival ( Et kell.e,nb02l ;e Post and Forchhammer,

evidence that the migratory behaviour of ¢
nchrony of parturition andud a(cMaltli corny wed tt ha le.
wevienr , some regions of the Arctic, phenologic
at advanwp ngagregereandual |y sl owed and been oVe
creases in the vaup abatled y( $d hmipdti ngt gale.e,n
havailourl exi bility of migratory caribou shoul

ophi c mi sbreactocnmee smomiel Ii mportant as the cli mat

13



1. 2.S9r3 ng migration

With the arrival of spring, mi gratory car.i
especially urgent one for parturieatviegales
grounds previously discussed, the-utpimisng of p
extremely i mportant to calf survival, even mo

due to poor summer range ¢daditoanstomnla,didDfl

et al .., Co®asE)guently, the ability of females t
moment and the environmental factors that hin
extremely i mportant role in determining repro

m gration seems to be synchronous across many

mounting evidence suggests that one of the ma

snowmelt (Gurarie et al., 2019; Laforge et al
(Leceéteral ., 2021) and is clupsédlLnfomelgaet ed tad . s
Mil der winters typically advance departure an

typically retard it (Gurarie et al. ema0®2%; Le
compensate for | atiemfgdstp@arthue ecsa lbeym empovigr bhie db e s
predictors of movement speed during migration
Despfilteexi bility in migradiisonrdpeaeesamacdt iemiving
conditions encmiugqrt eteieadmsdgni hgcantly del ay arr
ground and in some extreme examples, cause fe
reached the r€reei safptgdatot heir calving gro
Wit h cl i matthee cahnaonugret, and density of snow accun

snow meelxtpeacrteed to undergo I mportant regional

14
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extremely costly

species |ike caribou (Fancy and

eep wet snow following heavier spr

(Leclerc et al., 2021). T

s also an i mportant factor, as fro

and mor e compaaotd smooawve teenfaahMdddii regn t

al ., 2021) and more visibility to

As the climate warms, many of t

are breaking up sooner and freezin

mi grating females now encounter

i n spring. This is especially worr

e Canadian Shiel d, as freshwater f

Ihn dévee aner springs the earlier trans

movement barriers has resulted in

rc et al., 2021). While caribou ar

ausnjury, and mortality when naviga

986). I n the Canadian Arctic Archi

Uni on Itearrdebocaundet pai t s Pearyher no

di fferent parts of their range,

of sea ice Iin some years has alre

ue to pose aheisgniherdani nt hheaf ut u

r, 1995; Mi Il |l er et al . | 2005; Pool

have also been observed as a direc
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di sturbances. Abandoned roads, active roads,

related to mining are typically avoided by ca
resulting in | onger routes and additri ownalt edel
range (Boulanger et al., 2020; Johnson and Ru
Wil son et al ., 2016) .

1. 2Ho5w can remote sensing contribute to caribo

Because the ahnmbgr atbopyecar idmd nrseemot e
regions, monitoring climate and weather, envi
changes at the spatiianpaand ntgesomarnt dle osed ayl ecsh al |
For example, the annual range of( Case Bat halr st
1996) while the range of the Leaf Ri Vvearr gheer d

thancawomwntry within .co®itnane nttrad I[Eaaurmple of t he

mi ssions in the 1970s, imagery of Earthoés sur
various sensors (e.g., optical, hyperspectral
frequency of capturea, |q@balliitty, feord cdwdrlalrles e a
(Mal enovskl et al., 2012; Wulder et al., 2019
conditions over | arge and remote regions, rem

technol ogies have emeogedtasocgcrugcndérsoandi bg

caribou, the environmenmaVvVethenmasmdstbe thainges
unf ol ding on their ranges as a result of clim
Satellite imagery captured by optical and

researchers with the opportunity to track ann

vegetahaonges during key periods of migratory

16



and Danby, 2022). By exploiting the spectral |
t hdor malDiZddkerence Vegetation I ndex (NDVI; Rou
phenol ogical events such as the onset of spri
in summer, and the subsequent browniantge as sen
summeraa@anadmn (e. g. , Descals et al ., 2020). Re:
nitrogen availability in fr eshupfohraasg ed ednuornisntgr a
that i1its peak is typically correlated with th
haof its maxi mum value (Doiron et al., 2013).
investigate the synchrony of carni broeul tadtalovni ntgo
peak availabilityooédassehei denads se & foertatgoep hi ¢
mi smatch and its downstream i mplications for
2021; Mallory et al., 2020; Paoli et al., 201
sensing technologies can also hel pbdtatsngunds
vegetation community composition to st-udy how
term changes in food avaciallavbiinlg tpye rtihordo uagnhdo ustu n
mont hs (Campeau et al , 2019, Ri ckbeirlctetc, al
continuing tadaetrrmacack atnfgee sl amg pl ant communi ties
interactions that shape them (Kelsey et al .,
key to understanding potenti.al i mpacts on car
Weat her monitoring satellites and derived
devel opment of accurate insect harassment i nd
ot herwise Iimpossible to monitor. Predictive m
weat her st atdiogs wiind¢ temperature, and rel at.i

17



classifications were used to develop indices
relative intensity of insect harassment throu
2012). Usi-mgsedhtwddtiteer and climate reanal ysi ¢t
(Rinecker et al ., 2011), r eseaorcmidendcdi dheasv et @ xp a
provsitdkeendabdbadadl e daily mosquito and oestrid
harassment indices over spring and summer r an
caribou herds as far back as 1980 (Russell et
indices have thaleni n nsndeametitaenndg cirga It heey rsgmitd € o0
cari bou movement in summer and the cumul ative
over into the foll owing year 6s r e@ornotdiuncuteidv e s
moni tori nge atf-h eaveeasreidbyonuami cs i s extremely 1 mpo
the intensity and regionality of changes in i
scenaandost heir demographis smphtctpobdbolycandbbps
and Culler, 2021).

Al t hough snow conditions are a key wvariabl
winter forage (Fancy and White, 1985), initia
et al., 2021), and expend energy while travel
sow conditions with remote sensing data produ
and accumul ation patterns are changing i n man
evaporation and paecspnrgaaptirdo nwaprantitnegr rasmel s hor t
seasons (Lam et al., 2023; Park et al., 2013)
esti mat ionng asnndeons howat es is relatively straight
the depth of the snoswpiaccsk sauncdh iass decehmasriatcyt earie

18



toemotel ptsehseefine spatial scales which are
movement (Gurarie et al., 2019). Humi dity, te
determinants of the characteristics of the sn
war ming Ancneasddefnequemacw eviemtad mered et tyw !l e s
(McCrystaldl et al ., 2021) i1is transforming the

which requires further refinement of remote s

and claaswiidieyr range of optical and microwave p
Currently, most snow data products with a hig
from coarse optical i magesrcyl eHalelatdteraland 202

model s feLuajuldi @g@@dsp] uti on-aand ilbrucdedemowpack
may soon be readiilny reevasieltdablnay ggi semal e monito
the Arctic (e.g., Lam et al., -2023 s-pdc®rath e
radar sensors (Lemmetyinen et al ., @wBbe@€h Rott

could greatly enhamiceealnad emestamantngbehihavi our ¢

many other species (Boelman et al ., 2019).
The exponential increase in the quantity of
(Liu et al., 2018), notabl-gcaessa saetsellkti oé i m

archives (Malenovskl et alrep2es2ntWubodoeh atr
opportunity andBea aulsael Itdhrege nvi ronmental drive
and movements operate both at | ocal (i ndi vidu
|l andssaaptical es (her dodasndentthase rlacgel) ,and | and s
arehataci zed by relevant -dantg| skaegeaherand

reqguiernot e sensi ngwidaht a aprrgoed uscptast i a | extents al

19



resolutions, as well as | ong tAsmes uscehr,i erse sweiatrhc

must often negotiate trade offs between spat.i

bet wgacno:ar sereqguently captured I mages to accou
environmental comdeistoilauntsi,onori maigie)s hioghcaptur e
i mmedi ate | andscape t katal cca molves nreenlt a taendd tsce | feic

Furt herhmosree ,aptpr oaches frequently require proh
t ta are dardliwiatéht ttroadi ti onal computational r e
faced across many remote sensing disciplines
pl atforms such as Google Earth Engine (Gorel.]

Application Pl atfofime¢tHBWwplcg @thydibaoMes @ equire

access | arge image archives and perform geosp
recent advances in our understanding of <carib
on such tools, including advanecgsof nmbgraunde
calving (Couriot et al., 2023; Gurarie et al

and our ability to map and classify important
(Macander et al ., 2020) orontkroacikc st heeti ralc. h a n2goe2
sever al knowl edge gaps still exist due to the
the next section we will discuss how abundant

to answer questions abawvai habututry withrdehbwa

key femmiofonmenkalowaméfdgieence cari bou migratic

20



1. 2Ho6w can remote sensing contribute to monito

phenol ogy?

Because of it-secoobmucal andoecol ogi cal i mpo
ice has been monitor edFobry shoummea nlsa kfeosr ocfe nptaurrtiiec

i mpor ttahnecrees ae xcihsitv esn od rcdefcfe dates consistently

over 500 years (Sharma et al ., 2022). These r
records, have revealed that freshewatarel akae
sentinels of global climat Astraemeésu( Adwpifam et
Arctic (Rantanen et al., 2022), increased air
|l ater i n autumn and breakup earlier in spring

that {Hfheei cegarsoonmatniga rate of 12.3 days/ century
observed both in historical ice records (Magn
et al., 2017). These changes are especially a

|l andscapéaracwegr ithred hi ghest density of freshw

(Messager et al ., 201630%fokqueatl gndovapenipy
(Duguay et al ., 2008pvefmThdudetrenswi |l h haee i
(i) transportmtaeaonnamide smo(rRrhewse et al ., 2009)
weat her and c¢cli mate (Prowse et al., 2011), an
freshwater ecosystems (Adrian et al., 2006, R
tracking akeangese phelhol ogy i s therceoefcdriemagar i m

research and dedicated government agencies (e
Canadian I ce Service) have expended | arge eff

freshwater ice using remote sensing technol og

21



Detecting the presence or absence of ice wi
cruci al part of etsrpaecckiiang yl akfe liacrege ar eas ar e

are a | arge numberDeafecltgkoens obfbgi hakpespegt s

breakup orug awhi ¢hemeed totiweekeftimegpatadhy
requires i magery captured by satellites that
such, current broad scale monitoring aflforts
resolution and, in an effort to build [ onger
coll ection of | arger | akes which often have ¢
date satellite archives (Latifowi0@;, aMdghRaoaosloino
et al., 2000; Sharma et al., 2019). While sat

MODI S are perfect for these appli &80i omhs, the
makes them unsuitabl e f drmpmartiatmareitgn daademasl nmaelrl
(Messager et al., 2016) and, relativeatre | arg
l i kely to be most responcSMw@arnttohy neaindaiveen2 @2 :
shown gt rbeemely i mportant contributors to geoc

carbon and greenhouse gas emissions (Holgerso

Moni toring ice phenology in these smaller | ak
captur-redvolglhti on i mages (e.g.,ex a3 srettealel iptiexs
follow | ow polar orbits and do not frequently

or SeL2t MsSél i magery).

I n recent years, efforts to include smalle
monitoring projects have multiplied. Undoubte
i mages collected by the European Space Agency

22



instrument al i n these e2fbBLsopFobcakexasepser s S|
resolution of 10 metres and are deployed on 2
ti me of approximately 5 days.-18s agtiwhetsat el
aperture radar sensors achieve simittao-40CvVvi si
metre resolution (TorX eSARti mdger 2 0il22)es Beanital
detecting |l ake ice in conditiomshtdatpeamieods n
heavy cl oud hodawirntaenrd mont hs, making it an esfy
t raccke phentolhoggyher | atitudes (e.@api tMaolmif zitng a
t he abundance of i magé€ryynadapeinntegthed Zopfenni nak
Monitoring Service (CLMS) has devel Bptealntt he A
datpa oduct which provbhbaeesd diacé yc wae re-mbtoatyi sti c
resol uiwiaareri ¢«cé¢ assi fications over the entire E
2023a, 2023b), an unprecedented endeavour. Fo
data produkitmsmi bed to |l arger | akes as they are
(500 emgtrsuch as the ESAOGs Lakes Climate Chang
MODI S sensors (e.g., Cr®taux et al., 2021) an

(CGLS) Lake Il ce Extent pr 8&dBdtSTWRhI(CHGLISe ! 202 309

Monitoring | ake ice phenol ogy at a spati al
studying caribou migration, and indeed many o

chall enges we have discus adfdfet wgandspgtiheé @an

temporal resolution of satellite data product
medi at eds dbayl d irneesponses to the presence of i ce
| andscape (Leblond et al ., 201s6o)l,uthutn doue ftroes
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ice products we currently |l ack the ability to
in small e6r00l3kkmead( €ii) identify the transitio
ice (forming or breakiagit mebhaarki hof ocua n( Miel |eesrp eacnid

1986) .

1. 2Hot'w do we monitor cari bou movement ?

Humans have carefully studied ani mal movem
foars | onghae trtleéyed on hunti Agchsobhogountedestc
of, for exampl éVacabebo8Bl|l Genpdbedtf adbr ijj uagn30)

197,0)and f({(Bhi weehisg2hOlOi5gght the antiquity of Fi

understanding of animal mové@mengupati ennsfamwdt
ani mals move shows wup very early in what we o
and phil osophi cal Il nquiry in the Western worl

wor ks such ®de Moitaut AthlOenas hemMovement of Ani ma
2022; NathanUeti &l rel 2008l y recently, ani mal
moni tored t hr oughofdia neocmatosbastekrdgvicagt tigofrmi nt s and s
However, with the wiaeaptadrogp tmetnh @ds nmalr&kt begse
banding efforts in the 19th century (Wood, 19
radi o and GPS collars, biol ogtgathsaplrft hoaft trhoes e2 (O

cent(uwiyl mers ebratdal 20abal yses of individual

movement behaviour have become an i mportant a
spatial and temporal dynamics that mediate po
dynamics (Nathan et al ., 2008).
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The use of telemetry collars is especially

vagile species (Hofman et al., 2019; Joo et a

o

epl oymentesquadfppwHlF col |l ars on migratorydscari bo

(Davis and Val kenbur g, 1979-pqangpeddecbatar sad.

o

eployed on eastern migratory herds in the 19
have been central to research and management

2009)yoviding incredible insights into their wu

2011), their population dynamics (Rivest et a
changes (Sharma et al ., 2009) and disturbance
2016) . I n the | ast two decades, the depl oymen
reindeer, including accelerometers, heart rat
unprecedented insights into their daigleyt iccyscl e
(Trondrud et al ., 2021), responses to stresso
(B® and et al., 2023), and calf survival (Vui

of these monitoring methods have beeyenr eignusitrreu m
capturmidngri duals which is not without risk. Wi
genotyping or biochemical analysis of hair or
some of these monitoring methods,t itthe so weesrsalnl

effects of stress experienced by individuals

1. 2Ho8w can capture and collaring affect caribo

Bi ol ogging technol ogies such as accel er ome
|l auded for reducing observer effects on the b

but they do requi mmolihled fzraifpntdoimvei daunad s whi ch c a
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that can potentially 1 ntr oduceegabtiiamgdtyd sampl e

condition, survi alg, aaardd r2éd@rlgduclthieon mpacts o

collaring can vary widely between species and
el evated heart rate) to severe (e.g., mortald@i
to Hermrgn (e.g., rceprs)d|f Raicheé oswvuet al ., 2014).
streespopseg., increased temperature, combati:

can be directly monitored and observed during
wi dely documented for many species (Arnemo et
capture ymyoopratibndi rect (e.g., vulnerradliatedg to

stress may be harder to detect as they only m

ani mal I's released. For example, capture myop
mi nutestan®@@OQupays after an individual 1is rele
Capture myopathy is an often fatal di sease <ca

i nduced muscle exertion as a result of chase,
al ., 201s9;n,Pa2t0el 4 ; Sparpa kuerre, nilySo9pBadtrhey pr eval ent
ungul ates relative to other mammals (Paterson
to confirm without c¢cl ose observation or necro
i mpossi bslte rienbmomoe wi |l derness arleatshalAmeihfge athg u
captrugleat ed stress can include increased or de
habituation period (Dechen Quinn et al., 2012
permanent i iohamogesent behaviour as a result of
2008), deteriorated body condition after repe

in behaviour al responses to potential threats
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Capturing |l arge animals | i ke caribou most
helicopter (sometimes by snowmobtbe}peoi Eepar
and position it saifmhgygbiflorizeetdeadretyr ec Bd maoaksth
physi m@mbbi Ilbyzagetomi ng and physical restraints
earliest deployments of telemetry collars on
captrugleated injuries and mortality related to
(Val kenb ur9g@ 9¢t 1018.3,)) . However, throudestehe kno
eardleypl oyments on caribou and indeed many ot he
there ar esnoaw Iweslhled protocols and guidelines
capture and chemmmal i loarfz pchayresimbcoaul ( Catt et , 2018
et al ., 20r28l)at e€apmhaurteal ities are now much | ec
result of Il onger interventions and handling s
rel ocation, and matseedailnpempamgtete&fdomobunt ai n
boreal woodlcoamdecg#@hb®mna Cari bou Recovery Te
Compton et al ., 1995;:L aMartehnite ua nedt Dauls.s,a u20t2 2 ;2 0SL
technol ogies have also greatly i mproved, and
the heavy imsssierd&@&PBSonol |l ars affected survival
(Dau, 1997; Haskell and Ballard, 2007; Rasi ul
now more accurate and much lighter, improving

data and great | yneagatuicv en ge fpfoe cetnst iiathposed by e x

et al. (2022) conducted a thoro-aghd dwalguati on
effects of repeated capture and handling even
condiithidomators (e.g., mass, back f,xto)y,t ilslodod
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and estimates of activity collected with acce

aut hors demonstrated that recovery and return

for individuals r ecaptteurrne de fyfeeacrtlsy sauncdh tahsa tr el dou
remructi ve success only occurred in instances
year. While this intensive recapture study pr

magni tude of stressortseramds ttrhes ss hroedp amge 4 omfg
moni gothese stress responses in migratory car
because their vast ranges consctapatiur emosntiudoyr i n

designs focampthurcd @ctei vity baselines are extr e
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ChapteMulZ2aensor detection of spring

phenol ogy of Canadaés | akes

2 . Mbstract

The ice phenology of freshwater | akes thro
undergone I mpbontdanedcbhmate over the past cen
where freshwater | akes and wetl ands cover 15
phenoi®gyital to understand-eictosroimmgagctes od mgalc
hydrological systems. The rapid and dynamic n

restricted monitoring efforts to the use of s

(e,MO0DI' S, AVHRR), but their |l ow resolution (e.
| arger water bodies. However ;retshod uitnacarmeeassged a
satellite i magery ¢ ombconnepdutaicmignoltdigei @S stea 0 f prce
opportunities t-of freatceedrmet @ mmpareal (i .e., 1 e\
(i .e., pixel size) resolution allowing for | a

study, we presebbsetdeE®pech BENAPEHRY lal gor it hm

mpl|l @ameln in Google Earth Engine (GEE), which ¢
opeanccess optical sensors, then combines them
seri eswatfer cebservations and esti mat-en pi xel sy
resol uti omnmdsals i7n ¢gg TUVan LandsaP BSDLbEceand 8Bent
|l akes spanning northern | atitudes, we build r
that discriminate between iceswawatrerc, aasrsd fdlca
from each snennusaor tiinmeo saeri es and remove miscl a

filter appl i-wids euslionggi sat ipci xrelgr essi on. We t hen
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transition from ice to water in each pixel 6s

breakup each year. -INeE dealpd oryi tthhme doOWPEN al | fres
Canada for the period of 2013 to 2021. Spring
OPENE show high accur acy whaekne cbornepaakruepd dtaot ewsh or
by the Canadian I ce Service in 105 | akek0Oacro
and. 69 days for breakup start and-leClEd, respec
algorithmakes48060o0ss Canada and evalwuate diff
across ecozones and | aak€Estaebk. pOovi desy OPENTr .
of annual spring breakup events applicabl e ac

monitor the rampigdpthzrgesn ttolkse vul nerable ec

2.1 I ntroduction

Il n recent decades, Boreal and Arctic regio

di sproportionately rapid warming compared to

Post et al., 2019), a trend which is expected
much attentoonséd on the i mpacts of warming o
2013; Stroeve et al., 2007), warming trends i
declines in the presence and duration of seas

A vastrimygj of the worldbés freshwater occurs as

the form of frozen ground water or permafrost

|l akes (Peterson et al., 2019). Analyses indic
freshwater | akes, most are situatAM@&Nwithin bor
Verpoorter et al ., 2014), where annual Il ce co
bi ogeochemical processes (Hampton et al., 201
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2016). Lakes are particularly abundant in the
where 150ft ot M® %W andscape i s covered by approxi
a sur foadeé,kxmhe highest | ake densi2tOy03i;n the wor
Messager et al., 2016) 2alLakalssemaxti eemeélhymnaldul
each drop of one order of Mmadgni t nde elasesi nel .
(Messager et al., 2016). I n thspeedsyspeme] twa
onset and ice breakup in spring and delays fr
Weyhenmeyer eQGonasle g ue2n0tOldy),. t hfer éd @ ngd das i hase b

increasing an average of 12.3 days/ century (M

consistently in historical i(cDeu reetc oarld. s, a2n0dl 7s;a
et al ., 2019).

Whil e the abundant | akes in Boreal and Arc
change (Williamson et al., 2009), they also e
geochemi cceatonesmicec o and ecol ogical systems. Fol
i mportantrgomnoridgtonal and gl obal climate vi

2008) and gas exchanges ( Woiodfevaeye aestonal .B,otzh0 20

ponds and smal l | akes i n particular have emer
gases in rapadilonswa(rAni negt ral . | 2022) , and cont
the gl obal carbon cycle than | arge | akes and

Hol gerson and Raymond, 2016; Raymond et al .,

dependent ont rlaanksep oircteatfioorn i n water dominated
net works of ice roads which enable transporta
areas, or through trail net works enabling saf
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n which I ndigenous communities rely for haryv

Prowse et al., 2009). Changes in ice phenolog

S

ydrol ogi cal and ther mal regi mes of | akes, ri
or the seasonal cycles in both freshwater an

hi fts have been observed in specifeeccmmsmint

(Adrian et al., 2006), ear |l i ermibgrreaathki wgn hoafs fb e

S

(0]

pecies (Reist et alup ®&aDt06y ,hawma il mtterrf drmred zy
f beagrrroaamd cari bou (Leblond et al., 2016; Sha

ce cover and thickness have beenridesligan aldyye dt

Gl obal Cli mate Observing System (GCOS, 2021).

n | ake ice phenology is therefore an i mporta

ncluding in smaller | akes whiscl{ A@lme amoree¢ s@dn

Gerten and Adrian, 2001) and which are harder

Considerable effort has been expended to d

using satellite sensors (Lyu et al., 2022; Sa
yet most of these methods are not specificall
i cemand -ofcfe dates critical to evaluating phenol
freshwater | akes. Because sea ice extent is s
remains present during the | ong daylight <cond
can wedlescri bed at monthly, annuadpatainadl decada
resolution optical or radar sensors (Shokr an
phenology is more challenging because most | a
Messaga&lr. et2016; Verpoorter et al., 2014), t he
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are very diverse (Kallio et al., 2015up, sprin
periods coincide with shorter photoperiods, a
time frames defined by hours and days rather
205). As a result, | ake ice phenology monitor
t r acddfef s bet ween competing objectives of broad
|l akes or the size of the area assesseidt) ,ofhi gh

observation), long time series duration (e.g.

monitored), and high tempor al-f mee odludarownat(ieargs
intervals). Reflecting the diffircaduyl y,f satcithdi
of ice phenology in freshwater Syatlegmestend t

focused on detecting changsebdeet edi, mé¢ypmacmad | &

|l akes using in situ Btsabrica2D06¢cdMagddod®d®Dungeas

Sharma et al ., 2019) or | ow resolution but 1o
Duguay, 2012; Du et al., 2017; Krop8lek et al
spatial analyses of phenologicat dHdanhdecaepeesr

region (Murfitt and Brown, 2017; Zhang and Pa
resolution optical or radar satellite sensors
handful of years (Antonova et adtr,a 2d8tl6g!l .Gel al(

Murfitt and Duguay, 2020; Surdu et al ., 2015;

Advances in Earth observathiasrddptraceslsli eagt
platforms have enabled sever al monitoring pro
i magery into snow cover, sea ice, and | ake ic

coverage. Famalexamplferom the United States Nafi

33



use data from 13 satellite sensors ‘£ovproduce
estimates for the NotrktnherpmtHenmi spehserleitatona ulsi
Mul ti sensor Snow and I ce Mapping System (1 MS)

Agencyod6s (ESA) Lakes Climate Change I nitiatiyv

produce | ake ice cover maps for over 2000 | ak
m resolution. The incaezesd adpaailcabi |(Beyi ofgt @
Drsuch et al ., 2012; Wulder et al., 2019) and r
at a resolution of 30 m or | ess has created n
phenol ogy, allowing monitoring promgesaaoolsutioome.

amalyses covering smaelksblueéegioonsanahgslkeswcoverin
example, the Copernicus Land Monitoring Servi
River and Lake I ce Extent (ARLIE) data produc

i ce sdifascati ons developed for radhramdhdSempti caea

2, respectively, to monitor | ark e eisood ughemal og:

I n this study, we develop a fulC¥ &0t omat e
monitor | ake ice breakup phenology using opti.i
season. We | acerasge dage@an and cl oud computation
al gorithntrtehaastees (sipatiinal resolution of | ake ic
currently available across Canada, (i-i) i mpro

resolution single sensor methods by fusing ob

single tsimangerniiei) is scalable to continenta
regions of the Northern Hemi sphere. To demons:!
geographical coverage, the accuracy,CEand it)he
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we use it to estimate spring breakup dates in

we extr-basetlakeeakup statistics to validate o
observational dataset of 105 | akes, anudp (i i1i)
dates in 4000 randomly selection | akes across

2. 2 Dat a

2.2.1rHsQhution optical i magery

We draw @amcepsni magery captured over Canad
ET M+, L8n®Dsdat TIRS 2ndMSSensteins®lr s, specifically
when the missions overl|l apped between 2013 and
area Hisgee 2arle situated aAN)hiwhhe rleatliotwede ss u(n> ed !
makes surface reflectance corrections unrelia
2020), we oqpdttdos pheneo®p( TOA) reflectance prodi
Landsat 7 ETM#ds(@ut7)8 aild LdmB) we used the Unit
Surveybts (USGS) -1CdlelveestiOAoOme 2]l gdceance products
2022b) whil & fMSrl femRt)i nneel used the European Sp
refl ectanc® Celv& ledcutoitonf ESA, 2022). These dat as
processed by the USGS and ESA and provide the
geometricpixele.spawubal error) corrections aval
products from each sensuwirt,ednagkn mdudthe mf drh et ibrae
anal ysi s. L76s1Cpil dcedwedet oinnl@l nfal eso rar esctacar ( SL C)
flags valid pixels for individual bands. Il n o
value was available mnnapprerogchpekitclal |l dbfandg apm:

To conserve computational efficil endcya( Yies e m
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buffer up to 60 m (i.e., 2 pixels wide) by it
focal mean for each band based on values with
conservative approach all owed us to reduce mi
where gaps are seldom wider than 1 or 2 pixel
precisely espi hateshbr ak not i mputing | arge g
We accessaead|aaddid L7, L8, and S2 imagery in Goo
Gorelick et al., 2017) wusing, respectively, t
ALANDSAT/ LCO08/ C02/ T1_ TOAO, and ACOPERNI CUS/ S2
coll ections. Together these clol5I5e cbtiildn sonc csngtuaal
kil ometres of scenes capt ucroendb ionveedr cQavneardaag ei n
increasing to approxi naitled e tdr. 290 &wy pl @0 2DInF (sgqeuea r
21A). The combined tmeasne rvdacliltedti imey o5wdayapp
in 2013 andehdday bwrttse udy Sperpiid@dd Bin 02 h S

contr i baptprnogx itnmat el y 75% of observations used.
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Figure 2.1 Map illustrating the spatial extent

Hydr oLAKES (dMetsasbaagseer et tdile. 2420 %kk)es sampl ed f

to build decision trees, and the 105 | akes mo

used for valliGQEtaobnsge rOPEEEN o n s .
2.2.2 Canadian I ce Service | ake ice data

We used the | ake ice phenology database (L
by the Canadian | ce Service (@ICE atlog ocroimpham e
results. The CI S database is based on both in
optical amglorad@ir. se, AVHRR, MODI S, RADARSAT)
anal yzedspected, and interpreted by -€Cl Blei ce e
for operational use. Each week, the database
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https://www.zotero.org/google-docs/?lmJwej

ice cover in over 130 | akes in both Canada an
CI'S |akes in Canada for which records were av
excluded | arge | akes separated into different
t at of 105 | akesFifgrn . .2ahiesaet i1drh (a&kes span 3

magnitude in size, ra’wmdi sgrffrem B3 etao 7167 km

2.2.3 Water ma s k

We | imited all of our analyses to freshwat
bodies using a water mask | ayer derived from
devel oped by the Joint Research Center (JRC)
al ., .20bhe&) JRCO6s data prioacclctsprn onaitédess offemgl oba
occurrencne rags cal WBt0Oi on t hroughout the Landsat &

defined our freshwater mask using a conservat

JRC dadacproThis global water mask presents t°
|l akes, rivers, and small water bodimepi el fici
(i .e., >)0.@00@9 (km) its accuracy and availabi
facilitates the future extension of our metho

ot her regions of the Northern Hemi sphere wher
abundant. Duegtocametboadofraints, the JRC surfa

not covAermctHighregi dds north of 78

2.2.4 HydroLAKES polygons

To produckdatsked Isaléei stics outlined in our
polygons from the HydroLAKES database (Messag

andummampi xel values from satlelE intoed eil maoguet rpyu t asn
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Hydr oLAKES database maps | ake area, volume, a

reservoiragt >0hédai kmmaxi mum historic extent, an
corrected to exclude rivers and fluvi al featu
sample spectral data from freshwapteer fpicx @les iis

trees (e®8.3¢c¢ti(ii) to extract pixel breakup
OPENCE outputs t-haesdimmeaklpkevents and val.
records for 105 213ak83ds (@axndae ($edt)i adm extract pi
OPEMNCE outputs for 4000 | akes randomly sampl e

regional patterns in the tinm3ngt)af breakup ev

2.3 Met hods

2.3.1 Tr avantienrg cilcaessi f-i EéEs for OPEN

To incorporate satellite imagery fr-om diff.
| CE al gorithm, wespgecaisfti ¢ rche miedi sre ntsroge cl assi
di scriminating water, ice, and clouds in opti
t hel assification and regression tree (CART) me

(1984) which builds decision treegrbypseturei

classes) using an optimal threshold for each
to decision trees and CART model s interchange
power f ul as more recently developed machine |
Mor an, 2015), decision tree models are simple
when pr ediastsiesg on new data (Maxwel | et al ., 2
interpret and to scale efficiently to | arge d
even gl obal scal es.
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To build reference datasets for training c|
and S2 scenes acquired between 2013 and 2021
freshwat erFil @.k&&&&u. plgsaeb@le) spanning 3 orders of
surface area ?(68ndor &8000aklimynod iashterrii bcuatne d aa d rt au:
(48A to 70A N) and longitudes (68A to 120A W)

262, 233, and 245 images, respectively, repre:

—h

sédwater | akes in the period prior to, during

(7))

ampling, we chose images in which a given | a

either water (including clear andcowvue beg)d, wat e

or clouds. We attributed each scene its corre
clouds), then randomly sampled pixels from th
polygons of the 24 | akes. We sampl e&d spibXxel so
(Blue, Green, -rRedd)(,NInR)avawvien fsrhabr ar ed ( SWI R1, S
range for each sensor. We also included mul ti.
hel pful 1in discriminating betwdenmwhteed ice,

Di fference Vegetation | ndexNorNbaViDiiZeRbusecet a

Water I ndex (NDWI; MoFKFemeat@irdd,e rleéOmcce ,Sndve | nde x
Kyle et al., 1978), the Automated Water Extr a:
and t her eMaitsetrant Snow I ndex (WSI; Sharma et al

are bound between 0 and 1l,ulsthecposasi bhdicakbue
bet welemndnbr matdi Zéde@r ence indices (NDVI, NDWI ,
bet wedem25 to 6.75 for AWEI. To ensure that ind

parameter space ae s$pactardly b awmdsolrendal ()iz.aet.i,0onm
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e a

fi

t o

S a

r e

Ga

us

of

vV a

pa
Wh

ch multispectral index0s varaxeismumormandeitro
xed range of 0O to 1. For each aspmrsoxionsatreelfye
3 scenes over each | aappfoxi matcdl|l yahed, 00 e
mpl ed pixels mpedell atbredi. niPmg orwe orandomly r e:
ference datbaasleatn cteo beentswereen t he t hree referen
rcia, 20@0A)omlIWe split each dataset i nto a tr
il hg method described below and menfesntmarde (

each final mo d e |

Using the train sets, we developed decisio
l idation (Copt ipmorcke diureed@ split rules (i.e.
rtition data) and maxi mum tree depth (i.e.,
il e decision trees offer a powerful and sim
e prone t o awveegrufiirtet icrag ea nu | p roflnda mmgl € o ensur
edictions remain accurate and robust to new
ain a decision tree robust to the variety o
I mpl ement@&W dae ssipgant i(aWu et al ., 2021) whereb
mples by |l ake and divided them into 6 folds
ndesnellyect ed | akes eachfolUdi @Y sthi st ggp,upwa 6
ee to eachi natiigure afp mu sfimlgdd h(ek cl assi ficati
ee (CART) method described by Breiman et al
curacy on observations i n-otunte frodndai nAidmdg t4 oln
ned t he rdeedcdissinamxi mum tree depth parameter b

ocedure 10 times for each possible tree dep
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opti mal t
| akes. On

predictiyv

ree for each sensor based-odmltdhe hig
ce this final tuned model was select

e ability on the test data we set as

overal/l model accuracy, Cohends kappa, produc

(Congalto

of predic

n, 1991, Congalton and Green, 2019)

ted versus reference classes in the

(R Core Team, 2023) wusing the CART method i mpl

(Therneau

in the ca

The pe
the qual.
test the
solely fo
selected

contained

and Atkinson, 2022) and the CV mode

ret package (Kuhn, 2008).

rformance and accuracy of CART model
ty of input training data (Maxwell e
robustness of our final decisseiton tre

r testing the final CART model s usin
73, 88, and 74 i mages captured by L7

mi xed conditions (e.g., mi x of open

to during, and after breakdpgipokedgohsi ammade,

identifie
we then s
pol ygons.
overal/l p
observati
Cohends k

confusi on

d them with their corresponding | abe
ampled approximately 400,000 to 500,
We repeated the testiyngweprtoecsetdeud et hde
redictive ability of each CART model
ons sampled from mixed scenes. We <co
appa, producerds accuracy, eand user 06

matrix of predicted versus referenc
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2.3.2 I mpl ementiCikg atl lygor OR B M

To monitor spring breakup evemased wEeadtlvel
eNgine I ce (herdlCE)nameccOPBEMNM al gorithm capab
of the year at which a given freshwater pixel
22). We identified L7, L8, and S2 imagery <coll

during spring ReApkupsiegepblBegbteasdecision tr.

usi ngnetttheods descri2Bed ,i weSedtaisen fi ed each | ma
waterF(gdBe2. 2nd masked out clouds from all do
combined all the classified iIimagery into a si
wi se analysis of ice and water preseneme over

resolutkFiogp.C(®&e®d). We then identified the time
time series in two main steps further detaile
remove misclassirfiamdtiheet akneg E2Zedhad( ee) we
found the sequence of observations that match

(sd&e g.F)2. 2

4 3



A) Optical Imagery

B) Apply CART

C) Ice/Water Series
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l i nearized form in which we detfoidrdesd otbh e i rneesdp ow

the |l ogit function, such that:
O Q0 ae—— T T 0O (Equation 2.1
wheoies time (i . &.aniddaye afheyeart)eercept and sl op

V6 0Os the ice preseaceaeainadbsenbe ptobamel ity of
presence/ abs®&nde awvwotdméehe production of infi
function, we added or s uehtgr.altCld) at o eircye smrad d ¢
absence (0)OOMYsDO ®hipt. We fit the | ogistic reg

presence/ absence over time usingnd:inear | east

no —— (Equation 2.2

which is the predicted probability of ice pre

o
(¢}
(7]
(@]
—

i bed by the si graoigdR.I12 UWkiirnvge tolbes eprveedi d tne c
of i ce presence/ absence, we then filtered out
based on their residuals. Specifically, we re
than the conservati ver damawed odan sodi Ou Bwbs mihs ccl
all while preserving any observati omisxelr ound

transitions frofm g&€¢2td water (see

To estimate a pixel ods breakup date, we use:
sequence of three observations in its time se
sequence. Given that | ake breakup events can
2019), maypialdlernate between ice and water mul
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i ce f

obser

an i¢c¢

tme series. When three observations -mat-ehi

water

seque

break

|l ogi s

To
tempo
Earth

Dr ake

ree. By design, the temporal filter

desc

vations. Consequently, we defined the

br

e observation was followed by two consec

ng t

) were identified in a pixel time ser.i

nce as the d&tg.FoR. Breakup (see

e final odtpeutc oonfsi GREN of a raster i

e s

mag e

of br eaknupf rfeosrh weaatcenr 3p0i x el over a region

reakup date, we also recorded 3 tmedr .

up date estimated in each pi®elo:f (tih)e

tic regression used as a temporal fii

t

It

cCsS

h e

er

equence detection routine mifdgcelraddief it eanpi

been removed, and (iii) the fAsequence

de

ast ice observation and the first water

re pixels and get a rel attiyvefsamepa to fo btste

'l as the temporal wuncertainty around

ensure -t6Btr ©M&ENns scal able to broad

rally dense i mage stacks, each step
Engine (GEE; Gorelick et al ., 2017)

, 2401019 ) ORCEN out put s -marreessodtuttioon3 0 GEE

of

ou

S p:

t

us i

aut c

resamples S2 imagery to match L7 and L8 pri

algor

or

ithm. To estimate regression parameters,

parameter esbhnméseeninkten®&eiducer. |l inear Regress
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documentation) which i mplements a |inear | eas
its capacity to handle | arge datasets, we app
bet ween 2013 and 2021 oveFigyr 2eohtpirroe usteu iy Ca

wi de i mage with the estimaimed r reasthavadferbmpe xled p

2.3.3 Evaluat-i @g 4 lh@go rOIPtEMNmM

2.3.3.1 Extracting |l ake bread€fE pmueofpiutess and

To all ow compalrCBonutogutOPEWI t h the | ake i ce
of the CI S database, we extracted all pi xel b
of interestds Hydr ol28KBS pPJxsliyngonn h(esee |l Ritg.ve f
pi xel breakup days, we constructed a time ser

as a | akebs breakRd83pB)prwéitleefsieeeli igf i ed t he |

breakup start and breakup end. Br etalkeu pf isrt satr td e
of the year that spring melt is observed in a
al ., 2012). Breakup end (BUE) is defined as t

i ce. Foll owing Krop8lek et algnak81Bh, smal Acg
pi xels by flagging BUS and BUE when 5% and 95
transitioned from i-t€EEtbrwakap pAdBhekePOPPEBEI &
breakup profiles, we f | agyear BtUfSata st her el dkaesti c
was 10/10, and BUE as the first day of the ye

Fi B3B) .
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Pixel Breakup (Day of Year) Breakup Profile Breakup Event Breakup Similarity

—— CIS WV Breakup Start <— Maximum Fréchet
—e— OPEN-ICE A Breakup End Distance
64.30°N 1.004 B
S
g 64.20°N 1 E 0.75
§ 64.10°N - @ 050
@ S
64.00°N + % 0.25
BN | 20km = 0.004
96.UIO”W 95.510"W 95.DID”W 94.510“W léO 1;0 lEIEO léD ZCIJD
Longitude Day of Year
Figure 2.3 Methodology emPpEogyetdptos cwimplar Ea O
Service (ClIS) |l ake -1l €& praeti bnsak(pgp) doPEBN we
a given | akeds HydroLAKES polygon (here Baker
frequencuesdweoeconstruct (B) a breakup profi
|l ake ice fractions, for compadrCiEs ova swictomp@Ir & do
ClS observations based on the timing of break
the simié abrnegkwpg phofiles (maxi mum Fr ®chet di

2.3.3.2 ComplaChk nlgakOPEINr eakup events to CIS rec

We used three metrics to evaluate the conc
dates estimalt@d Wiyt OPEENose recorded in the CI
fractions. We used mean absolute error (MAE)
observed md ®taech fdrad aset and mean bias error (M
estimated blyCE ha&l ®FPEINt hm systematically fell k
recorded in the CIS database (Willmott et al
ot her st udioesusewe rResarasanmedgs i c of the | inear co

breakup event observ-aCEons in CIS vs OPEN

2.3.3.3 ComplaCE nlgakOPEINr eakup profiles to CI S

We compareldCBEOPEMNd CI S | ake breakup profil esc
allowing us to describe the similarity and sy

and the trajectory of ice decline throughout
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maxi mum Fr ®chet distance -b€GE ward E€la$ hbil aklkbwp |
(see2BBy. The maxi mum Fr ®chet distance metric
the trajectory of two time series (Fr®chet, 1
|l eash required to keep a dog wal ker and his d
respecattihse pFor each | ake breakup profile, we
as a metric of the difference in timind.and p
Maxi mum Fr ®c het distances (MFDs) are unitless

with |l arger distances indicatingl WEdamd dCIls&gr

profiles in the period between BUS and BUE. B
t hleake i ce fraction and day of year, the MFD c
measure of the fit to the CIS profile. We com
(Genol ini et al., 2016) i mplemented in R. Add
wenamed fAmean breakup |l agodo, to estimate the te

the OPEBR and CIS breakup profiles of a given |
the difference in days at each incremental dr
|l E and CI'S breakup profiles and then computed
bet ween BUS and BUE. While the MFD provides a
OPEMNCE profile matches the CIS profile, the i
tempobr synchrony that i nf earCiks buse akhuept hperro ftihee O

|l ags behind the CIS profile in the period bet

2.3.3.4 EvaHuUCEOGSh g eOfpbON a l l ogistic filter

Il n order to evaluate the performance of th

| CE al gorHFitghbh)2(.s2#se esti mated breakup events a
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|l akes monitored by the CI S usliGQb, tompe iwiptlhe memc
without the temporal filter. Using t-h@Eout put
we computed comparative metrics to evalwuate t
dat from the CI S database. Specifically, we <co
absolute error for bot h23BWBS 2and aBUBve(lsle easS e chte
FrcGhelt st ances (28e8.8¢ct Wenchecked i f the temp:¢
i mpr ov edr ftchremgncel @WHE WBOPEINesti ng for significan
error rates between metrics -If OF wsicrhg i anpg a&imreac

obser vt-hebsobn

2.3.4 Lake size and breakup timing across Can

Using t hleCBOP&EINgori thmés out put data-product

wide patterns of ice breakup dates between 20
selected | akes distributed across 3 size cl as
|l akes i ntasS8esiaeceaearding to their surface ar e,

database: sma?) )] MOédidlumoyl kwmdlO0akhmd akelsQ kFmor
each randomly selected | ake, we 28st3i.mgt ed cthhe
year. Wi tbregeaoh we evaluated differences 1in
bet ween size classes using pairwise Tukeyos h
1949), a met hod tshaetp preosvii doefs da fdreee ence i n me

groups.

We al so usledE @WPUENuts to explore the relat.i
events and spring air temperatures. Specifica

breakup events (BUS and BUBkl|la&cnteds | tatkkes40 h0 3
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class sizes &A@dsohbesmraongods 9 years. For ea
bet ween 2013wanuds d 2tlhe dai)l yanndi nmadxui)mu m (
temper atkimegriindst avail able from the Daymet Ver

2020)calndul ated the rolling meapmE—-eFf)wihtehidmid y

3iday window. Within eachfigmstd dcay |qgf wtehe exceoard
temperatur-@day nwit meéo@Cf 8sastad and Prowse, 2003
| akeds pol ygeoxnt rcaecntt rtohied ctoor r esponding cel |l val
recordeddhay tnbeOA@pirs miggherm reached that | ake.
significance of the r@Catsonhbbim datewberaakpgpi
l inear models and used ANOVAs to test for sigl

modl s with and without the | ake size cl asses.

2.4 Resul t s

2.4.1 Decision tree performance

The decision trees developed separately fo

refl ectance of water in the visible range and
showave infrared range r el ataicvceu rtaoc yc |Icol uadsss itfoi cg
(sde g4a) . I n each train set, tuningatthaeatneea d
resulted in a decision tree model with only 2
resulted in negligible increases iere dliassi fuisce

the SWIR2 band to separate c¢clouds and then BI
L8 and S2 trees first use the Blue band to se

nor maddi f f erence of Green and SWIR1, to separ a

51



an

6 .

mi

99.

r e

t h

an

tr

w h

W i

eral | accuracy and

spectively. The L8 and

eir t est set s, wi t h

87. 4%, respectively.

mmi ssion (i.e., type 1

cision trees.

.yep.e, 2t errors), ranges

the L7 decision tree,

1% eorfr oornsir osuigdn vy

scl aasi €l edds. Whil e i

2% oft hceasperso,ducer 0s

maining ®f8%oenmi 8S$ 0N

e decisidm

d cl

eeovelhal |l predictive

en tested on a | arge

th mixed

c8odpi@d Nns

kappa

overall

User 6s

Producer 6s

shared
ce 1is

accuracy
ma i
tcrl eaessswiitftem daa therg her
ouds ,clwahsislief iiecde wist h t

accuracy

metrics for the L7

S2 decision trees

pe

accuracies of 9

accuracy, the c

errors), ranges from

accur aoymi stshe ncomp

f rcdn s3.s9 % nt cal 1 0 0d% cai c

the producer 6s accur

bet ween ice miscl as:

correctly cl ass

fwirt hi ctehe n t he

nly due to i,ce mis

producer 6s acc

he | owest producer

of e ®eolensenso

referendeffesensescenm

(see

52



Landsat 7 ETM+ Landsat 8 OLI Sentinel-2 MS|
A 0754 Ice B 1001 Ice C 1001 Ice
0.7 | 0.754
0.6971 =
o 0% - ! 5“'5380'
% %0.50- | %0.50-
0251 i 025{ 4| 025
0.1650 = ¥ o
0.004 Water Clouds 0'OO-Waler 0.001
: B 8 8 3 98 8 £ 8
" SWIR2 ) Blue Blue
D Overall Accuracy: 96.6%, Kappa: 94.9% E Overall Accuracy: 99.7%, Kappa: 99.6% F Overall Accuracy: 98.3%, Kappa: 97.4%
Water Water Water
c c c
2 2 2
%Ice- %Ice- %Ice-
@ [¢] (o]
& & &
Clouds+4  0.1% 0.8% Clouds o 0% 0.1% Clouds - 0% 0.2%
WE;.TBF I(;e Clouds Wa'ter Ic;e Clouds We;ter Ic;e Clouds
Reference Reference Reference
Figure 2.4 Structure and accuracy of tuned de
Landsat 8 OLI-2 M®%Id. SEmd i nedtterpl ots (A, B, C)
optimally c¢classify the train set observations
bands (Bl ue and Short waoremdtbii f Aeedn2 8BSnowntde
Scales for each axis are displayed in the ori
(71 to 1). The confusion matrices (D, E, F) d
observations accurately or errcoseounslity eelsas €ia
di agonal tile includes producerds and wuser ds
respectively. The overall accuracy and kappa
confusian matri x
2.4. 2bbasked validation of breakup events
The spring breakup start and end dates rec
the OPEBN al gorithm are very similar25)c.r olsss al |
the 105 | akes used for validation, the earlie
| ower Jl atitudes, while some | akes at -hulgyher |
By early August, even | akes at eeofy ihaig.h U akae

phenol ogy

even

ts

obser vileQE bayr & hhei gChl ISy acnodr rQOePl Ea\t
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Pearsonds coefficiew Of 00dnr éloatPBUJIP . dMWA)O0EFBT
BUE. Lakes with BUS in February and early Mar
bet ween datasets. Despite a temporal resoluti
mean absolute errors are only 7.96 dayCE and 7
observations for BUS and BECE, algopedcthimvelyy.t elm
observes BUS and BUE about 1 day earl-LetOt han

days -®n9d days, respectively.

2504 A 2504 B
[ ]
= — 0g®
© ] ° '.
(] L]
4 L o 4
%200 ; % %200 \:.. ;o
9, 0o e * o".'
t 2 o
o ° °® ° LE .:
‘2—150- o® i ° o 1501 . s .
3 1 ‘..: % . °
8 ° L .° o}
— ® o > o]
m " @ o . .
w ° ® @® L
O 1004 e°® o @ 100+ ° 4
_. . o !
z cod o % MAE: 7.96 days E MAE: 7.92 days
o) o/ .' MBE: -1.10 days | © MBE: -0.69 days
. r0.83 r: 0.87
50 . 50 -
50 100 150 200 250 50 100 150 200 250
CIS Breakup Start (Day of Year) CIS Breakup End (Day of Year)
Figure 2.5 Comparison of spring (A) breakup s
observed byl GEhealOQPoEFN t hm and t he Canadian | ce
freshwater | akes between 2013 and 2021. The 1
model compeatrriiscosnn. t he mean absolute error ( MAE
and Pearsondés correlation coefficient (r).

2.4.3-bbakd validation of breakup profiles

The breakup profil ed C&axtoud ptueds famemsOPEMN ar
described by CI'S |l ake ice fractions. The mean

computed bet-wWEENnaO@W®EQ®I S breakup profil es, acr
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seasons, is approxi2hatell2glblhe MD s(ts deakFi db.r eakup
described by CIS | ake i cleCE rawttp wtnss Wy g0 btedhi
Fi B6A), which aligns with the mean bias error:
25). Lakes with higher MFDs tend to be | akes
|l ags behiIn@E QPsE@NB8 AFi gLarger MFDs also occur in
mean sequence detetiBon wqapsh(seaeiEiages that
lakes i n wHhiCEh bOREBENUpPp esti mates have an over al
tend to systematically | ead over CI S breakup
sequence detection gap across 26B) pixkebsghstb

varies throughout the study peri oSlummsl .saRied.l i

2.C4 .

“|A__ OPEN-ICElead  QPEN-ICE lag B . . *
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Figure 2.6 Maxi mum Fr ®c hdtCEdiamntdarCd e W atkwee éomr e@
profiles as a function of (A) the mean daily
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OPEWNCE throughout a | akeds blr@Rd&ksups eeudmadeg an
detection gap (in days) averaged over al/l pi X

2.4.4 Evalu-aCEdg Oempor al filter

Most comparative metrics show increased ag
| CE breakup events a&ind mwhefmil IOEE NSs e enpTaehmeent ed
pixelse tempor al |l ogistic filter to remove 1ice

series prior to seFiugebBX2e Hearchi asn-l EEecrakef O]

breakup events relative to CIS improves with
BUS and BUE falli mPcg d®dn 0DWer) PEen 80 0DW Q) (days cl
respevely, to CI'S breakup events. Mean absol u:
dayR< (0. 01) when the tempor al |l ogistic filter

occurs for BRE @si1) maMesi hhum Fr ®chet di stance:
significaPb O6hadahgesclUCEimr ©ORPIENp profiles rel a

the tempor al |l ogistic filter is wused.

Table 2.1 Comparing accuracy and similarity m
observations -la@E dlhgo rOIPtEMNM i mpl ement en@di své t h ar
| ogistic temporal filter (see Fig. 2.2E).

Metric No Fi FilteSignifi

| | |
BUS Mean Bias Err-1.47 -1.10 P< 0.00O0

BUS Mean Absolute8.01 7.96 P< 0.01
BUE Mean Bias Err-1.59 -0.69 P< 0.00
BUBMean Absolute E7.80 7.92 P> 0.1
Mean Maxi mum Fr®c 4.69 4.63 P< 0.01
Bold tyfpiedmicieght sP<siOg.n0i5f)i cdainftf e(r ences in metamstfrom a paired
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2.4.5 Spatial cover OP&ENLEd resol ution of

The data productl CoEutcpunts i bsyt SORPPEN a -priaxsetler i n
estimates of spring breakup for a |l ake or reg
2021 (szxle &iXg)g.. As a demonstrationl €@E, t we sca
estimate spring i cembrresaklupt ideant efsoratalal 3f0r es hv
Canada (82, Fam.area spanninig Bésmpiste 10hei inh s ¢
areaamal yzede-I@CEEN ata product provides suffici e
support visual i nspection of breakup patterns
inspection of breakup dates in five | akes spa
area (@289 Hiel ps di scern ar eaansd il Bebawc, h wihtaht tahre
former often in close proximity to shore and
portions. Each pixelds breakup estimate i s al
relatiyeofgubhéetbreak®pprlst )madildiel.eéeé ndi ces he
di scern areas where: (i) the tempor al l ogi st
Suppl . Pi,g.(i2.)3 the total obset CBtBegaenngeste
det enctrioouti ne were pl 8appfulDP)bg.asngdaB(cie i()s eehe
detection gap indicates | ow or high temporal

(ssSappl . BEFHi.g. 2.3
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Figure 2.7 Map illustrating the pixel breakup
water) estimat-e@GEbygl gbei OBEBNf or all freshwat el

the spring o r202d! wtti an .30
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Onaman Lake (111 44 kmz)l Treptow Lake (10.64 km’)
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T
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o
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Figure 2.8 Map illustrating the -s@Btpiaxelcover
breakup estimates (i-dayYyapeoifogeian)202@raar 89s
spanning five orders of magnitude in surface
which cover g 46B)5.Q@markam Lake wHi chC)c ovreepst alvt 1
Lake which coe(BP) 1Bl #doBdmLake Whiaohh ¢d&yerls ta
Lake which céveAlsd d.ak3¥skmre situated in the |
Ni pigon in Northwestern Ontario.

2.5 Discussion

2.5.1 Spresorfic decision tree€Edeveloped for O

To ensure the sdalEgbiwlei tfyocafs e@PBM devel opi
decision trees to discriminate between water,
highly curated reference dataset with abundan
sensot)ected from over 740 unique i mages capt

freshwater | akR8s 1()seaVeSdctaimepecsci mMptedseseinsioon
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dat a

h expl
bl e an
S2 and
I but e
n and
ors re

i ndex

oited the different reflectance pro
d shortwave infrared wavelengths (W
L8 decision trees use the NDSI ind
these different tree structures to:
Shortwave I nfrared wavelengths in t
|l ative to ETM+ providing i mprhoeved d

and (ii) the high sensitivity of C

er, 2003). Given that the optical <charact

egion
sion t
and c
e (War
sion t
gl int
r and
uded a
Clair
found
ing ev
visibl
i tions
l ts in

produ

and by season (Kallioiste ahen 2005k
rees encounter uncommon conditions.
| ouds -iinf rtaree ds raarntgea vwod t he spectrun
ren, 2019), which expl aicesinhall owe
redeDs, (Es,ee& Hi)g.. The turbidity of wate
caused by waves (Wang and Bailey, 2
create overlap with the visible wav
bubhdans ®besertnaaghly turbid | akes in
e, Cedar Lake, L a kSeu pAgbhibt2ileb i, , wand Ma
that in some cases skdbmeams )| oad (
ents (Effler et al., 1987) can caus
e wavelengths (Luo et al., 2018) wus
, the consistentby mhed CE&E &Il fgioed tihm
poor performance. Howeverl,CEE he qua

ct provide a useful tool for users
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(e.g., see Sapepl TaFEb Al tPhmhugh some rarer edge
poorly, there iIis a strong incentive to keep o
decision trees are simple and efficient (Pal

massive quantedli etsi of ihmadnes quickly. This gai
efficiency (Maxwell et-l €E. al 2018) hanl t oows ngleest
sensor timewsaeéeresl|l assic¢ecations whxitchwiptrhovi d
which to properly discern trends in individua
the ability of our temporal filter to identif

precision of the esti ®appl. b&FRkplIR.. ¢Rvien.t s2 (> e

2.5.2 -IOCPENapproach and quality assessment metr

A key component CBEf atlber OPEM dapizgpanliidat abi | |
abundance to identify and remove misclassific
with a logistic function. Logistic models pro
series with phenological and seagobsbaicphubhetrn
are used to model time series of vegetation p
sensing data (Li et al., 2019; Yang et al ., 2

to remove misclassified binar@QEdsatlar, e aveupaewer!

estimates 2019eevi Tahtolue t he need to filter outli
interpretation, temporal thresholds which may
seasonality (Latifovic and Pouliot, 2007), or
segmentation techniques (Du et al., 2017) tha
at broiadl spaal es. This approach also avoids t|
products to temporally filter outécludeg¢ Zhang

61



subsequ
temper a
(Gebre
obsatvwvo

resol ut

physica
model s
t han th

dat abas

Dat abas

ent i ndependent ecnpiima tcealr eelvaatliucantsi obnesc ¢

ture, wind, and precipitation are inhe
et al., 2014). Using anndepeondeht sEarc
n data provides delwhnEs twietahm suusfefrisc ioefntQP
lon data to further iIinvestigate intera
I processes (Brown and Duguay, 2010) o
subcNMoaéDCguay et al., 2003) across a |
ose typically available in observation
e (Lenormand et al ., 2002) and the GIlo

e (Benz®mO).t al

The tempor al | Bgg £t) 2 ahfdi Isteggrue(hsee det ecti on
Fig.F)2.ad so include valuable metrics we can pr
relative quality -locGE pg axtea wcti.n The tOPENOT al | o

provi de
closely
clear s
rel atiwv
identif
consi st

sequenc

s a coefficienahiocfh dceatne rbnmei nuasteido nt of R nf o

the time series of a given pixel (or
ignal of seasonal transition from ice
e qgubhCEthupéedOPEMates i n areas of inte:

y areas where the time series of sprin
ent i ngestoinen fofo miedglea grisfeig€ § glidve2 . 3

e detection algorithm further provides

number of total observations ingesteH gy the
2.E2 as an indicator of the time series densit
Fig.F)2.axs an indicator of the temporal precisi
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addition to using these 3 metricsl @B iimvreediiqr
of interest, we can also use them to describe
the algorithm in its current I mplemenkt,ation u
the combined amount of observations captured

guadr uplSeudp KlisgeleA) . Throughout this period, we
Cl'S lakes: 29f tthiee meagi Rtic tem@Baumpapl..fAlidger i |
2) the temporal density &fupphlseBPv,gtamhdA3) ntch e
mean pi xel breakupSgap!| de@®@)r.g alsh@essde( stereends i ndi
OPENCE ingests denser time series of classifi
decreases and the fit of the temporal filter

di scern and remove misdlsaasiefifaat hemssuplpesee
i nvestigate these relationships acroasrs 4000 r
signals that increases in time set(iseSapgeinsity
Fig.A)2.alhd i mproved tempor al res ®&luptpilon Fofg. br e

2 .B5 .

2.5.3 -IOCPEENaccur acy

The data product -dbCEpatgbyithe @PENrately
timing of breakup events in 105 259kesa gpmEagniminn
containing 62% of the worl dos?(fMeessshangetre re tl aakle.
2016), over the period of 2013 to 2021. Break
OPEMNCE data were hri=gi®l. 83comnor &l 8t7gd wi th those
Cl'S, with mean biasleir@an@9 (MB¥ES3. aromuoadntrast .

repoaogr toinn | ake breakup eveln@E ekdtra cgm wdcdyctt h(e3 OP
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resolution) was validated using more | akes ac
similar or I mproved accuracy. For exampl e, La:
breakpoints-konf rAVsHORRut(ilon) spectral signatures
area of | akes of interest to predict BUS and
0.95 with CIS events in 20 I|yatges .Kaaelkewd over a
2016) wused t hienMO®DI &R B ameds ol ut i on )witdoe extr act
specal profil eBUBndlatessd i wnaitceld had HLo®@8medamgshi
and werrag el ated -dyt 0. 8bswethwaiinon daSwae dirsohm 25
| akes. Both these studi a aldagusttrh e dadourpaceyic
estimates was rel atia@elay |l bbwl gtyewnoftoetlicmmilte
freepe Radar senleysseolhotviade @wo monitoring br
periods oand ocw dudg hctcover. Howel | et al - (2009)
knmresolution) to esti-mptevebnéakupdand hdohe8heo
Cl'S records for two | ar ge pearkieosd.i nDuC aenta daal .0 v(ez
| atwé de radi ometr i cf rpormo fAEMSERS d e AMPE R 2 kienhages ( 5
resolution) toepdoandepberdddpt es that were ci
0.86 amd tdla.t6e9%s recorded by the CIS for 12 very
2015. Murfitt et al . (-RaOsle88d mdetviBAD pBSBPARg t hr es
(10 resolution) to esti matle kleask e eghveereanl @2y 9e v
2017, with MBE r el atriamegitned .MIO DS 1 Gogigosdh.d2r e e z e
to 3.7 daysenfdo.r Murrefaiktutp and Du-gbagshaDad0) maged
segmentation methods to estimate | akiesimigenadleog

high densi tgf t$enket (se@rlieessol ut 4oyrpaoveeraod (201
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2019), with MBRs thoafboggreagupr emd6 dda®dde s oandreeze

up rel ati vettea prwema&rdi Blagesnel

2.5.4 -IOPEENdata product resolution and cover age

The OPER data product currently provides wu
estimatem mnesal 80i on for all freshwater pixel
(202821). The main advadmece di nesprionaitdeisngatpitxhels
enabmersi toring of ice phenology in water bodi

magni tude in28)zevesewabtgrZyi osbmal(stebakeg. ha

typically been esxccallued elda kfer ointc el amognei t ori ng ef fo
spateisaoll uuti on, despite their abundance (Messag
combined surface area relative to other | ake

di sproportionate contributions to atmospheric

whitlhee current study has floQE sdeadt ao np rl oadkuecst, ctahne

to monitor other water bodies |i ke rivers. Wh
for remote sensing of | ake ice, few are made
opreati onal wssaler mobang®ring efforts. The Unit
(USNIC) produces the I nteractive Multisensor

(USNIC, 2008, m# mMeadra mpealduct that traeks sea

kmesolution using analyst interpret@®adpplmagery
Tab22). I n addition, the USNIC provides i mager
sensors that are processed into various snow
to ,M0Oesolutions (Hall et al., 2006). While t
adapted to study | ake ice over some | arge | ak
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for monitoring |l ake ice over | arge regions ha
example, the Copernicus Global Land Service (
(LI'E;, CGLS, 2023) data pr ewdautcetr whliacshs,i fpircoavtiidoen
i magfergm S&8ntSILESEIRMm (r5é0Lol uti on) in over 13,000
Hemi sphe8eppbkexZllabdience 2021. Spanning 2000 to
Space Agencyods Lakes Climate Change I nitiativ:
| onger iteasnmeofsededi cated | ake i1 ce data product s
Northern Hemi sphere baseth paesdMODt Sonmagéhyg C6
Land Monitoring Service (CLMS) developed the
produce the Ri Exteand (Rak&)l dat a prRodblt)s for
and Sehbht{8&) imagery, effectivelympresoldiumnigom
i cveater classifications over t hSuphbdhb2r2e Eur ope
CLMS, 2023a). €hecGmihMbEnksrthe S1 and S2 RLIE
Aggregated RLIE (ARLIE) data product by extra
sections of some rivers of Europe,-upfteentgel

using high resdl wtni awam pirmagareynt ed geographic s

I n this study, we have exploited the abund
i magery in the spring s&ap@Eihg@l)oft o2 0iInBp rtoov e2 Ot 2hle
tempor al resolution of our Dbsemskwrp eapspri aread keess .
the beginning of our study period, we esti mat
was approxi mat8upphtagtdBys Ase®2 missions becam
operational, combined revisit times dropped t

our st uSlwp giszls) . Even with this frequency of
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4 years, we found that across all/l 105 CI S | ak
gaps varied from 6. 36udppys @o.g8BWAddaaiyen ,( stelee
resolution -loGE tahleg o OPPEENNm can be i mproved by in
potential sensors of interest, so |l ong as the

a relatively high degreemcof pacateacynpioi 6het o

anal ysiFs g(GCs, @ eD2 E, & F). For examplhedsas ®©Ohe i
mi ssion is currently available on GEE, we are
model to -watgeerstcliasesi ficationlsChRndlat anpprowcecud the

the -p0231 perSwppFi 8e)e. Whil e abesdbati dngbpti ca
i magery helps monitor spring breakup, the red
i magery inupg hperfireeeszeat higher | atitudes make
form of automatedetalglorjt2mmlf Duguealy elasr.gefoge o
address this | imitapeortramaggr $pyhtbmtctoApdger
sensors such as thos-e& @8p] oVedr ®on &tendlinel 201
fill gaps in the current timeapsperesdanHowavtve
di scriminating between ice and water in SAR d

more complex classifiers such as random fores

machines (Wang et al., 2016)t ahd,né20fal mmemw:
2020) which are more computationally expensiyv
datasets. Nonet-batedsmethoeshoad provide el eg

computationally ef-wateent!| aosiuti oasli.o,0s2i0c282t)o,n
some of which are even currently deployed for

CLMS6s RLI B $dantai peloduct -pr mewdteesr nelaas siefail c a
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based on single thresholds for each polarizat
estimated accuracy of 76.7% (CLMS, 2023b). Th
by fusing it with their S2 classifications to
met hod to I mprove thédasedurSARy cdfastshifeshdlidns
by Murfitt and Duguay -t(h2r0e2sOh o | dMhnog aipnpa g ee ds eOg nse
(Ot su, 1979) to find opti mal scene specific t
stuwas | imited to -ahseslhgolediagemeOhsds have be
used in other applicatiamasl Wizels gl umaitenr rdemcetce
sensing datasets at global scales on platform
poft015 period, the increased aavcacielsasbifeinttyi noefl
SAR imagery (Torres et al. opdP®@X2)Junprnowvisdd 0 unmo|
ice phenology in both smal/l and | arge 4 akes a
up period and indeed throughout the entire ic
many other promising i magerny danpaoetet Cihaey OPE N
data product, weraroa ogaemomendgt ® ddatoasets avail al
the Google Earth Engine platform to ensure th

over any area of interest by downstream users

2.5.5 Variation in | ake breakup dates across

As a demonstration of the monwitde i @REEdppl i
data produk?) (swe pigvi de comparisons of breal
extracted from 4000 random | akes distributed
end dates vary substantially across th®) .range

For example, | akes in the Arctic (Arctic Cord
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become ice free nearly 100 days |l ater than th
and Mi xedwood ecozones. Wi thin Arctic, Taiga,
breakup in lla0r ghensiidgamk s c@ntly del ayed relatiyv
classes,apprtexi mMay0etdgyd02%®BR)e, Fagpattern which
prominent in ecozones where spr i nbgecharueseek uph eoc
breakup process of | akes siennssiotuitvhee rtno rcehgai nogness
tempénure, while the pEmxdlremgeged odxdpoxur eakteds at
creates thickewiibkbetaoder mawhiichg conditions |
(Weyhenmey201Zk)t. a%i.gni ficant differences in br
classes are not discernible in ecozones where
water bodies (Pacific Mar iRliamen,, AMilxaendwoco dMaRlia
Al titude iimpoanatnierf aphenoiagVakkei vcegstone et
we coabnserflviegkari abil ity of breakup dates in sm
domi natmodiniyains such as the Montane Cordill er

(see28BYy.
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Figure 2.9 (A) Map of Canadads 15 ecozones wi
end dates between 2013 and 2021 iomatreaedroiml y s
into sralkm (med-LOmMkmland | ad)gesi(zelxlkmses. Th
|l ettering above each boxpl ot indicates simil a
significant differences (different | etters) b
size class within a given ecmezx)tnesiagsniifniddacrattec
tests (see Section 2.3.4). The number of | ake
di spl ayed below each boxpl ot.

As previously explored in |l ake ice phenol o
2003; Higgins et al., 2021), we found- that ai
order prediction of both BUS and BUE. This wa
air rteampe es ACspsonbedOms) explained al most 81%
bet ween | ake%= (0adBPOBsM,e@dO0O®1), across all | akes.
years, with no discernible diPfedehl@6) beBweal
typistmadtys 13.6 days after AChe raeigrartdd nepsesr aotfu rl
size (R&6AFigHowever, the duration of the bre
among | akes. This is because many other facto
solar radiation (Cai et al., 2022), the size
| ake, tfhed cvhi,ndnd the characteristics of the p
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and Brown, 2019; Jeffries and Morri s, 2007) .

that air temperature al one ¢70% do factchoeu nvta rfioarb i
BUE dates of freshwat elrCH adkaetsa dhstimagc ttehde fOPrE N
al so explained 69% of the va¥i®taP&mM0,. O0BWE, da
but only once we includedCbbsbtheemdaned bheth
class as covariates to account for air. temper
On average, we found that breakup ends appr ox
temperature inPACtialtl gmaehchrmEedi ( E&.-InPe dimum (1
and | argée) (l>aKé®s kbmecome free of ice approxi mat
respective2ly0 B)s.ecdenptiign. e mpi ri c al anal ysis of tl
BUE i s beyond the scope of this paper but is

Hydr oLAKES database (Messager et al ., 2016) t

OPEMNCE data product in thHhe oF§8 C,alh;ad al.aldess t ([ mk.

high temporal density continue tol 6GE coll éche
used to evahdaksarajléeenechanges in the breakup of
l onger periods in responsengorel amabesbhpnbet:

events and air temperature also stresses the
phenol ogy products based solely on observatio

of dmetnedrstic relationships and feedback betwee
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2.6 Concl usi on

Here we desdrCiEhe aOPMmBENMUl ar al gorithm that c
from multiple satell i treess otlou tpiroondluecsetailantaet uat sa t aefs
across regions as broad as C&EkEadaosWeéys mawedth e
spring breakup events over 9 years in 105 1| ak
providing a-hwal wahlae pposdtuct t ot icomenpCle&®\ent nea
obsveart i ons-Il CEPENrt her provides equal coverage
kM) and very |l arge) | akfefsedtilwelow Oalklmowi ng user
breakup events in | akes with sizes rdmCg ng ma

t ool awind e rrae holglhti on data product to expand s
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across broad scales and further investigate t

feedback, ecosystems, and northern coomumuneti e
code andcoepes satellitel Chhagkgygrithe OPENepr o
any region of interest wusing freely availabl e

i ceater classifications derived from other pot

2.7 Data availability

The OPEE code repository is published vi a

licendetps:// github. com/ xgirouxb/ open_ice
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29Li nking statement

Il n the previous chapt-e€CE bl devet bmedntdhdaO

addr ess ttheempsopraatli ot rade off that researchers o

ice pheBeodaowsye they are in high polar orbit, ¢
AVHRR revisit | ocations on Earth a$twmoseddaol y.
study phenological events |ike spring breakup
hi gharpotral resolution, these sensorsrhave | ow
monitoring ability to | arger |l akes. To study !
hi gher resolution imagery which does -NGE revi

al gorithm was deesiognn etdh et oa bcuanmli@tceel®isr odis aglipuet N o0 n
optical i magery to f,ilelf fienc ttihveesley tael nhpoowianlg graeps
| ake ice phenol ogy patterns in both | arge and

|l akes are more abundant and cover more or Ear

availability of a -ld&tal Ipavwsd urcas darkeeh ePsEENt 0 i nc
freshwater 1 ce phenol ogy-sicrmapa&ctpatterinsvedtitda
bi ogeochemical, mgoes ecod wrgriicrag icmat hese | mport
such potentialt hepmplrigathiadnreason |1 GEt out to

al goriigrhvestigating the i mpacts of shifting | &

mi gration of caribou.

Studying the movement ecology of a migrato

ground caribou imposes similar trade offs as
environment al drsi meemsiadf cyad ieBoandr mes emmalt b
t & arsgpea-t empor asiDusrcianige spring migration, one of
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annual tbeckkpeed and maoabigleinty yoft rfyemagl ¢ ® r each

groumd deter mi neslc dlye t hn@ev e md n trsar cevespscanpiehss t o

avail abrkeshwabér i ce, both of whiHowearce ,i nh ha
availability of snow and ice Earth observatio
scales have been |l acking. While previous rese
mi gration, the incorporatiomi bpédla&el acgephek

ice presence/ abscehmepet.erl n tuksiEE trheext® PENoduct t o
the migratory belavibmure ogordseenatt® water body ¢
phenol ogical states (including ice, the trans

as they otnreatvbeer sreost | ake dense regions of Eart
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Chapterak3de i ce phenology and the sy
bar rggnound cRanbotief tarandu)s igmoer

a rapidly changing North

3.0 Abstract

Londgi stance migration is an important evolutioc
access resources in biomes with drastic seaso
ground caribou undertake the | ongest terrestr
femal es depart their wintering grounds in the
ground in the Arcticd6s coastal tundra. Femal e
predation on calves, and the timing oftheartur

greening of the tundra angualviatiy afbarlage fodl If o
winters. On their jouwhteheg bhhghestadensetyegfi
|l akes in the world. The disproportionately ra
to the globe is causing iIimportant shifts in f

encounters between megkanhgngceaorbopeanwaber

increase. Using high spatial and temporal res
investigated the use and availability of 1ice,
waterbody sizes durionfg GHSE | apeidndgemadgeati ant w

path sel ectHemalaesaltyyspmsic@il dptaitdmsisenate r-100 . 1

kM 4dicoewered | akesmidgurraitnege msipbruitnagoger eidc e
waterbodi es. Mi grating females exhibit strong
to a |l esser extent open water, and their avoi

| arger waWkeibeomddleess encounpeeedl angeeat ebr eaku
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condi,t itonnes duration of their migration coul d i
availability of freshwater ice declines throu
uncertainty as to how increased exposure to b
infteenhe connectivity of | andscapes, the tim
safety/ survival of migrating females, and the

destination to promote calf survival

3.1 I ntroduction

How the phenol ogy of organisms aligns with
central to underesntvainrdoinnnge notr gianntiesrnlc 6 c mpfbi aead t
ecology (Morisette et al., 2009). Schwartz (2
periodic biological events [é] as influenced
changes driven by weather and <c¢l i matreion g ntdo s e
simil i omomgi cal events, such as timing of the
ice on freshwater | akeso. Studies that consi d
each other often focus on identiadawyengantetbayv
environmental drivers that cause, phenol ogi ca

given the diversity of organisms and the ubig

of how and how well phenol ogy ivse ns ypnhcehnrool noi gzi ecda
stage or transition is |ikely to coincide wit
conditions. The suitability or incompatibilit

during a given phenol ogi cal cstaangde doirr etcrta nisniftliu
organi smal survival and reprodu<ceiangegdi maksgdi

mortality events during bird migmatuicend ( Newto

8 6



eproductive failure in pl antnsdu(cSecdh ewimmetre re tmoar

di apausing insects (Musolin, 2007), and wi
v al drift (Checkley et al ., 1988) . Prevail
ticular phenological stage can also |l ead t
cess of subsequent I|ife history stages and
, 2015) . Documenting how seasonatltaprogress

ditions affect the expression and success
di retcabioglni@zZri, dg sruptive selection driving

Its and the prevalence and consequences of

Il ronment al change.

Mi gration is a common phenologi cal respons
i ronments (Alerstam et al., 2003). I n this
ement from one region to another, foll owed

nt hewdt hetti on and timing of movement shar
, 2021) . Mi grlae i s@mapbrealol oigmisn@nofi nmii g atuia
ul ation trait known to be a key deter minan
ng reproduction (Cotton, 2003; Knudsen et

nol ogy focus on environment al e c,g etsa easntd edtr i

, 2018), migration timing as &a@&n,givamcator

kirk et al., 2009), and how migration t i mi
nerability during, ebgf.Bower andt adtey 0OH6R
er phenol ogical responses, the emgirmadmment

be a key determinant of migration costs a
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the | ongest distance migrations of all organi
environmental conditions encountered during m
temperature, ice and snow, c¢cloud cover, preci
been desdcmifbaedntce migration routes, stopover
overal/l mi gratory succesavi(d\re wd>ampdddsst agnf.c elOd rh (

mi gration includeDamamuar ) el Rtptp@amsfrti esnd( de RO

2018), whiCtagacshbdokschr ¢(Banfabk et al., 2005),

Oncorhynchud Woerdkat al ., A2PWBi)Il, | Attt gdtt el s
2022), |1 ogger harde tsteag d(aMredrilstdas e( d et al ., 2017
(Pteropus pol i(Reoebpelralsuset al ., 20M2pgpapaedahumpt
novaeahg( Raekkola et al., 2020). Al though al/|l
variable environmental conditions during migr

move remai nsfarontshossentthat fly air remains air

remains water. I n contrast, for |l and ani mal s
when snow is melting from | and surfaces and i
environmentencouwmntieartednduri ng migration is | ik
modal ities of their movement s.

Barfrgeamund cari bou undertake the | ongest te

the energetic requirements of such an underta

and, consequently, their choice of migratory
sow depth has been shown to increase energy e
(Fancy and White, 1987), and reduce travel ra
(Bergerud et al., 2008). To reduce energy expt
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frequently travel on frozen freshwater bodies

movement and offer better visibitreg séapoerdal

freshwater | akes and rivers of northern Canad
Paliot, 2007), the consequences on caribou mi
Despite caribou being excellent swimmers, | ar
obstacles in the absence of ice, and open riywv
caused mawsing dvents in the past (Berkes, 19
significant dangers, as breaking through can
and drowning (Miller and Gunn, 1986) .

As arctic regions undergo the most drastic
2014; Rantanen et al., 2022), YOheuedi samubbucg
species of huge economic and cultur al i mporta
enwinment. Many potential i mpacts of these cha
predicted, such as: increased insect har assme
di sease and parasites (Hoberg et al., 2008);
mi smatet¢welen calving and forage availability (
well as reduced forage quality on summer rang
freezing rain reducing access to ground | evel
2003); aeaamdi nqpcfrorest fires (Gillett et al ., 2C¢C
habitat (Rupp et al., 2006). The resilience o
environmental changes depends in part on thei
consequenmtl y,s tmuch i nterest in understanding

influenced by <climate.
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OQur objective iIis to assess thesdarpects of
movement behaviours of caryipmdwhedurziend hmitgri atei
absence, or transitionaulp swiatle si ndful ruienngc es phroiw gc

respond to hydrological features in the |l ands

3.2 Methods

3.2.1 Study area and caribou herds

The annual rangeEBasf ahe Baukbwmose herds co
of the Northwest Teseaglitgo.r i3e.sl)a.ndTl hNeuinra vwitnt(er r
in the southern areas of their annual range,
mi grate northward to their respective calving
and the Bathurst ilnmg ehtundryepd sc adfl yk itlroanveetlirles t h
designated ecozones (Ecological Stratificatio

t hlfai ga Shield, and finally the Tundra Pl ains

encounter durdingt dhmes et dadngl events are char ac
|l ake density in the world (Messager et al ., 2
fséhwater (Duguay et al ., 2003). The popul atio

significantly over the past two decades (Gove
2016). As a consequence of this decline, annu

andhe winter ranges of each herd have moved n
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" Annual range
B Calving ground
— Migration paths

Bathurst herd
% Annual range

Coronation Gulf

| £ | WM Calving ground
3 — Migration paths

Features

0 Lakes

[] Territories

0 50 100 150km
z_:_
2 125°W B 120°W- . :
Figure 3.1 Map il lustrating the observed
Spatial data for the annual ranges and cal
Government of the Northwest Territories.
3.2.2 Caribou migration telemetry dat a

We used GPS |l ocation data recorded by
female caribou of th&aBatherss. antddeBGPSEnoseoc
part of an ongoing caribou monitoring program
NorthwegtitOriesd (GNWT) Wildlife Division
gui delines (Cattet, 2011). As part of a
05 DR29), we accessed this data via the Moveb
seledctfemal e relocation data recorded between
period overlaps with the availability -of
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tempor al r
duplicates

such as un

rapid roun

GP& ol |l ar

coll ar s,

y
frequent f
typically
individual

8 or 24h)

accounted

sampling r

We i den

indi vi dual

di spl aceme
mi gration

mont h 0

proi
mi gration

flagged for

March 10t h

mi grati on

and tShhe rih|

better di s

error ).

esol uti op.
(i
l'i kely

(We es cSreeceaneodh &Bl.12.ddbser ved

.e., i1dentical timestamps/ |l ocati

speeds (i .ewideediaskraablbet oot

dtripar{(ure.framrapddrédeurn to the

The GPS I ocation sampling fr

ears, and seasons (e.g., mmoee frequ

i xes on col | deployed in recent

every 1, 3, or 24 hours. Within

i n a give r exs armgptl ee d( d ihteh e

nt i nterval bet w

~+

O ensur e ste S

for these different i ntervals in ou

ates as a covariat n our model s (

ed i ndi al

(i 1)y ti
Singh

tiofi Sspring migration

tracks, series of mov e me

nt (NSD; al ., 2016). To ac:

eriods, we cl osel i nspected all f

y

r to and endi one month after eac

ng

tart and end dates (see 2011

Nagy,

i nspection spanned from March 20th

to June -Ragsth Herd.t hfforBlaemnlo sppot ent i

event , we calcul ated the movement S

ative to the initial observed GPS |

cern overal/l trends in thlourn me ser
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moving wiemdewmea@ach observation. We recorded a
start date when we observed, concurrently, a
by steadily increasing NSD and a trajectory w
noted the mi@r avthieoantdémedicdcat vi dual s movement
reached a plateau, and the trajectory began s
calving ground. Using this approach, we ident
a given year raenfderwet oh etrheebsyr dgrsda umicng i@f | ocat.i
Ami gration evento. Wes mnahbbsarvweagtaipemalé he epreas ¢
andnldy scarpdaetdan g f ngl e WwameggepiZ2outr Bahmomre
thd®%f the observations between the milgmati on
t otweel ,di scar dendd 8c praZ tisd e tdii fsitmidga tgptaitod n

composed of ,apmr axicmnatsetleyps each.

We performed all the data manipulations, ¢
andi sual lanatiomspecti on of tracks required to

using R (R Core Team, 2023) and QGI S (QGI S De

3.2. 3-alsznaed able migration paths

We compared observed (used) female migrat.i

avail able) migration paths using a path sele

~

classical habitat/resource selecavanl abheyst s
desi gnomadeacdati on data to assess affinity for

Johnson et al., 2006), PSA focuses on the en

~

successive relocations along a path to unders

movementobedavdi milarly to step selection fun
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Th

u

but

20

1

and

SPp

r

rfjell et al., 2014), PSA models the movem

using an entire path as a unit of compar:i
5) . Similarly to Leclerc et al . nie2tOh2old) ,t owe
strain both observed and random paths to t
end point (i.e., calving gr-omuanuwnd wharcihb au

il ng migrations.

For each observed annual mi gration path we
Aobserved migration patho, we generated 20
h random path was bound to the same start
h, ameépsheomposing the new path were obtai

the step distances and bearings, without r

To study the relationship between freshwat
vailability, we sampled environment al cova

h individual step. Caribou movement respon

dependeuwltangBeor et al ., 2021; Wil s-binl emetat e, 2C

buffer to focus on the effect of the i mmedi at

movement events while accounting for the wunce

may

3.

2.

havlel ¢d avet ween two successive GPS | ocati

4 Environment al covariates

To investigate the effects of freshwater i

focused exclusively on environment al covari at

namel y: (i) their prevalence Iin the | andscape
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phenol ogical state of their ice cover. We sam
the-kid.l5ometre buffer around each step as descr
processed, and sampled all the ubsy dirgo|Gogigd el Eaa

Engineds JavaScript APl (Gorelick et al., 201

3.2.4.1 Hydrological proportion

Within each stepbs buffer, we computed the
by freshwater, which we hereinafter refer to
freshwater raster | ayer using the European Co
gl owater dataset (Pekel et al., 2016). The JR

an estimate of the pemsiséeéeneolofit wanerglaobal |
Landsat ar €mwi2eg .( W9 &Ahin our study area, we de
wiht greater than 80% water occurrence in the L

excluding ephemeral water from our analysis.
3.2.4.2 Lake size cl ass

We assigned each step one of three categor
|l ake size (i.e., surface -af0eZim Warh@0qiLWm buf
and veryl0@0@PlemWe computed mean | ake sizes fo
polygons and surface area measurements from t
al ., 2016). We calculated the mean size of th
proportion of tyheeascthe pl aokcec,upanedd abssi gned t he ¢
(i senal |, | arge, very |l arge). During our study

very |l arge | akés dur.ienng sprliOn0gD nkingr ati on: Gr ea
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Lake, and Contwoyto Lake. We included | ake si

model s to ensure that observed patterns were

| akes and remained comparable to previous 1inyv
phenogy, which focused primarily or |l akes or
(Lebl ond et al., 2016) .
3.2.04.e3 breaking ice, and open water proport.
Within each stepds buffer, we computed the
by ice, breaking ice, and open water. While t
proportion and | ake size) were computed from
freshwaterhighly dynamic process in constant

spring breakup and cari bou migration periods.

| CE data pr eBowcegtar(dGiertouwax ., 2023) which provid
springpbdaaks for all freshwantedrr epirxelod uitn o@a
bet ween 2013 to 2021, inclusively. Using thes

classified the fr&«shwateenr ewibtulifrert hewad ¢émbdh ec a
step i nitbor efiakciendg i ce 6, and 0 ogpteenp wartceaedd u rf eo:l | (cC
classified each pixel within the step buffer

year relative to the day of year of the ti mes
we classified each distinctwagroophaegtefl) cowhha
stepbds buffer as fiiced when 95% or more of th
Abreaking iced when | ess than 95% but more th
st i |1 i ce, and as Aopen watero when 10% or | es

was then possible to compute the proportion o
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in each phenol ogical stage of spring breakup.

and open water proportions within a step is e

3.2.5 Path selection analysi s

3.2.5.1 Model parameterization

To evaluate how observed migration paths r.

during spring breakup, we used generalized I
i mpl ement path selection analysis. We par amet
1 Qown W] a8 wf W (Equation 3.:

wher e denotes the relati @ei Iplr obbeabusled yd urhiantg sr
eveQosBrare the environmental icovari asteataf |iew
intercepiatoftolgmewai.p, group composed of an obser
associated rla8® oamesttepes )gd,eprell atciocerf fi ci ents of
 the random coefficients f iwtatsesd ctioaterdv itroo mmegr

eveat

Foll owing this mixed madpitciastdin GlaMMs et o we f
mod el hypot hesi zed behaviour al responses of m

features during spring breakup (see Table 3.1

individual observations where the binomial re
obseed steps or fAavailabled (0) for associate
environment al covariate of interest both as a
whereby sl opes were all owedavtaa |vaabrlye wiatthhisn agsrs

to a dnigtrianrdton ewviedhtgr(dupi.ng yefarobserved and
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pat hs) .

-Tdhi ¢gr ye@mirng for each random sl ope furt

terms that control for variation due to indiyv
regimes (Gillies et al ., 2006). We included i
covariates as fixed effects. We excluded gl oba
opting to estimate random intercepts within e
increasing complexity,camedimoadel suaosedgttdeftar.:
covariates as foll ows:

- Model 1: Caribou select migratory paths ba
featurelsands.€amwesequently, we might expect f
avoid areas where the proportion of the | a
features (i.e., hydrological proportion) i
features or the presence waterceonbrlkake nige
this model, we included the hydrological p
environmental covariate.

- Model 2: Caribou select migratory paths ba
cover on hydroFogieamamplkatucasi bou might u
features still covered with ice but avoid
Il n this model we included the proportion o
the only environmental covariate.

- Model 3: Caribou select migratory paths ba
ice cover on hydrological Ferataxaemplasm,d we er
expect migrating caribou to use areas domi
their phenalt@ayibbwea#&dl areas with | arger | akes
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open water have begun to form. | ncltdass mod

and its interaction with the proportion of

environmental covariates.

To reduce potential sourcesaffoécthbi par ameteest I
each model (Forester et al., 2009;caudifdatte al

model s twi ¢(di®uesp ndgi st ance to account for bias

(itiheet ep time to account for variations in sam

3.2.5.2 Model fitting

We performed model fitting and diagnostics
facilitate the fitting of PSA models using a
family distribution with a binomial response

interceptad .( MRf0Of209t. We set normally distribut
variance (% )eto &y¢y06idi®hrinkage of the strata

which can bias other parameter estimates ( Muf

di strweaklky informative priors (i.e., N(CO, 10
our models (Lemoine, 2019). To estimate model
Monte Carlo chains (Betancourt, 2017) run wit
war mwep aitti ons, for a comwanedptotalabdofobB6800Wpo

model s for divergent transitions and ensured

for the estimated parameter distribbatons to

convergesmnati shatc 11.e05) R We evaluated indivi
graphical posterior predictive checks (Gel man
fitting, divagsnuoasltuizcastig oantn@ dAbr mso (B¢grkner, 20
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(Gabry et al., 2019) packages i mplemented in

Devel opment Team, 2022).

3.2.5.3 Model comparison

We evaluated the relative predictive abildi
Bayesian model comparison meftolid scaldidtkea t mode |
i nformation drCi;t e/freihdrar(i KECV al -ap p2l0ilcradbl eand t h
i nf or matiioonn (cWAltCer Veht ari et al ., 2017). We c
Bayesian model stacking, whiapmt ipretirideomrgmesi gnhotdse |
accorded to each model in a manner that achie

2018). For each model C wei #£f® mad wt&ldisatCiVon s che

in which each fold (i.e., datfa @iagttiindgtonmi guraast
events, effectively allowing us to evaluate t
with new data (Vehtari et al ., 2017). To furt

the WAIC for each model (PiabenefaOafld. VAhoags

each information criterion, we also included
(ELPD) as well as tdelL PdD)f fbeertewneceen itnh eE LnPoDs t( s up
and the other two. We computed alidalbrmsdel comp
(B¢g¢rkner, 2017) and Al ooo (Vehtari et al ., 20.
Team, 2023). We further investigated the coef |
mo d e | with the most support using the fAbayesp

impl emented in R (R Core Team, 2023).
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3.2.6 Migration duration

We further investigated thduebhteonsobf spce
mi gration events using a hierarchical gener al

start date of spring migration varies consi de

herds, the plasticity of migratdelnayedaviour s
departures typically migrate faster to reach
2019). We accounted for variability of depart

(day of year) of each migratieneaventi ondepar
periods between herds and years, we added a f
start smooth term was further allowed to vary
wiggliness factor, an approach akPaldegseesn ®d r
al ., 2019). We also included random intercept
behavioural differences in the initiation and
same herd, individual winter rangrsramagne  es Hiaf
significantly over time (Bergerud et al., 200
di stances required for each individual to rea
term for -t heesgeagghphical dastaaod kPedwéenat
mi grati on. Finally, to account for the potent
mi gration we included a smooth term for the b
mi gration event, which we odstsitmgtsedviasdsitnh e apcrh
path that encountered breaking ice or open wa

to model smooth terms (Wood, 2003), fitted th
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di agnostvicsiadagiandg otnhe fimgcvo (Wood, 2017) an

2024) packages i mplemented in R (R Core Team,

3.3 Results

3.3.1 Migration events

Throughout the study period, we identified

events undertaken by a total of 153 coll ared
Bl uenkoasset cal ving grounds. For 82% of @l |l ar ed
t wo migration events. For most of the remaini
four migration events, and for two females we

For the Bathurst herd, we identified 187 d
femal es. Throughout the study pedAipod,|] minglr at.
ended in eseEliy.JBne&A), departing from over win
i mmedi ately north of Great Slave Lake and arrtr
Bat hur sstekBlimgl.et3.(1). Specifically, the annual n
from April 20th in 2021 to May 21st in 2018,
Bd hurst female migration events during the st
medi an arrival dates ranged from May 16th in
arrival date across all mi gration evtmds bein
cross | asgBi bakds1lf, most frequent!| y5ABMNOmjy tN
110A43Nj0On W) and L2ac65A3GN&Grg N,70D1 kA4 3NOn W),
sections or tributaries of the upper Cdpper mi

km, 65A14Nj0On N, 113A9Nj0onj %) 6a3nAds 5M0cnk aNy, LlalkleA 2(N§
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For the -Bhsetnbeed, we identified 87 migrat

females. Throughout the study period, smiegrat.

Fi g.

3.2A) in the reeagitomnsd dowtalhk &Bred rs duwtklke, al

females overwintered on the westernmost penin

und
me d
me d
Mi g
str
me d

t he

L ak
Bl u
k m,

ver

ertaking a shorter springsemigg.atd.oln) .t hTalme te
I an departure d&t3e dr a2nOgledd tfor oMa yAplr2tlh i n 20
| apnardteur e across all mi gration events throlt
ration typical l-Ju meselgidg .i n3.e2aA)l yi nt ot hnei dc al v i

etching between Bl uenosesdémmikge. ah.dl)t.heTCe rar

i an arrival date ranged from May 30th in 2
medi an arrival date across all migration
e 2nd. None of the migr adiaacir opsastends Grreaavte |Ble
e (31,153 km]J], 65A50Nj0Onj N, 120A45Nj0On W), t
e Rkpasset herd migration paths did interact wi

6 5A30NjOnj N, 118A29Nj0Onj W), rbtust, utnhleiyk ed itdh enior

y |l arge | akes.
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encountering breakup conditions
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o Spring breakup
T T T T ® T _III_ Lake breakup start
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Median breakup start (day of year)
re 3.2 Tempor al i nteractions between fema
kup between 2013 and 2022. (A) The overla
kup start. The spring migration period fo
strated in red for -Basthurwitt  anpgr ouesdgiove
ing indicating the total proportion of <co
kned boxplots show the distributioyw of | alk
cted | akes rang?Ping dirnen &®nd diostl0i0OMu tkend a «
y area. (B) The relationship between the
pring migration for each herd acress year
i ficant | ine@)r Tmoaedr dmpor=t iOamM59f dbserved
untered breaking ice or open water each vy
gside their corresponding fractions of ob
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3.3.2 Timing of spring migration and breakup

The beginning of spring migration and the

amonygeasekEi(g. 3.2A), but there is no relations
respective asrereuagl. t3i.M@iBpPg (I n some years, the o
of Iake ice breakup and spring migration i s m
2013 and 2011pOWhe®rd 2332%pled | akes (n = 260) be

the end of the Batshelerigt. MBer2d) miagirda taipgmr o(xi mat e
began to break up before the en&acft $emridng mi
Bet ween 20281 an ingdl&%iwfelgyql 168 ed Bat hurst f e
breaking ice scereigpemB.wa&t)ern n( at | east one step
paths. FofEaBltudreosasd @8% 86 %observed annual mi g
encountered breakup condsietBiiogns 3i.mn2 Cdt. Ilena sbtotohn
proportion of paths encountering breaking ice
2017 when 100% aodt Bdrude no&% of Bat hurst migratd.
these cosndgitd.ohB) ( I n colO0Adadsperibd pestharact
smal |l er periods of overlap between spring bre
2020, spring migration for both herds typical
25% of the sanmpdeuwun |llrkesk ihragd up. I n 2021, none
begun to break up before the end of the Bathu
herd, only 1 of the 83 paths observed bet ween
ice or open waterobser 20d9mi pradtfi @ patehs (4

Bl uenkoasset herd encountered breaking ice or ope
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(1 of 4 paths) and none in 2020 (O0OseEidg. pat hs

3.28B) .

3.3.3 Path selection analysi s

3.3.3.1 Model comparison

Path selection model 3, incorporating the
and water body si ze, i's the model with the mo
varied with model complexity, we detected no
modelsuccessfully converged tsoe Sutpapbll.e Fpiogs.t e3r.ilc
The information criteria and associated expec
computed using-llCot(tHabhe BFCY and WAIC (Suppl
revealdilfafregpeences between the candidate path s
3. Model 1, which only included the proportio
hydrological features, hasl€hefl|l b¥es0183uppoONt
correspoEndPibngdiaf f20DeBO66. 6f (N 122.6) relative t
which incorporated the phenological state of
than model 1, with -20h, ELPD2 diKfE2Enkt)e ol at i ve
Bayesi an impldted avet ri bute full support to model

1 and 2 (weights of 0; Table 3.1)

Table 3.1 Model comparison metrics for the th

environmental covariates of interest for eac

relative support by the data as esftalnhitcrdo sy

val i dation infor mdtC dn saraintdearridorer(rkoF GV t he c ol

|l og edictive densities (ELPD N stgErdar N er r
a

pr
S ndar delattowe hes.t model

h
h

~ O
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Model KFCGVC ELPD qgELPD
Mode Environment al covariates weigt(N SE)(N SE (N SE
I T T T T T 1
3 Mean waterbody size (Small 1 157,3¢-78,690
Proportion of ice x Mean w (814.t(407 (0)

Proportion of Meraenakwantge ribcoe
Proportion of open water x

| ! [
,4¢-98,74-20,05

2 Proportion of ice 0 197
Proportion of breaking ice (994. ¢(497. (121.
Proportion of open water
I T T T T T 1
1 Proportion of hydrol ogical O 198, 0:-99, 00 -20, 30
(998. ¢(499. (122.
x Denotes interactions between variabl es
Bold tyipediaca&tes the model and associated variables with the

3.3.3.2 Effects of waterbody state and size o

Rel ative to associated random paths, typic
characterized by the prevalkeredel akelsamddomlaveim
which encounter | arger waterbodseBi,gbr&aliag
3.4). The inclusbor 0N0OB@POHI|gt aBc&8)(r step
=-0. 0801 O[0®WB. 002]; Swuppl. Fig. 3.2) has no influ

selection/ avoidance patterns.

The esti mat elde weolp uclcaetfifoinci ents and their 965
smabl-8(03. (04&L. 9ThYme3 (03. I2.98nd verfph -Farge (

3.10. §12. 19]) Il akes indicate increasedthvoidan

increased waterbody size in observedspepaths re
Fig. 3.3). Conditional effects indicate that,
relative probability of females selsedctsi 1g 2p amn
8.2 times higher, respectively, than paths en

(sekig. 3. 4A).
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During spring migration, femal escotvyepriecdal | vy
waterbbdirFrebf. 6D .9MW¢8ative to other parts of th
avoidance ofb ofplenRMaif-@r28d&H4Jd an extreme avoidar

beakind 2_R2e 2 .[8-85.  ;F7]g. 3.3). Conditional ef f e

relative selection or avoidance of | akes base
medi ated by an interaction with théiodysiszee w
increaskisg( 3.3 & 3.4). The relative probabil:i
typical mi grating females increases in areas

cover eds éemikgeg.s . 4B) . I n contrwavteyrepat akescvanr el

|l i kely to be selected @#zondepatdhs akesr aver mvioad
(seeig. 3.4B). Once spring breakup begins, the

abruptly drops to O as the propar ttihen | afndsrcag

within around paths, even whenseéelBiegco3r4€Gpondl
drop is more pronounced for steps encounterin
probability of selection drops to O when the
(sekig. 3.4C). Breaking ice conditions over ve

only occurred in a single obsberiv.e3d0s[t3e8p, so t
17.58]; Fig. 3.3 & 3.4C) for.tPObsereemh patthke
encountered open water in | arge |l akes (16 ste
very |l arge | akes (0 steps) during the study p
|l ow support in the model. pwphesat hbhemahesuatete
|l akes with open water, with the relative prob

proportion of open waetbarg.i McrdeDgds e dAltlo o3h%r( t e
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constant at their means, the relative probab
with 20% open water than for areasebkBuigi.h 32.04€ b

& D) .

Proportion of breaking ice § AL
Proportion of breaking ice x Large waterbodies -
Proportion of open water - —/—I
Very large waterbodies § A
Proportion of ice x Very large waterbodies - A

Large waterbodies -
Small waterbodies -
Proportion of open water x Large waterbodies -

Proportion of breaking ice x Very large waterbodies § I

Proportion of ice x Large waterbodies § A
Proportion of open water x Very large waterbodies -
Step distance 4

Proportion of ice - ‘I
-30 -20 -10 0 10 20

Posterior distribution of coefficients

Figure 3.3 Distribution of posterior esti mat
model with the most support, where step dist
associated to movement speed. The vertical b
vaue along with a shaded area representing 5
di stributions are truncated at 95% and bol d
interactions that do not overlap with zero,
arenadted by fAxo0.

e
a
a
0
t
i
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nge:?n?:r?crgggy . Small (< 10 kmz) —— Large (= 10 km?) —— Very large (> 1000 km?) - - Low support
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© 0.4 -
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. Mean waterbody size 15 Proportion of ice

e
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A

0.4 1

Relative probability
of selection

0 0.1 0.2

Proportion of breaking ice

Figure 3.4 Conditional effects of me an
breaking ice, and open water on f emal e
The estimated relative probability of (&gl ecti
mean wdttehg nwat erbody size and its interactdi
covered by (B) i ce, (C) breaking ice, and
confi deneiancther acti on | evel 6s different.i
mean waterbody size (i.e., coefficientos
3.3). Note th«iwadiiatiiten iwhixh refl ect
breaking i ce, and open water encountered
peri od.
3.3.4 Migration duration

Al | the behaviour al and environment al
including |l ake ice phenology, are significant
events (Adj0sB8B6d,RDeviance explained =-
group differences in typical departure
i ndi vi dual behaviour al di fferences, t he
popul-Bevehhsmeoms including departure dates

. 0.2
Proportion of open water

0 0.1

110

waterb

92, 6 %)
dat es

dur at



(seeig. 3.5A), the geographic distanceseebet wee

Fig. 3.5B), and thebraadakupfcendounotessewriit hg
Fig. 3.5C). The most i mportant determinant of
departure date, with | ate departures resultin
partial effects uniquely attribut abtleesstt o mi gr
departures result i n migration events that ar
while, inversely, the earliest departures res

days | ongendi atidgorsadtvieqant s he geographic distance
ground at the start of migration varied betwe
partial effect of distanceéaysdiimetedceéoi andal
bet ween the shortesd gaenodg rl aopnhgiecs td iosbtsaenrcvee at t h
(sekig. 3.5B). I n contrast, the state of | ake
determinant of migration duration than geogr a
with breakup condi tiiomsp atl b ngl iemlcsh tmda g3 ®%, a t
del ayed by approximately 8 days relasege to m
Fig. 3.5C). This delay increases to al most 2
doubles to 60%, but the confidence intervals
such observations during our study period (<5

60 %) .
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Partial effect on
migration duration (days)

100 120 140 200 300 400 500 0.0 0.2 0.4 0.6

Migration start Distance to calving ground Breakup condition encounter rate

(day of year) (kilometres) (proportion of steps in path)
Figure 3.5 Partial effects of migration start
phenol ogy on the duration of female caribou s
mi gration event varies as a functi ognr aotfi o(nA) t
(B) the geographic distance to the calving gr
rate (proportion of steps in migration path)
including both breaking ice a-hdvepth moatms . T
(bl ack Iines) and corresponding 95% tconfi denc
obser v atl ip@n swti(ld h an HGAM.
3.4 Discussion

By incorporating a freshwater-l CE¢ whéehohog

spatial and temporal resolution, our study pr

movement behaviour during spring migration ac

(i..,e 0.1 to& 3adnd5i3ceknphenological states (i.e.

water). Our main findings highlight that f ema
through parts of the | andscape composerd mai nl
| akes and avoid | arger I-cackveesr eedv.e nAsi fs ptrhiensge prreo
freshwater i1 ce begins to melt, caribou exhibi
extreme avoidance of breaking ice, with avoid
encrotuer ed waterbodies increases. These resul t:
|l esser extent open water present i mportant ob
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s el

beh

obs

nol ogical states of | ake and river ice are

, consequently, migration duration.
1 Smaolvlie,r eidcel akes are selected by -migratin
ered | akes are avoided

OQur study demonstrates that fem&hes$ heonohst

e

ectoviecreed waterbodies during their spring n

\Y

-

—

c

-

-

i our was only observed in areas of the |
bodim?’s Fkgl03k4B). Due to the small size
i vely coarse sampling frequency of GPS |
it is difficult to ascertain if the exa
SPISvé ocations crossed water or land. Non
ved steps in regions with smaller | akes
robability of selection i nccorveearseidng wi t h

bedEeg. (3.4B) provides high confidence t|
i ngcomalrledi cakes. Previous investigation
ou selectcoveted whtobegbodiees when these
tion glLebl2>20hd6;,etLecl erc et al ., 2021). Fc
that waterbodies were avoided relative

tundra habitats, although no distinctio
| awevser H they did note a relatively high
mably frozen waterbodies during higher s
bodies were avoided altogether when phen

il ates (see Model 1, Table 3.1). However,
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phenol og
small eov
wat er bod
during s

for rout

S| a

<
(¢
—
=

Lake whe

( Gu

>
>
(1)
—

wher e an
et al .,
Al t hough

portions

al states, our most supported model
ed waterbodies and retavevedyl asegd&r
S . By distinguishing ice fsom water
i ng and fall migrations, Leblond et
t rrcaovved rlea ch gl aokvees a@amcdk noted that sel e
rsavihedmbtihd tiyceseason was shorter.

avicardaaeoeiewmded | akes is indicated b
tudy regionés two | argest | akes (e.

maowededcehroughout every spring migr.

t

(0]

rouo

anhddguwiem@ characterized by si
e Bathurst herdds range retrac
ades when the Bathurst herd ov
ndividuals were known to cross
e are many islands to minimize
013). Similar behaviour was ob
e@dalb0t km ov-Bourasesanreber Rober
a veryd)l wigb whbeshadyg 6062, 8 &al
r knowledge, there are no docu
at Sl ave LakgranmddGreai bBear ok

ou and r ei nodsese rn gasr eb ekt nwoewenn tHoi guh

mes travelling distances excee
e (Miller et al., 2005). This
el great diiktedrycdeso awersoi ¢ea, rte
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i's required to access cruci al parts of their

considerable time and energy savings (e.g., J
uni gue to each region |ikely explain the diff
mirgat ory behaviour in response to | arger | akes

mi gration of the George River herd rWegsui res p

freshwater barrier i mposed by a serdleectorfi d ar
compexes. I n cont fEastt, hterel OBl ume ygosad i on Cci r c u m\
Lake, and individuals from the Bathurst herd
while very | arge, is |l ong, narrow, and orient

The selectooverett waterbodies during |l ong d

|l i kely due to a combination of factors such a

frozen | akes are windswept and, consequently,
(Stur mtaonnd, L20s0O3), making them easier routes f
terrestrial habitats with deeper snow (Pruitt

open areas which may help caribou detect and
2005)awmidd ambush hunters such as wolves. The

hooves provides further evidenc-di shahceheyauane

over ice. Specifically, the cuspsstroufcttuhree sh o ohva
provieeptexwnal adherence and abrasion resistan
(Zhang et al ., 2017) and specialized tendons
(Hull et al., 2021).
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3.4.2 Breaking ice is strongly avoided by mig

increases with | ake size
OQur study demonstrates that breaking ice,
and open water, is the phenological state tha

t he Bathurst-Easd Bluesoseri ngeBipg.i n3. 4nC)g.r aT h io:
relative avoidance further increases when fem
Throughout the study period, breakup conditio
of the Bathur<£tasdndheBldsdnoaaeages,6t mossttr confgeern i
curriemtsong and narrow chain of | akes forming
rivers such as the Coppermine River, Burnside
Whil e many of these areas were typically avoi
pat hs 99 dt tewe areas even when breaking ice wzs
they constitute strategic or obligatory cross
paths in the Bathurst range encountered break
Burn®fi der system adjacent to the calving grou
Contwoyto Lake and Kat hawachaga Lake, and | ak
Point Lake and the wide sections of the river
Gras. Withiembs®e Bange, observed migration pa
encountered breaking i1 ce conditions in crossi
|l arger | akes of the Calder River system such
breaking ice conditions on a very | arge | ake,
Dease River on Great Bear Lake. The current r

very |l arge | akes is |ikely attribugable to: (
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regardless of theseEphendl df) cahdstiat)e t(hat i

l onger in | arger/ deeper | aBesgdmDdgetayalet, a20 2

OQur inclusion of spring aveakapleosdiudiyonde
new, but migratory caribou responses to break
ot her ways. The most compl ete account of cari
sci entteirfatcurlee i s based on observations of the
(1986) . Il n October of 198&2, daeydar wairtme rd d leanp

the authors observed multiple groups of Bever
|l akesaamnodwnchannel s, undeterred by the thin i
did not seem i mmediately distressedgerbuinfhbeid
and mortality events from exposure or drownin
faed extrications from the breaking ice. | ndi

injuries to the anterior forelegs on caribou

1986). Given that migrating caribou select ic
mgration, that the transition between these t
moving waterbodies |ike rivers, and that thin
when it cannot be avoided, caribou emcounters
exampl e, migrating caribou are frequently obs

spring breakup of arctic rivers (Lord, 2014)
2017), presumably hguandg bheenhheamgmhenofdf bre

dams give away during obligatory crossings on
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3.4.3 Open water is avoided by migrating cari

Once spring breakup is compl ete,senBiggr.ati ng
3.3) but not as strongly as they avoid breaki
observed during our study period generally <co
brealegig. 3.2), open water was only encounte
whittyhwpicrned W asplean | ar ger -Bloalgas d( @itr madx , 2023

our results provide some evidence that avoida

waterbodcdyEsigze 3( 4D), the scarcity of | arge | a
study period constrains our ability to assess
mi gratory caribou movements also indicate str
selectliypyswi anaLeclerc et al. (2021) found that
altogether in favour of tundra habitats durin
di scern between water and ice. I n contrast, u
(26)Y found that, relative to ice, caribou avo
mi gration, a pattern which was accentuated in
|l onger period. The authors noted that while m
witenowater, some did initiate swimming cross

after or progressed much more slowly than the
competent swimmers, assi shtaeidr ebdy ctohaetisr (bMieoeykasn ta
CartwriOpht an20l arge toes for propul sion, but

more energeti c glulay reufpfwidcaime mtg t(HFamcy & White 1

avoidance of | arge open water expanses, carib

118



strategic or ebrloiughadt ocrayr.i bBoaur ruennder t ake regul ar
of rivers and narrow | ake channels during the
198Prary caribou are known to swim across ope

access various p(a3 tlsihofl etrhyoidrel Or&aphndg ec ar i bou und

frequent water crossings between small ~i sl and
1 kWebber et .al ., 2021)
3.4.4 The ice phenology of smal/l |l akes and ri

A major advance offered by our analysis of

caribou migration i s -ItChee aclagpoarciitthym otfo tahses eGPsE N

state of small waterbodies. Small waterbodies
moni teffogts (e. g., Du et al ., 2017, Duguay e
and caribou migration research (e.g., Gurarie
et al., 2016) due to constraints 1in sapgaetri al r
et al., 2016), their important combined surfa
(Verpoorter et al., 2014), and their signific
1986; Williams and Gunn, 1982). Whitlees time ofurre
study incorporated both | akes and rivers, a f
effect of rivers. Rivers break up sooner in s
| andscape, and their | ength and comtairmuiiotuy wihm
cannot be circumvented |i ke |l akes. As such, n
i mportant caribou crossing sites. The current

depth heterogeneity, creates hioghlaywdc ®ommla&kx pp

including rapidly changing ice conditions 1in
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w h

Li

ch

mi

ich are extremely difficult to observe (Flo

ndenschmidt, 2021). Specifically, I n some Yy,
aracterized by a violent cycle of ice |J ams
omhgrating caribou (Miller and Gunn, 1986;
ring |l ess turbulent river breakup events, t
ossings is hazardous to swimming caribou, e
nn, F@882her research is needed to improve m

e phenol ogy and to better understand how th

ndscape bottlenecks i mpact caribou migratio

.4.5 Il ce phenology and the timing of spring

Because the timing of caribou migration an

nueleley g( 3. 2A) andeEndgiep 8n 2Bt lof (each ot her
i 7year study period, the proportion of obseryv
eakup conditions varied from more than 75%
249eBig. 3.2C). While spring migration start
rds, females that depart | ate typically mig
ival and calving dates within each herd (Gur
e initiation of spring migration saeki gllecoup
.2B; Gurarie et al., 2019; Le Corre et al .,

parture and arrival (Gurarie et al., 2019)

hi bited duseBggmi 8rd)joauf( research shows t
eakup conditions during spring m@tgmoat iodn ca

gr asem®ing.( 3.5) and, consequently, cause pote
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calving grouinrdee Aseddhenigrogressivmigglehgsper
ice melt advances throughout the northern hem
severity of these effects on the duration of

di srupting the timing of calving and calf sur

Because it immediately precedes calving, t
constitutes a key periodgirmuinmide cammbalu. cydbdleeD
plasticity in the timing of migration constit

| actoant peri od with tqhuealfirteys f ograogwet h Guirgahr i e et

promotes calf health (Post and Forchhammer, 2
in some migratory caribou herds (e.g., George
emerged as the single most important predictor
I n light of the rapid environmental <changes u
there is evidence that the timing fofcalawviirmbgu

with spring plant phenol ogy may be disrupted

in some herds migrating females have recently

their calving ground due to | ate deparetturads. ,f
2023; Gurarie et al., 2019). Despite such con
the significant plasticity in the timing of s
al ., 2023), and there is emeugicag edagéntaeth

of their migration to aveiad vtimagp Ilpiea i mids havtad H o

2020). Although there remains a great deal of
environmental cues that pr onmp,t rtehsee arncht isaug goens
snow conditions in | ate winter are I|likely the
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al ., 2016, Mal |l ory et al ., 2020) . Il n addition

snowmelt is also the main determinant in the
et al., 2021), which is an i mpor.t adotwedveetrer rihre
complex dynamics of freshwater 1 ce formation
snowmelt, the beginning of the breakup period
(Higgins et al., 2021), but t htehemabirne adkeutpe rpneirn
and indeed the dur-abhi parpbpbdt herenairetemperat
inertia (i.e., heat storage as related to | ak
Warne et al ., 202@). sWhesmnt h esa til ®esg esrt,o rneodr ei nh e
waterbodies which in turn |l eads to earlier an
2019). Because of 4fhiee PpPeedbacks imerieasi ng a

the dmevw period throughout t Re 2Ar)ct iTch i (sD asuwggigre
that even i f caribou show continued plasticit
based on environmental cues such as snow cond
bet ween the timing of migroat il ark eassn da ntdh e iavwaisl
earlier breakup. I n addition to experiencing
Sspring migration, caribou willtgdaso wnareidat iol int

the timing of breakup (Wekhkbenmdyerdeal aspatia

(Avgar et al ., 2015) and emergent collective
Torney et al., 2018) may aid caribou to mitig
|l andscape, the rapidity odt td etsieme nwh e nsnewnd ra:
herds have experienced catastrophic declines

do so (Mallory and Boyce, 2018).
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3.4.6 The connectivity of | andscapes

As the pace of Arctic warming continues an

during spring migration, our results suggest
terrestrial corridors available in the |l andsc
wateileedto obligatory crossings of rivers or
findings, Leblond et al. (2016) concluded the
the ice crossings observed in their study of
as021, effectively pushing migratory routes t
increasing the overall travel distance requir

As migration routes become constrained to spe

araes wi | | play an i mportant role in conserving
|l andscapes. Due to the importance of these cr
hunters who have relied on caribou for thousa
docummeed t hroug-hedommadityonal knowl edge proj e
Zal atan et al., 2006). Notably, some of these
Lockhart River outflow from Artillery Lake, a
shfts that have occurred foll owinglanscemtetdr a
al ., 2021). Wi-EhAsh ahd Bhtubonosete herd ranges,

are already heavily i mpacted by industri al de
Nort hwest Territories, 2019; Muel l er and Gunn
behaviours (Boul anger et al ., 2021; Wil son et
expected for the foreseeable future, compr ehe
may be the only tools available to wildlife m
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