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Les changements intervenant dmodifgcation® e nv i r o1
dans | es moyennes less®l &@xaturg°nmeensd ad li ioma tdieqg U eas
enCOat mos p ho®rti qdudeo,r es et d® ° des effets me
Les arbres, organi smes sessil es,ysant - rel e
particuli rement sensibles et pownst®tweinagr
les effets des changements climatiques L e s for°ts bor ®al es

particuli rement affect®es par capdeschangenm
et intenses que dans |l a plupart des autre
acteurs majeurs dans | e cycle gl obal du c:
est une source de nombr eux dedosiisgquedes ®col o
biodiversit® et de source de mati re pr emi
de production, et donc dans ses fl@ancti ons

di sponi bbdkEkns @ndedsarvicespour lespopulations humainedDes

pri®dt i ons lacReapd ddceitte®sdéi ence de cet ®cosyst
conditionsclimatiqueduturespermettraient une meilleure estimatbre s a capaci t ®
production Il e s t i mportant do®t udi erd 6loa ema reit rde®|j
r ®pondu a u x envitoranengerEtawe imtengenus u cour s des der
d®cenni es.

Cette th sesdd®podi eobjl estichangements inter
|l a physiologie des arbres aploreclesdacteursdes de
environnementaux e sponsabl es de ces modifications.
essences coni f®ri ennes | argement di stribu
commer ci al , (Pite® mariang dt ke @in grisfHinusebanksiana Nous

nous sommes bas®s sur une base dEes donn®e
donn®es ucnoulvarregnet gr adi ent g®ographi que dobe
gu®b ®c oi s einclnemtplaside)20@0 arbreses performances de croissance

ont ®t ® approxi mPes au moy enlL edse s p draa ng eturres:
physi ol ogiqgues des arbres, incluant | 6ef fi
stomati que, ont g uamniesurankes napportViso®picags du 0 X i M®
carbonee de | 6oxyg ne dans | e bois des cernes
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environnements pourraient agir ~° titre de
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ABSTRACT

Changes in environmental conditions, and especially modificatiarisnateaverage

and extremgresulting from arise in atomsperic Cfconcentrationshave already
measurable effects omatural ecosystemsTrees, which are sessile and ldngd
organisms, are particularly sensitive to these chamgesh makes these organisoifs
particular interest to study the effects of climate chasgyece clima¢ warming is
stronger and faster at high latitudes, boreal forest ecosystems could be particularly at
risk of significant impacts The boreal biome plays a central role in global carbon
cycling. Canadian boreal forests also provides numerous ecologivatesere.g.
providing jobs and raw materials fibreforestindustry sectoand playing an important
role in terns of biodiversity.An accurate prediction of the capacity of boreal forests
acclimate to a future warmer climateuld help inferringts future production capacity
So it is important to study the way boreal trees haheady responded to
environementathanges that have occurredhe past decades

The main objectives of this theswere to study changes that have occurred in the
growth and physiology of trees during the last decades, and to identify which
environmentafactors were responsible for these changes. Our work focused on two
boreal conifer species broadly distributed in North America artdghf commercial
value, black spruc¢Picea mariana and jack pine(Pinus banksiana We used a
dataset originating from a forest inventory network including more than 2000 trees and
encompassing a broad gradient of growing conditidhs network covers the Quebec
province from East to West o r t h .d\fnuafirdigdwidths were used as a proxy
for growth performance of trees. Trgrg carbon and oxygesotopicsignatures were
measured to approximate intrinsic water use efficiency (IWUE) and stomatal
conductance, respectively.

The first chater examingtherelationship between annual growth rates, Haremual
climate variability andenvironmental conditions. We observed that the climate
sensitivity differed between the two species. Spruce, contrary to pine, was negatively
impacted by hotieammers occurring the year prior to ring formation. For this species,
treeslocatedat the high end of the elevation gradient (i.e. upslope trees) were also
negatively impacted by warm springghis translated to negative growth trends for
black spruceJack pine experiencedo change om slight increase in growth rates
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during the past three decad@&$e second chapter focused on the effect of a drought
event that occurred in 1989 on growth guinysiology of treesHere, we showed that
trees reacted to drier conditions by increas\WWlJE, in particular via a decrease in
stomatal conductance. We also observed that a growth decline occurred synchronously
with these changes in physiological paraengt This low growth period was longer
lastingfor black spruce than for jack pine. Finally, in the third chapter, we focused on
the effect of risingatmosphericCO; concentrations on trees iIWUE. We observed that
the CQ effect was strongly lowered afteemoving the effects of tree and stand
development. This effect wad higher magnitudéor spruce than pine. Site fertility
alsomodified the intensity of the G@ffect whichwas almost nomxistent within the
least fertile areas.

Taken together, thesegults highlight a higher level of stress in black spruce compared

to jack pine. From these observations, we can infer that black spruce woulddigdess

to acclimateto warming than jack pine, notably because of its moqhsiological

traits. Our reslis also suggest that soraseascould act as climatic refugia for boreal
species. Some tree populations could already be more adapted than others to warmer
and drier conditions. These populations would be interesting candidates for assisted
migration progams andadditional studies should be conducted e.g. in terms of genetic
adaptation(common garden experiment®ased on our results, we recommend a
regular monitoring of black spruce stands included in the inventory network, especially
the ones that areurrently the most productive. Indeed, trees within these productive
areas could be those which will experience the greatest impacts of climate change in
the future. We also strongly encourage an assessment and an improvement of the
analytical methods crently in use. There is a wide range of methods in use, which
restrairs the comparabilityof results between studies and could impact conclusions
because of some limitations or falsified assumptidnslight of our results, the
productivity of black sprue stands could decline over the current century. At the
opposite, jack pine stands could maintain their productivity, if their regeneration
remains unchanged with a shorter fire cycle (response to changes in fire cycle was not
studied here).

Keywords: Climate change, Quebec, boreal for€stea marianaPinus banksiana
dendroecology, forest inventories, stable isotopes, waefficiency



INTRODUCTION

01 I mportance de |l a for°t bor ®al e
Le biome forestier bor ®al, l i mit® dans se.
respectivement 18AC et 13AC en juillet, r

superficie foresti re mondial e, et 73% de
bor ®&ael esi tue entr @arsen, 203N ete p 7 Gdllnst e 552
dohectares ( Ficgiur e2 700. 1Ni. | Do hcseadkdils ¢ ¢ tt & ®s8 S C
bor ®al e ¢ o n tedlasuperficie snondialBran@ébal, 2013) Le biome

o C

forestiesn kkamr@azlt ®r i s® par un climat rigour
hivers | ongs et froids, doéi mportants cont
estivales relativement faibl¢Brandtet al, 2013) En r ai son du <c¢cl i mat
faible propoes id@c odndpoarsgeanrisssm | a mati re or
|l ent ement et tend °~ sdébaccumuler, ce ph®nol

|l es zones de mauvais dr ai n@gbbieeeat,2000)2 | 6 h u mi
Les ®cosyst mes forestiers bor®aux for ment
carbone, per mettant de st o(anetal,20kl)Es de 329
particulier, 28 Pg de @ m®Ponmraty ®xKuxatal®sa namr af o
2013) tout sp®ci al e me n({Anddeaxetsal, 2088sKurgei &dl,s or gan
2013; Tarnocaiet al, 2009)

Les basses temp®ratur es, associ ®es ° une
pauvres en nutriments directement assimilables, sont autant de facteurs limitant la

croissance et | es <capac (BlackstBlise [P80dadvisct i ves



et Linder, 2000) Les for°ts bor ®al es sont ai nsi
compos®es doébun nombre restreint déesp ces
temp®r ®es et tropicales, ces esp ces bor ®a
(Brandt, 2009 Sakai, 1983)En particulier, la strate arborescente est, au Canada,
compos®e en majorit® de PiceaPindsLarixesAbiesppart en
(Brandt, 2009) Parmi les feuillus, on retrouve principalement les geRasuluset

Betua Mal gr ® sa faible productivit®, l a for
déempl ois et de mati ree pptemi” rmpapdeur elte o e
et tient wune place majeure dans | 6®conomi

forestier a contribu® WMilidadsée& daol PaBsCartade
plus de 20M00 personnefRessources Naturelles Canada, 2018)

lamaj ori t® des esp ces | i gneu-phgswloggoes ®al e s
qgui ont ®t ® s®l ectionn®s au fil des g®n®r s
paysage fa-onn® par | es pertur b@tdcksestns nat u
al., 2002) Ces traits incl-reeinte llea s@®roduat isone ,
prot ®3g®s par une couche de cire qui ne so
cell e produite parrceun®pianicsesnedi cey eamoeo r®&c un

drageongStocksetal, 2002) Le degr ® dbéadaptation des es
déoentre el l es, Pious ianksiandamb)pi sogr i s@pendant e
i ncendies pour a s (Stmalberget al, 2020) Enrcangudan®la at i o n

mati re organiqgue accumul ®e, |l e feu rajeun
germination et 7 (Paeteclfol)iesfesua suviennemtesedon sne mi s
scha®ml| ®atoire et ~ diff®rents degr ®s de s

les conditions climatiqug®Vhitmanetal,2018) Ce car act r e al ®at oi
diversit® do6©ges et de composition des pe
b or Berderon et al., 2006; Whitman et al., 2Q1Bgs perturbations de moindre

i mportance, comme |l es ®pi d®mies dobéinsectes

fine ®chel nei edr e¢l amss wme, " cette dynamigu
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secondaires, ont des effets moins drastiques sur les peuplements forestiers et vont
contrifluere ®voluer | eur structure et | eur
(McCarthy, 2001) Cette diversit® de structure et

bor ®al e doéoffrir, outre | e captage du <car
papeti res, de nombr eux a pulatioas hunsamesyv i c e s
notamment comme sourded al i me nt at (Gauthierettal, 20ka)l oi si r s
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Figure 0.1. Aire doext-Am®n io@mertidere Braadt, zone b
2009) et aires de di s tPicealmaringdith) Bd.;raydr@sp i net t €

rouges) et du pin grisP(nus banksiana. a mb . ; treillis Dbleu),

coni f®riennes | es plus | afgemect diest rdiomu
USDA Forest Service, 2002) € droite, | e rectangle noir
s6®t end de part et dbéautr e"edebd "the gprr®sv i dhec e
| atitude Nord. La |igne vi ol etotne dceocsr rfeosrp’an

commerci al es ®tablie en 2018 au Qu®bec.
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02 Le contexte de | a Iimite nordique des f
De fa-on ° assurer | a p®rennit® de | 6ense
popul ati ons, un am®nadgddme nets t ® cnol ssy setn® np | gaucee
Celukc i pr ®coni se des pratiques syl vicol es
am®nagement de(Ghuthierfetd/ailfaricourt,2008) r&d sl epr ®c oni s a-
sugg rent notamment dbéadapter | es pratique

bef fet des di ff®rentes perturbations nat
0

coupes totales, en particulier | es coupes
(CPRS) , devraient permettre | 0obtention d:i
apr s | e p dBeleauetal, 2607; Bergerforetwal, 2002) Par ailleurs, les

coupes partielles devraient ai deion” | 6 ®V C
doattributs de vieilles for°ts reprodui sa
c h ©fHarveyetal,2002) Pl us sp®ci fiqguement, | es rec
sur | e maintien dobébune structure doédo©ges et
proches de cel |l es o0 b s @GauhiereetVaikancourt,2008)t non .
Une attention particuli re est notamment p

du paysagéBelleauet al, 2007) La conservation doéune prop
en ad®quation avec | e r®gime de feux histc
( B®letak 20&1; Bergeroretal,2002) LOobj-jeaterdt sbeascet am®n
®cosyst ®mi que est de conserver et augmente
des peuplements au sein du paysage forestd.i

aux changements climatiqu@Sauthier et Vaillancourt, 2008)

Les contraintes biophysiqgues des r ®gions r

auxpssibilit®s doéune exploitation des peupl
soit compatible avec | es obj glolidoretal, ddun an
2015) En particulier, un peupl ement forest

r ®eg®n®r er de telle fa-on que saepledobsievyw
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avant la coupe. Certains peuplements nt pl us susceptibles de
Ou apr s coupegcaemacu®r pgs®ppamenne faible

peu int®ressant doé uunLespeuplententsdpta nt ®s &®aorso rhie
r®gions 0% |l es types de d®pltts et |l e reli.
cCroi ssance dRobitdileet al,®@2Q18)t a¢ti osthans | es zones (
feux est par t(Gauthiérat al,r2@lbbgsnotn tc cpuarrtt i cul i r e me
de se r®g®n®rer ¢r werenp e B@@R0R,meedinitg &vaitf ai b

®t ® ®t ablie par | e Gouvernement du Qu®bec
doexploiter |l a for°t bor®ale de fa-on dur e
un nombre restoéionestde desn®EBR ®O605, un ¢
form® afin dé®valuer cette |l imite, sur | a
|l es contraintes | i ®es ° | 6environnement ph
|l a capacit®uder muhieepr odasti on foresti re
d®finie ™ la fois ° | 6®chelle du peupl emei
aux i ncendies forestiers et l es enjeux e

notamment concernant t@ribou forestiel Mi ni st re des Ressour ce
Qu®bec, POLB) ce faire, une ®tude ®és | arge
déinventaires forestiers, des photographi
r®al i s®e dans un but débacquisition de <con

biophysiguedes f or ° t(sMimarsdi gwesdes Ressources N

2013) Le facteur de risque associ ® ° chacu
d®t ermi n® ~ | 6®chel | enidu® dgi®sotgrriacpth i @acel ogil
|l aquell e | es caract®ristiques biophysiques
gui caract ®ri sent chaque di strict ®col og

| 6am®nagement foresti er pboiuorp hcyhsa cquune sd e sB acs!

ces seuils, une nouvelle | imite doéattribut
mi se en place ° partir de 2018 (voir Fi gu
néincluaient pas, jusquoésemsai bt enha®t dedbdia

climat et sur | eur r®ponse aux changement
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des recommandations du rapport du comit® s
®t ablie |l orsque des informhotebhet sdeai ehtr
climatiques sur |l a capdaddvitn® stier eor dd s c tRies
Naturelles du Qu®bec, 2013)

03 Eff ets des changementh®r®ail mati ques sur |

Les activit®s humaines, et en particulier
®nerg®tiques depui s™dia csleec,0 nadret mbd dri e®s daut
changements significatifglans les conditions environnementales, en modifiant
notamment le climatAllen et al, 2014) Une augmentation des t
surface cons®cutive 7 ionsenaCat mospPa@eniude:
plus de 35% depuis |l a p®riode dobéindustri al
| 6®chell e mondiale. LOIintensit® et | a ra
renver s® une tendance ®au amue fcroairdi sdsue ndeenrtn i
(Kaufmanet al, 2009, 202Q)Cer ®c hauf f ement est dbéautant pl
hautes | atitudes, en particulier dans | a z

des temp®ratures de surfa'®e &l @t ® ed n roés iuste

de 4 " S5ACdyiest | at(PGCMDIBPar exemple,ldans la zone

bor ®alceoiqsue®b ® | a ®t ® observ® une h™Musse d
si cle, et cette tendan-2048 fegare 0.IpRowrsettef or t e s
m° me p®riode r ®cent e, l es pr®cipitations
(Figure0.2) . I'l est ®gal ement pr®dit des extr° mi
s®cheresse et |l es vagues de <chaleur extr
produi sant plus t11t dans | 6ann®e compar at

p ®r i ®@iddestriglle(Christidisetal., 2015; VicenteSerrancet al, 2014)
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Figure 0.2. Tendances <c¢limatigues dans | a
pr®sentent | es valeurs m®di anes de temp®r a
de pr®cipitat i (pamsauamiieu),e ! d te sd G wn ailrecdi ce de
Climate Moisture Index (CMI, panneaudubpsp ur 840 points r®part.i

dans | a zone bor ®al e qu®b®coi se. Le cli mat
209" partir desBiteBdbntés (i r ®gr essi on:
( m®di anes) au cours du temps; droites col
temporelles 19012019 et 19762019. La pente (Senébés slope) e

pour chacune daque sappRali oele$ comrmli ing®e pour t
| 6autocorr®l ation ten200d).ell e, dbdbapr s Yue



Les r®percussions de ces modifications dan

|l es ®cosyst mes naturels et sur | es organ
Vi sibles et mesurables. Les ar kurlegs,r eeme nttan
expos®s ~ ces changement s, dont |l es effet:
de <croissance annuel s. Les tendances ° I
changements dans | a fr®quence, | 6quest ensi t G
vont affecter | wadesrefieissus sesnpeoeessdsephykidogigquesrete ,

sa ph®nol ogi e. 1 ®t ait commun®ment admis
b®n®f i ques ~ |l a croissance des ewge ces | i
déactivit® photosynth®tique et en am®Il i or e

accrue des enzymé€Sharruet al, 2014; Kauppiet al, 2014; Norby et al, 2003; Ols

et al, 2020) Un c¢climat plus chaud pourrait aussi
de | 6azote organi Gen etalfi2d] els¢ ske@Wwis| ber &a uW
1997) Cette min®ralisation plmtseri mpartaptael
dédassimilation des arbres et (BongnaetCleeepons ®q u e
1992; Melillo etal, 2011; Str °mgr en .etUnlLei nadtemmo,sean0 Or2e) p | u

COrdevrait ®gal ement contribuer ° am®liorer
pui sque | es arbres seraient °~ m°me de capt
ddeau t (NerbystplLuo, 2084) Cependant , cetithe®arn eleat i ¢
pui squdéil a ®t ® observ® que | 6effetz b®N®F I
s6amoindrit | orsque ces concenDusengeetons dev
al., 2020; Gill et al, 2002) De pl us, |l es conclusions des

®tudes rapportent effectivement une hausse
foresti r e daemwies(BendLardbertyet al, 201e;sHendb@&ret al,

2017)D6autres auteurs nob6bobser ve@itg-Goteaeu n c han
et al, 2019) Enfin, cert aianedrair® tunedimitionrdespgapxo r t ent |,
de croissance pour [pletrichetaly20E; Gradinetale s et r @
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2014, 2016a, 2016b) Les auteurs attribuent ces affa
stress hydriquesuetfdsheér hmibquegsneobas®Pon de

| 6i ntensit® des p®riodes de s®cheresse et

fortes temp®ratures peuvent provoquer | 0ir
et freiner | e t rdamnisparr tt aiorRd ie c tl resn st a urxd
(Kumarathungeet al, 2020; Reichet al, 2018) Les arbresimplnt ®s en c¢l i mat
froid, gui pr ®sentent une moins grande ac«
particul i r @dsaeeRehtonet aln2018bWag et Sage, 2008b) é ce s

stress thermiqgues sobajoutent l es effets d
vacuole de | a cellule juv®nile permet son

exer c®e sur (Ressigia,”2@9) cDeel Ipuluasi,r d eau tr ans:y
|l es feuilles v®hicule | es nutriments et a
photochi mi ques du c(yKqdren dreReel, 20 3pSng,teo sy nt h
cas de d®ficit hycdarpitg® en el nspeorrat gnats,, loeu G ul

assi mil ®.

Ces effets n®gatifs poub®m®feinqueendes sulpap
gl obaux sur |l es taux doassimilation phot
I mportant sur | a productivit® de |l a for°t
peuplement forestier, les impacts des stress climatiques sés@aidpar detaux de

mortalit® en augmentati on (Alan etcah @0l des d

Michaelianet al, 2011). Cette plus forte mortalit® est
direct de | a hausse des temp®ratures et (o
m®t abol i sme des arbres et de | eurs effets
du cycle des pet ur bati ons naturell es. En effet, |
chaudes peuvent augmenter |l a fr®quence, I

forestiers et allonger la saison de fdberrier et al, 2015) Une augmentation des
ann®es de feuxdierxetrienesanmc®estdur ant |l esqg

exceptionnell ement i mportante dvulHanesrri toir
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et al, 2018) Léann®e 1989 est not amm®et | aapdats®
i mportante enregi 2019(®Qer ssurde a8 pn®rliloidoen sl 9d580
et al, 2018; Sop et al, 2007) La hausse des temp®ratures
ph®nol ogi e des i ns (areswassaetal, 20bUUNcyeesdeygeat ho g n
pluscoupour rait favoriser | 6occurrence do®pic
nord (Jamiesoret al, 2012; Loganet al, 2003; Parmesan et Yohe, 200®Powell et

Bentz, 2009 Pureswararet al, 2015) Des temp®ratures plus ®]

associ ®es ° une perte de <croissance plus
occasi onn®s p@Broddéecat, 2019 Cdntini @t Coneeau, 2020).es
stress climatiques pourraient alors entrai

de succomber a u x (Jamiedoretgal, £812) ¢asque seirs tde s
ressources carbon®es sont di sponedidees pour
r ®p ar(atei oGr et ald2p1O)® Une di minution de | a cap:

des esp meernst a®t®@® adbeser v®e ces derni res d®¢
| -Aussi doeffets directs et r(Boachecebat,t i f s de
2020)

04 De | 0arbre ° | addceeddputleet:i dnes strat ®gi es
Les arbres peuvent ajast certains de | eurgdepdraamntres
l'imiter |l es effets n®gati f seurdressance.tPares s hy
exempl e, en p®riode de fortes chaleurs et
stomates, |l i eux des ®changes gazeux entre
| argement pour augmenter | a tqamm®ri & t®u rde e"a L

surface de la feuill@rbanet al, 2017) En conditions de forte chaleur mais de faible

humi dit®, | a tendance sera, inversement,
La fermeture des stomates per mete,deen di mj
mai ntenir |l e potenti el hydrigue du xyl me
conducteurs rendus i n(Brpdebbetalt2814)" U a csaupg & cei tde
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des arbres ° maintenir lleuwmderalrsde ®gOb B
r®seau hydraulique et donc ~ survivre aux
|l eur strat®gi e de gestdiiorne dleas r@®cphiadnigte® egta zl

laquelle ils vont fermer leurs stomatesslaque | es conditions devier

Di ff®rentes strat®gies de gestion des ®che
et | es popul ations. Ces strat®gi es, dont

t er nsehydgiece, pewveent asSs®es | @ochberpegal, 3068 n gr adi
Certaines esp ces et plusmsohyddqudeq n sv,o nd| aasdo®Pd s

une strat®gie consistant © fermer l eur s s
deviennent chaldes tetr asl eesd ®g®¢lsaau xyl n
plus © risque de mourir doéun manque de r e:
basg c¢arbon starvation hypothesss; Mc Dowel | e Bala&aly2@10)t o, 201
Déautres esp ces et p optus larasbhiydoiquess ,, vloamg s ®e !
mai ntenir l eurs stomateseod®Wbuts dpl dsa Ip®@n
s®cher esse, |l eur permettant de conserver U

ri sque de mourir des suites dobébun pourcer
( bydraulic failure hypothesis ; Anetaal, 20pa) LO6ut i | i sati on dou
pl us ou moinsowrlocdex tdee®Pmidtsu®ISe du gr adi ent
d®pendr e, entre autres, des traits dohi st
touchant " | 6anat omi e egdu s xiytlt meo.ndiCteiso nah
| 6environnement . Par exempl e, l a disponi b
agi ssent comme facteurs de for-age sur | a
la cavitation(Cochardet al, 2008; Maheraliet al, 2004) Ai nsi, |l es coni f
souvent implant®s damgndeas smigluieelesplfesidtd
tissus conducteur s p(Laueset al,@81b; Maharalietal, ~ | a c
2004) Pl us g®n®r al ement , |l es esp ces et pop
arides seront moins vul n®rables ~° | a s®che
| 6 humi dibituBlemedtpas limithngMaheraliet al, 2004)
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0.5 Les cernes de croissancates indicateurs environnementaux

Une grand maj or i tafs led eanditiand anvigreememales qui
influencentl a physi ol ogi an abresohtretraseriodans Bsaceroes  d 0

gue <cet arbre forme c¢haqueannaetienddes.les Ai nsi ,
dimensions, la composition chimique et la structure de ces cernes nous renseigne sur
lesmodi fications de | &en Wierdtnnabratrerset | aer ca d®c
avec | es opti mums (Babstetah §018) Bae exemple, plisdes s p c e
conditions environnemeatl es sont ®|l oi gn®es des condi tic
| 6esp ce, plus |l e cerne produit par | éarbr
|l es processus physi ol ogiques de | 6ar br e
environnement modifient la cquosition relative en isotopes stables du carbone et de

| 6oxyg ne du boi s(Gepsteretdl20i4) ahhugl lesmerftai t
sous | e diserimmationedd ede | 6i sot ope | ourd compar
| ®ger . La discrimination de | 6isotope | ou
deux ®t apes csl ®g a zdeeusx @®ecnhtarnegel 6ar br e et
03).Premi rement, | or 87 dter alvae rdsi flfeuss isotno ndaut eG
form®es doéun atome dé&€Ocadbbhasehuspil ®@g@nr e
comparati vement a ues*Q@pd eRlicaun esn pld aspdroturde

dioxyde de carbone de la chambre ssimnatique est ainsi appauvri éfC

comparativement ~ | a composition chimique
l ors de |l dassimilation dul @aulbesneplswus| ®@r
pr ®f ®r enti el |l ement utili s®es selon un rap
encoreappauvrisédfC compar ati vement ‘T-stondigue . Belode | a c
| 6i ntensit® avec | aquell e ellboanr blrée fafurcaacfi d
enzymes contr®] ant | 6assimilation photosy

pourra donc °tre pHC@rgureoOuw; Farquhart al, 188@x)lau v r | en

composition en isotopes stables du carbone du cerne, outre les processus
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physi ol ogi quesd®pnetnedr ndees | a |céoampborsei,t i on chi |
Le rapport’3C/C de | 6atmosph re ®tait relativeme
| 6i ndust(rir6a%; Mcedrrolloeh Loader, 2004)Or, la consommation

d 6 ®n e r gjds etde refetods Cappauvrien®C ont, depuis 1850, c

rar ®f action de | 6i sot ope (Keelingy I®79dranset ar bon e
al.,1979) Ce ph®nom ne, dont il Sueseffeddadtans ®f ®r
la Iitt® rature scientifiqgque (Kedingtl970)BI1 at i ven

est alors possible de corriger la composition isotopique du carbone des cernes de
Croissance pour | a rendr e uteeinfladncev e me n t
environnementale direci&eeling, 1979 McCarroll et Loader, 2004klle est dnc

uni quement sous elsbichddxuem®ea diigsmees ephdy si ol
gouvernant | a cCroissance des arbres,

I
doutohidatli eau doébun arbre, correspondant
| 6eau transpi F®@%C des cernesianruélsrde aloissgfeaqtihiawet

al., 1982a Gessleet al, 2014; Medrancet al, 2015)

(@)

assimilation photosynth®tique. Cette rel

(@)

(@)

Déautre part, | es mdliGoulope d®gaew®Ofder m@esk
sont pr ®f ®rentiell ement transpir®es au d®
(Figure 0.3). Ainsi, plus | 6arbre aura fer
r®ponse ~ un ®pisode de s®cheresse |l ong et

la formation de la cellulose sera riche'®8d (Figure 0.4). Le signal isotapie du bois

retranscrit donc <cel ui de | 6eau dans | a f
bruit addi tliobeddelt IPRRI et | cObest " dire | a
0 vers | eauxxy|®cnheangeets doat om®si dab®ggpae

x y | (Steenbergetal, 1986) Cette rel ation pefofif@t al ors
comme approximation des changements intervenus dans la conductance stomatique des
arbres au cours du tem@3essleet al, 2014; McCarroll et Loader,2004) N®a n moi ns ,

la composibn en i sotopes de | 6oxyg ne dbéun cer
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signature isotopique de facteurs externes. @euxcluent la composition isotopique

des pr ®ci pi-m°ama oh®&p eqrud deéetivieia ainsiespaa®meatt ur e

et tempordement) et l a discrimination ayant l i eu

niveaudusgl | es couches profondes du sl pr ®s e
que les couches superficieli@rienenet al, 2012; Xu et al, 2020) Ces facteurs sont

di fficil ement mesur abl est jdu@seortlearmeffats et d
doi vent °tre suppos®s constant s ttdes,re | es

|l e ratio en isotopes stables de | 6oxyg ne
en parall | e du ratio isotopique du <carbo
i ntervenus dans |l a conductance stansati que

|l es taux dbéassi mil at i(Gessleethalo200isMc@atrdll @&t | que d
Loader, 2004 Scheideggeet al, 2000)
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Discrimination des isotopes stables du carbone et de I'oxygéne
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Composition de I'atmosphére. La composition
de I'atmosphére en isotopes stables du carbone
est relativement homogéne spatialement.
Temporellement, I'atmosphére s'est appauvrie
en isotope lourd du carbone suite aux rejets de
combustion des énergies fossiles depuis ~1850

Diffusion du CQ; au travers des stomates. Le
CO, formé d'un atome léger de carbone diffuse
préférentiellement. Le CO, de la chambre sous-
stomatique est appauvri en isotope lourd du
carbone

Assimilation photosynthétique. Le CO, formé
d'un atome léger de carbone est
préférentiellement utilisé. Les sucres formés
sont donc appauvris en isotope lourd.

Echange d'atomes de carbone entre les

différents réservoires de composés organiques
et entre ces composés arganiques et la lignine.
Intervient durant le transport dans le phloéme.

Princ
et de

0. 3
arbone

®

®

®

p
0

Oxygéne

Composition de I'eau source. La composition
en isotopes de l'oxygéne des précipitations
dépend des masses d'air aériennes et de la
température. De fagon générale, la neige est
appauvrie en isotope lourd de I'oxygéne

Evaporation a la surface du sol. Les
molécules d'eau contenant I'isotope léger
sont préférentiellement évaporées.

Effet Péclet: diffusion inverse de I'eau plus
enrichie en isotope lourd a l'intérieur du
xyléme. Ce processus induit un
appauvrissement de I'eau de la feuille en
isotope lourd de I'oxygene.

Transpiration. Les molécules d'eau formées
de l'isotope Iéger de I'oxygéne diffusent
préférentiellement au travers des
stomates. La vapeur d'eau de la chambre
sous-stomatique est enrichie en isotope
lourd

Fractionnement biogéochimique.
Enrichissement de la cellulose en isotope lourd
lors de sa formation, induit par I'équilibration
géochimique entre I'eau et le CO, avant la
formation des composés organiques.

Fractionnement post-photosynthétique.
Echange d'atomes d'oxygéne entre les
composés organiques et I'eau disponible
durant la synthése de la cellulose, dans la tige
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et al.(2000)
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06 Territoire doé®t uide®e ,baste axp doasn ERtsu diit ®

Cette th se repose sur un ensemble de donn
|l a Faune et des Parcs du Qu®bec (MFFPQ) d:
£fcoforestier Nordique (Pl ENgcettesBah amtuirlsl odne
temporaires ont ®t® d®l i mit®es, TRol@evrant |
54 "parall "1l es (@&®1 atetiah @03 Lertevritoide couvert est

repr ®sent® par des peupl ement s non am®na

compos ®s d e tewmitoine intersecteetiois gradds domaines bioclimatiques

|l a pessi reest,mbaspessderked” mousses de | €
Le r®seau de placettes couvre un | arge gr a
environnementaleselativementc ont r ast ®e s . Le climat =est,

plus sec ° | 6ouest, i ndui sant un cycle de
physiographiques diff rent ®galement | e |
guasi menu de®proallrivef et mal adt ®@ch®® @mr mateis
organique. Au centre du gradient, |l e relie
par des d®p!'ts de till. La zone | a plus

desd ®ptt s r oc h e ux (Rabitaille @teal., 28045) a i Dhievser ses donn
®col ogiques et dendr om®t ri ques®cohnatnt®tl ® ome
dont des donn®es ®daphiques, | e diam tre

des arbres de plus de 9 cm de DHP. Entre un etmies dominants ou @ominants

ont ®t ® ®chantill onn®s par pl acette et e

temporell e de croi sslalnceestde’s datfer®rgeune ,e sb ie
| 6®chell e de | a proviacee¢etges®n®c cioue,r el @

partie du gradient climatique inclus dans

0.5).

Les donn®es et ®chantillons de cet inventa

de production de cartes descriptives dest r i but s bi ophysi ques de
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nordique dans | e cadre de | 6®valuation de
(Jobidonet al, 2015) Léinventaire ®coforestier nor d
r ®s eau d®clphatciet t @es per manentes de | 6i nv
couverture ®dai t 6lanmi e®aealbismude nordi que

Ces donn®es constituent ®gal ement une ba

changements climatiques r®cents sur | a cro
naturel. De telles analyses const uai ent | 6une des recomma
scientifique charg® de | 6®valuation de | a
I mage plus pr®cise de |l a sensibilit® du t

conditions environnementales futare

La th se est focali s®e sur |l es deux essel
| 6®pi nette noire et l e pin gris, repr ®s en
arbres ®chantill onn®s. Ces deux esp ces,

pr ®stendes di ff ®rhegrsdc ®d omo rqulees mar gu®es qui

l eur sensibilit® au <c¢li mat et l eur r ®p on
racinaire de | 6®pinette noire est en effe
essentiellemendt ans | a couche organique. Ce syst
maj orit® de s adierse sr aacd wlessis duvoetletnr@anaire deu

| 6ar br e, gui sont une adaptation de | 6esp
g or g ®9BuhdetHookala,1990) Chez | e pin, m°me si l a 1
situe ®gal emérrets dampPrliessrcecsu du sol, une r a
un meill eur ancrage et un acc S aux Tressou
profondeur dgBussel Honkalag 1990keipin & refrduve par ailleurs

sur des sites plus drainants et ~ composan
une esp ocme®rmllutstte @@ regard des conditior
occupe. Les deux esp ces pr®sentent ®gal em
| 6 ®pi nette,s ®rexwt icntenuexs estemine reproducti on
per mettente "sel neasipntceenid m° me dans | es r ®g
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rel ativement | ong. Le pin, au contraire, p
S®rotineux et ne poss de aucun mode de r
d®pendant des | fooecxupoemcea de®g®n®r ati on. A
restreinte ™ | a portion ouest de | a provin
| 6®pi nette est pr®sente sur-am®ruitecailme | (aFige
0.1et0.5.
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| 6i nt ®r i eur de | 6aire de r®partitilen de | q
esten percentles | es r ®gi ons | es plus chaudes et
celles les plus froides ethumidesenldeuai r ; et cel |l es caract ®r
pl us chaudes et pl us h u ndéodeebsplotsdesnormales pr ®s e n
de temp®rature et d pr®ci pitation. Les

e
r®parties tous |l es 0.5 degr®s ~° travers |
col or®s repr®senteni{téemp®matruatdssutlapri dat p
p®r i od2010)de3@Batettesc hank el ¢loinmat”™ ap ®&t ®i exde aBito
11
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07 Objectifstg@r®uaex det |l th se

L6objectif de cette th se est do®tudier | e
depuisla@r i ode doéindustrialisation sur |l a phy
noire et du pin gris en for°t bor®ale qu®
changements intervenus dans les taux de croissance et la physiologie des arbres que
nousava s a p pspaodes mesures des dimensions et de la composition chimique

des cernes de croissance. Pl us sp®ci fiquen
®valuer | daccroi ssement annuel radi al des
catbhme a ®t ® employ® pour esti mer l 6ef fici
rapport entre |l a quantit® de carbone assi
arbre. Enfin, |l e ratio isotopiqgue de | 6oxy
catbme pour ®valuer | es changements intervel
arbres i nd®p e n dagammesl nlieud alres cleaixr t aux doas

photosynt h®ti que. Selon |l es hypoth ses et

| 6ef fi cliiematei ;llude | 6eau et | a conductance
temporelles (Figure 6) . Le but gl obal de ce travail d
| arge ®chelle spatiale de | a capacit® des
plus chaude t pl us sec, comme cel ui pr ®di t dans
mod | es climatiques.

La pr®sente th se est subdivis®e en trois
ATaxonomy, together with ontogenspeciashd gr ow
sensitivity to climate in boreal North Ame

|l es trajectoires de croissance des arbres

2005, et guel s facteurs envirpomdement aagegt
objectif, l es trajectoires de <crotssance
®chantill on et pour chaque esp ce, ~ parti

des arbres au cl i mat est enEmifi @, d O mien
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divers param tres environnementaux, I ncl ue
comp®tition, ~ | a physiographie, aux condi
|l a sensibilit® des arbres adestobkdomanes est d{
bi oclimatiques recoupant notre zone do6®tud
Loobjectif du second chapitre, intitul ® fnt
adriverofdrought nduced growth decline in boreal ¢

perte decroisshce observ®e entre 1989 et 1992 pou
do®t ude est coupl ®e ° une r®ponse physiolo
extr°me ou ° une vague de chaleur. Pour <ce

et deglmexest mesur ® pour c-b983gsurensoussr ne de

®chantill on de 144 arbres (81 arbres pour
compar ®s entre |l es ann®es, et mis en relat
correspondante.

Enfin, l e dernier chapitr e, -useefficiknayl ® A St

responses torising Gantreer i ng studi eso a pour objectif

de | 6augment ati on de altanocpmM®rinquat isam & I
doutilisation de | 6eau des arbres. Loef fic
sousechantill on de 148 arbres ° partir du r

cernes de Croi ssanc204. Dmwsr clea cph@rpiidade, 17
m®t hodol ogi que est particulldestemasnt mMEMAV@AT
apr s avoir tenu compte de plusieups varia
sur | 6efficience doutilki $tédarbnedel 6®gauduc
le climat estival, lesl ®posi ti ens |azdte®as | it® du site.

mod sSlteast i sti ques di ff® rents sont compar ®s
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Période couverte 1970-2005 1985-1993 1783-2004
Variables étudiées
Croissance X X X
Efficience d'utilisation de I'eau X X

X

Conductance stomatique

Figure06. Di f f ®r ent es p®r i ode goistclapiteodedl | es ®t u
th se, superpos®es sur | oRvmduph®mi gere | de g

l a p®r-i mdles priked 0)e. (lpes® di ff ®rentes variab
pour chaque chapitre sont aussi r ®s um®e s .
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R®s um®

Il nbéby a, actuell ement, aucun consensus qgu
|l es conditions <c¢limatiques vont af fecter
r®chauffement est plus rapide que dans | ec
desef fets n®gatifs dus aux stress climatiqu

de taux de croisssance en hausse induits par une saison de croissance plusdengue.

®t udes sO6i nt ®ressant auXx ef fets des condi

croissancec | i ma't sont , en g®n ®r al , l'i mi t ®es
restreintes qui ndéincluent pas | 0ensembl e
environnemental es. Ces ®twudes fournissent
processus enjeNous avons ®tudi ® comment l es wvar |
| 6ontog®ni e ont modul ® | es tendadimaes de c|
de | 60 ®p i Riccd maganyrebdu piregrisinus banksiangen utilisant un jeu

de donn®eas T®plemea® spatial ement provena
déinventaire forestier. Nous avons quantif
| 6 ®chel |l e-®eé alnd ipgll @metethe nous basant sur | ¢
de cernes de 2266 & r e s . Nous avons ®valu® | a relat
annuel s et |l es variables <climatiqgues sais
plusieurs variables explicatives sur |l es t
relations croissazec | i mat . Ces derni res ®taient tout
spatiall ement h®t ® o0og nes. Alors que | a cr
cours de |l a p®riode do®tude, nous avons o0

| 6 ® p.iCattebhissede croissan@et ai t pl us prononc®e pour |

Vi eux. Ce d®clin ®tait potentiell ement du
croissance directs induits par une mei |l | |
estivales plus chaed que la moyenne t |l a perte de croissance
suivante en raison de | d6effet indirect d e

| 6accumul ati on des r®serves carbonn®es. Po
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d ®g ©t s pr lesvgelgtardfs dunard les printemps plus doux que la moyenne

pourraient constituer un facteur de stress

|l es facteurs ®daphiques ont aussi modi fi ®
leseffetsdes hangement s cl i matiqgues seront forter
bor ®al

Motsc | ®50r ° t bor ®al e, Canada, changements

dendr o®col ogi e, Qu®bec
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Abstract

Currently, there is no consensus regarding the way that chemgéesate will affect

boreal forest growth, where warming is occurring faster than in other biomes. Some
studies suggest negative effects due to dreughiced stresses, while others provide
evidence of increased growth rates due to a longer growingrseaidies focusing

on the effects of environmental conditions on greelimate relationships are usually
limited to small sampling areas that do not encompass the full range of environmental
conditions; therefore, they only provide a limited understandf the processes at play.
Here, we studied how environmental conditions and ontogeny modulated growth trends
and growthiclimate relationships of black spru¢&gea mariang and jack pineRinus
banksiana using an extensive dataset from a forest itmgrnetwork. We quantified

the longterm growth trends at the stand scale, based on analysis of the absolutely dated
ring-width measurements of 2,266 trees. We assessed the relationship between annual
growth rates and seasonal climate variables and dedluhe effects of various
explanatory variables on loftgrm growth trends and growtiimate relationships.

Both growth trends and growttlimate relationships were specigsecific and
spatially heterogeneous. While the growth of jack pine barely isededuring the

study period, we observed a growth decline for black spruce which was more
pronounced for older stands. This decline was likely due to a negative balance between
direct growth gains induced by improved photosynthesis during Hb&eaverae
growing conditions in early summers and the loss of growth occurring the following
year due to the indirect effects of laemmer heat waves on accumulation of carbon
reserves. For stands at the high end of our elevational gradient, frost damage during
milderthanaverage springs could act as an additional growth stressor. Competition
and soil conditions also modified climate sensitivity, which suggests that effects of
climate change will be highly heterogeneous across the boreal biome.
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1.1 Introduction

The boreal biome is warming faster than other regions of the WBGLC, 2013) As

a result of a 35 % increase in atmospherie CGdhcentration relative to prendustrial
conditions, mean annual air temperature h
America and an additional increase 54 AC i s e x fRriceete.d2018)y 2100
Climate change threatens the ecological, social and economic services that boreal
forests providgGauthieret al, 2015a) It is also unclear whether boreal forests will

continue to act as a carbon sink or will shift to becomarban sourcéKurz et al,

2013) thereby renewing the scientific focus on boreal forest ecosystems and on their

ability to cope with, and to mitigate, global warming. As a proxy for tree vigour,
secondary growth can be used to study the response of trees to a changing climate and,

thus, to assess current and future trajectories of the boreal forest.

In the Northern Hemisphere, evidence of increased mortality rates and decreases in tree
growth and forest productivity is accumulating, not only for the interior of the boreal
forest(Cahoonet al, 2018; Girardinet al, 2016a; Hemberet al, 2016; Zhuet al,

2016) but also at its northern edgeD 6 Aretal,@aD4) These Onegati ved
were linked amongst other factors, to heat and hydric stresses resulting from rising
temperatures and more frequent, lorigsting, and harsher drought episo(arber

et d., 2000; Girardin et al, 2016a Juday et Alix, 2012 Nicklen et al, 2018;

Trugmanet al, 2018; Zhanget al, 2008) In contrast, other studies provided strong
evidence for increased growth rates and higtend productivityfBecket al, 2011,

Girardin et al, 2011; Hemberet al, 2017) These O6positived trer
observe mainly for the northernmost forested area, nantleé/taiga, were likely due

to higher rates of carbon assimilation and a longer growing sé@somarettet al,

2014; Ju et Masek, 2016 hese contrasting observations demonsuatertainties

regarding the persistence of the existing structure, composition and function of the

boreal biome under future warmer and dryer climatic conditions.
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Tree sensitivity to climate is highly variable across the globe and is modulated by
environmetal drivers that vary at local to global scalBabstet al, 2012b; Girardin

et al, 2016a) Amongst these drivers, topography creates spatially heterogeneous
macroclimatic conditions and can modify the way ttnaes respond to changes in
regional climate(Hasleret al, 2015; Maedt al,a2817) For example, in Central
Europe, watetimited lowland forets are more sensitive to drought, whereas forests in
the upland portion of the elevational gradient are primarily temperktoited
(Altman et al, 2017)and can benefit from stronger and faster warming, which is
expected for mountainous arg&epinet al, 2015) More specifically, higher mean
summer temperatures could improve the growth of trees at the high end of the
elevational gradient by increasing the number of wood cells that are produced annually
through improved xylogenetic processes and hydraulic pesioce(Castagneret al.,

2015; Dulamsureret al, 2017) In contrast, some studies haveserved decreased
growth rates, even for trees growing in mountainous sites in both central Europe and
North America(Dittmaret al, 2003; McLaughlinet al, 1987; Piovesaret al, 2008)

which questions the capacity of higlevationforested ecosystems to better cope with
climate changéAustin et Niel, 2011)

The annual growth performance of a tree is linked to its ability to access optimal
amounts of water, light and nutriengBritts, 1971) the availability of which is
primarily cantrolled by sitespecific abiotic factors, such as soil conditigesg.,
Hemberet al, 2017) Soil structure, drainage and thickness of the organic layer
determine soil wateholding capacity(Minasny et McBratney, 2017and drive
nutrient cycling(e.g., Cavarcet al, 2018) In addition to its direct effects on tree
growth, soil moisture content alters microclimate and, thus, evapotranspiration rates,
which may modulate growtblimate relationshipgManriqueAlba et al., 2017) By
modifying resource availability, intendividual competition can exacerbate tree
sensitivity to harsh climatic conditiotis.g. Buechlinget al, 2017; Fordet al, 2016;
Gleasoret al, 2017; Jianget al, 2018; Nicklenet al, 2018) or buffer growth gains
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from favourable period¢Cortini et al, 2012) Ultimately, the capacity of a tree to
efficiently use resources will also dictate its response to clifeaje Carrer et Urbinati,

2004) Apart from genotypelriven differences, ontogeny e | at ed changes
physiological needs and in the efficiency of its hydraulic netwBskanet al., 2006)

can modify its sensitivity to climai@.g., Altmanret al, 2017)

The high patial variability in growing conditions that is encountered in boreal forests,
together with the multiplicity of interacting effects and feedbacks of environmental
variables that are preseminder our understanding of the response of boreal forest
treesto climate In regions with geographically limited and sparsely replicated sample
networks (Gewehret al, 2014) assessing climate effects on tree growth is very
difficult (but see Girardiret al, 2016a) given that fieldbased measurements do not
cover the full range of variation in growing conditions. Some studies in western boreal
North America and boreaEurope have examined variations in growlimate
relationships along latitudinal and longitudinal gradiefitlbyd et al, 2011) or
between sites with different slope directigns. north vs south facing sites; Johnstone

et al, 2010; Walker etlohnstone, 2014nd moisture conditior(¥Valker et Johnstone,
2014; Wilmking et MyersSmith, 2008) However, studies testing the effect of
elevaton gradient on the trees sensitivity to climate are lacking, particularly in the
eastern boreal North America. Furthermore, most past studies have focused upon the
direct effects of abiotic or biotic factors on tree growth, while the feedback effects of
environmental conditions on growtlimate relationships are still rarely decrib@gut

see Nickleret al, 2016, 2018 for the Pacific Coast of North America)

Here, we used an extensive and weplicated provincial inventory network that
provides absolutely dated and annually resolved-dreaith data, as well as site
specific environmental information farnmanaged forests in eastern boreal North
America. This network is located at the boundary between the interior boreal forest and

the taiga, and includes sample plots characterized by highly contrasting growing
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conditions. Our overall objective was to exae whether the potential impacts of
recent changes in climate varied as functions of explanatory variables with respect to
the growth of two needleleaf species that are broadly distributed across North America,
black spruceRicea mariangMiller) B.S.P) and jack pineRinus banksianaambert).

We first quantified the recent growth trends for the two species which, given the high
variability in growing conditions, were expected to be heterogeneous across the study
zone. Then, we determined the climatenssiivity of the two species, i.ethe
relationship between int@mnual variation of secondary growth rates and fluctuations

in seasonal values of mean temperature and total precipitation over the peried 1970
2005. We hypothesized that the growth of bepkecies would be negatively impacted

by higherthanaverage temperature during summer and positively affected by higher
thanaverage temperature during spring and by higha&nraverage precipitation
during summer. Finally, we assessed how explanatorjablas (e.g. climate,
competition and soil conditions) affected spatial variability in greglitmate
relationships. We hypothesized that the negative effect of hattet dryersthan
average summers, as well as the positive effect of high spring tenipeoaturee
growth, would be exacerbated in stands in the upper portion of the elevational gradient
because of soil condition®.g. higher slope and rocky substrgbedne to a faster
drainage We also hypothesised that old stands, as well as trees grimwanigighly
competitive environment and in waltained sites, would respond more negatively to

summer heatwaves.

1.2 Materials and methods

1.2.1 Sampling area

Our sampling network covered three degrees of latitude (25 25 AN) and ne:
extended across the @t Province of Quebec (Canada) from east to west {57.5
78. 25AW) . It was | ocated in the boreal bi
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dominated forestqRobitaille et al, 2015) Some regional patterns of climatic
conditions, dominant vegetation and natural disturbance regimes make ilgtssib
divide this wide biome into bioclimatic domaif&nsseauet al, 1997) In the north

portion of the region, the sprutiehen bioclimatic domain is characterised by a harsh,
cold and dry climate, resulting in an open black spdmmaimated forest with a lichen

mat, i.e., the taiga vegetation subzone. South of tA&Rallel, continuous boreal

forest that is composed mostly of pure black spruce stands covers therapesce
bioclimatic domain. The later is subdivided into western @eastern zones based on
precipitation patterns and fire cycles. The western part is drier and, consequently, more
prone to wildfire than the easternzqn&ouv er ne me nt .WVithin@haseb e c ,

2 (

three main bioclimatic domains, hereafter referred t®Bas r e a | West, 0 fiBor e

and nATai glly loweHeval landscape units are defined based upon the
recurrent arrangements of the main permanent ecological and vegetation features (48
landscape units are present in our sampling area), which in turn are divided into
ecological districts (284 ecadaal districts within our sampling area) that are based
upon their geological and physiographic feat{fessseatet al, 1997) Please refer to

the Figure 1.1B for examples of geographical units mentioned throughout the paper.
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Figure 1.1 (A) Forest inventory plot network. The pink squares and blue triangles
represent black spruce and jack pine temporary sample plots, respectively. The three
main bioclimatic domains encompassing the sample network are also delineated. The
background colaugradient represents the elevation gradient. (B) Geographical units
involved in statistical analyses, from the broader global scale of the province of Quebec
to the finer scale of the sample plot.
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1.2.2 Treering material

The data that we used for this studyrevacquired from a sampling program of 400

m? randomly distributed temporary circular sample plots 875 plots), which was
established by the Minist re des Ressourc
(MRNFQ) from 2005 to 2009 Pr ogr amme déinventaire ®c o
L ®t o u et al.e2808) In each sample plot, the diameter at breast height (DBH, 1.3

m) of all living and dead stems (DBH > 9 cm) was measured and environmental and
standlevel conditions were recorded. Disks were collected for stem analysis from one

to three dominant or edominant trees per species according to the provincial
normative sampling ptocol( Mi ni st re des Ressources Natu
We used only black spruce and jack pine data since these species represented most (76 %
and 15 %, respectively) of therspled trees. We selecteentheight sterrdisks as a

tradeoff between basal ring distortion and the number of visible ({DgsRochers et
Gagnon,1997) A total of 1914 black spruce and 352 jack pine disks with each having

a minimum of 20 visible rings, representing 812 sample plots, were retained for
subsequent analyses. Sample disks were processed using standard dendrochronological
proceduresdr acquisition of ringvidth measurement series across four radii per disk
(Minist re des Ressour c.dereddharingvidtie defieg s du Q
crossdating and measuments were statistically verified using the program

COFECHA (Holmes, 1983)No major anomaly in these treieg measurements was

observed, and therefore all were retained for subsequent analyses.

1.2.3 Climate data and explanatory variables

For each plot, daily maxi mum and mini mum t
(mm) were obtained for the period of 192005 using thin plate spline smoothing
algorithms (ANUSPLIN), which interpolate siepeci f i ¢ esti mates at

spatial resolution from historical weather observations, as described in €triak
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(2011) Mean temperatures, which were cartgal as the average of monthly maximum

and minimum temperature values, were averaged and precipitation was summed at a
seasonal scal@neteorological seasons according to Trenberth, 1983: spring =March
May, summer = Jur@ugust, autumn = SeptembBiovember, winter = December
February) Readers should refer tagure S1.1 inrAnnexe Afor an overview of the

trends in seasonal climate in the study area.

Stand and environmental conditions were acquired from the plot survey conducted by
the Minist re de | a Faune,(Tadlell NF6RQ;t s et
Robitaille et al, 2015) We considered the proportion of clay, sand and silt in the
mineral soil, organic layer thickness (OLT) and hydrological conditions of the sample

plot assessed as drainage classes. Elevation and slope were extracted for our sample
plots from the SRTM 9@ Digital Elevation Database v4(larviset al, 2008) For

standlevel demographic featuresyinimum stand age was defined as the age of the

oldest sampled tree the plot. Stand basal area (BA) was computed as the sum of basal
areas of all trees with DBB 9 cm within the plot, on a pdrectare basis. A trdevel

competition index (Cl) was computed as the number of trees that were taller than the
focal tree, diviled by the total number of trees within the plot, to asassgmetric
competition(Fordet al, 2016) following Weberet al. (2008) To do so, the height of

all trees within a plot was estimated from DBH using the allometric equations of Fortin

et al.(2009) Individual Cl values were averaged at the plot level to ensure consistency

with the working scale of the growttlimate analyses. Temperature and precipitation
normals were computed for the 192005 period to account for the wésteast
(continentalto-o c eani c) cli mate gradi ent -levelFor br

characteristics wil!@l be refered hereafter



Table 1.1 Plotevel statistics for the studied explanatory variables, by bioclirdaticain

Boreal West Boreal East Taiga

mean sd range (min | max) | mean sd range (min | max) | mean sd range (min | max)
Clay (%) 6.69 13.32 0|79 4.76 2.86 0]18 4.96 6.34 0]47.9
Sand (%) 63.51 30.71 0]99.5 66.77 24.13 0]99.5 68.55 23.94 0]96.5
Silt (%) 12.11 11.95 0152 18.75 11.31 0]53.9 17.93 12.29 0]72
OLT (cm) 21.23 25.45 1[>100 18.49 17.35 0> 100 15.93 19.66 0> 100
Drainage (unitless) | 3 (median class) - 1|6 3 (median class) - 1|6 3 (median class) - 1|6
Elevation (m a.s.l.) 320.22 89.84 96 | 637 549.55 167.39 100 | 860 522.59 171.4 113|912
Slope (degree) 2.28 1.97 0.13]13.15 3.55 3.33 0.13]19.58 2.32 2.29 0.13]12.36
Age (years) 105.23 55.82 28294 163.69 65.81 28331 145.59 63.68 30309
BA (m?ha?) 15.89 10.59 0.78 | 49.88 17.27 10.21 0.90 | 55.39 10.57 6.60 0.59 | 35.44
Cl (unitless) 0.77 0.19 0.07 | 1.00 0.79 0.16 0.02|0.98 0.69 0.21 0.07 |1
Prec. (mm) 807.11 59.07 685.56 | 927.26 956.09 106.87 | 775.83|1174.67 803.74 75.3 668.60 |955.34
Temp. (AC -1.71 0.61 -3.07 |-0.31 -2.21 1.28 -4.02 ] 0.49 -2.28 1.03 -4.35 ]-0.93

Note: Clay = percentage of clay within the soil; Sand = percentage of sand within the soil; Silt = percentage of #ilewiHjrOLT = organic layer thickness; Drainage = drain
classesfrom 1: rapid drainage to 6: poor draingdélevation=al i t udi nal gradi ent ; Sl ope = terrainbés slope, in
thenumber of years between the calendar year of the oldest ring and the calendar year of the most recent ring recorede®forateal area; Cl = competition index; Prec
average annual precipitation over the 12005 period; Temp. = average mean annual temperature over thed®yperiod.

LE
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1.2.4 Statistical procedures

To test our working hypotheses, we applied-step statistical procedure involving

different spatietemporal scales (see workflow diagr&igure S1.2n Annexe A.
Step 1 : Trend analysis

Ring-width measurements of the four radii were averaged (arithmmetan statistics,
seeAnnexe A TableS1.3.1 for descriptive statistics of the raw series), and the mean
ring-width series were converted into basal area increméntss™© “ 'Y “ 'Y )

using the functiorbai.outin the Rpackagedplr (Bunn, 2008) We assumed the cress
sections were perfectly circular in shape, and used these as a proxy for secondary
growth to provide an accurate quantification of wood production with-ieeezasing

tree diamete(Biondi et Qeadan, 2008Rings that were formed during thesti 10

years were then eliminated, given that they usually exhibit an atypical response to
environmental drivers compared with more mature rifhgsderet al, 2007) Next,

BAI were detrended using Generalised Additive Mixed Models (GAMM) to remove
the remaining ontogenAyduced (i.e., tree age and size) trends. One model was
constructed for each species awblogical district (SeAnnexe A,Supplementl .4

for information about the BAI chronologies and diagnostic plots of the GAMM
models). Organic layer thickness was added as a fixed term to account for the spatially
heterogeneous and mostly tinmelependenteffect of site quality on tree growth
(Lavoie et al, 2007) BAI values were logransformed to improve the normality of

their distributions. The structure of the GAMM model is as follows:
ITa&€oo0 11&6 007y i d'QQé "Yi QQO00éi®'Y

where i represents the initiual tree, j represents the species, k represents the plot, |

represents the ecological district, and t represents the year. BAI is the basal area
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increment of tree i at specific year t, BA is the basal area of tree i at specific year t
(computed as theum of BAI of previous years), OLT is the organic layer thickness of

plot k, and AgeC is the cambial agerfiLheight ring count) of tree i at year t. An
autoregressive term, AR1 (autoregressive order p = 1, moving average order g = 0),

was added to accoufdr temporal autocorrelation. We tested the significance of a

nested random effect (tree nested in plot) by conducting ANOVAs and likelihood ratio
tests. Because it did not improve the mod:ée
shown), we discardetthe random term of the plot from the final model and kept only

the random effect of the tree (TreelD).

Annual Growth Changes (GC), which were expressed as the percent deviation from
predicted values of the GAMM model, were then computed followingr@irat al.
(2016a) GC values were aggregated by year, plot and species using the median
statistics for computation of GCmedian chronolodrebust statistics; Huber, 2005)
Because, for several trees, the 2005 greiviy wasthe last whole growthing, the

upper temporal limit of the analyses was fixed to 2005 to ensure consistency between
chronologies. From the GCmedian chronologies, growth trends were examined over
two time periods: 195Q005 and 197@005. These periodsare marked by significant
increases in mean annual temperatures of thgRrieaet al, 2013)and characterized

by the highest number of tree rings per calendar year (i.e. theshiggimple depth, see
Annexe AFigureS1.3.2). Linear regressions were applied (GCmedigear), and the
estimated regression slope was used as a proxy for theédongyrowth trend. Trend
significance was assessed following the statistical procedure described ley due
(2004) This method corrects thevalue of the nosparametric Man+Kendall trend

test with the effective sample size of the time series to reduce the influencebf se
correlation(functionmkTrendin the Rpackagdume Santander Meteorology Group,
2012) Even if there were trend reversals for a few plots (Fidgutg the 197e2005

and 195602005 trends were globally highcorrelated (se@dnnexe A,FigureS1.5.1).

For the purposes of comparison, 1205 GAMM-based trends were compared with
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trends that were estimated from the application of two other commonly used detrending
methods, namely modified negative exponentrabdels and regional curve
standardisation (Sefnnexe A,FigureS1.5.2).

Step 2 : Growtktlimate relationships

Since weather station data availability and, therefore, climate data accuracy, is better
for the most recent time perio{SIs et al, 2017) we decided to retain data fronmeth
shorter and most recent period, i.e., 122005, for climategrowth analyses. Linear
mixed models were fitted by plot and species, which included residuals of GAMM
detrended BAI as response variables, together with the set of seasonally aggregated
climatic variables as fixed terms, and tree identity as a random term. Mean seasonal
temperature and total precipitation of the year of ring formation were considered as
explanatory variables. Since trees can allocate carbohydrates that were acquired in the
growing season to the biomass production of the following ¢@eanda et Camarero,

2017) climate data from summer and autumn of the previous year were also considered
as fixed terms, leading to a total of ten climatic vdaal{please refer tAnnexe A,

Figure S1.6.1 for the list of climate variables used in linear mixed models). The

structure of the global model is as follows:

YQi 6aQd "Yi QQO0wnéi @'Y

where irepresents the tree, j represents the species, k represents the plot and t represents
the year. (TreelD) is a random term that accounts for the variability between individual
trees. An error term with an AR1 (p = 1, q = 0) correlation structure was &ulttesl

model which accounts for the serial correlation. Collinearity amongst climatic variables
was low, with the mean of pairwise Pearson correlations between variables below a

stringent threshold value of O(Annexe A, Figure S1.6.1; maximum value of |0.37|;
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Dormannet al, 2013) Multi-model selection based upon the Akaike information

criterion corrected for small sample size (AlCc), was performed for this global model

using the packag®uMin ( Bar t o (EA 95% GcdnBdgnce set of models was

selected for multmodel inference as models whose cumulative Akaike weight is

below 0.95Burnham et Anderson, 200Readers can consélhnexe AFigureS1.6.3

for AICc values of all of the 1024 evaluated models, along with Akaikights of the

best model and the number of models used for rmdtiel inferences. Weighted

averages of parameter estimates were derived from this set of best approximating
model s, a n-dtatisfids were computed as the ratio between the averag

model estimate and its corresponding standard error. These statistics provide both the
general direction of the growatlimate relationship (i.e., negative or positive slope),

and the strength of this relationship (the farther from zerota&ie is, he stronger is

the effect), weighted by the model s predi
climatic variables. The 95 % adjusted confidence intervals ofshaistics were also

computed, together with Pearson correlations between residualstieoi@AMM

models and predicted values from the climate modeiag¢xe A,FigureS1.6.2) as an

addi ti onal means of assessing the -model 6s
climate analyses that were based upon residuals from the two additional dgtrendin

methods are provided iinnexe A, Figuresl.7.

Slopes from the linear regressions arstatistics from the climatgrowth mixed

models were interpolated across the whole area using the Empirical Bayesian Kriging
algorithm of the Geostatistical Analysial in ArcGIS v.10.4 (input options: empirical
transformation of the data, serariogram model = exponentiipe, search radius =

1A, smoothing factor = 0.2). The output r
geographical patterns in lofigrm growh trends and climate sensitivity.
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Step 3 : Link with explanatory variables

The relationships between explanatory variables (listed in Taldle and tree

sensitivity to climate were assessed by conducting redundancy analyses (RDA) using
Canoco software.¢.5(ter Braak et Smilauer, 2009 ecause tree ssitivity to climate

and environmental conditions are highly variable from east to west (see Eifjaral

Tablel1.1), site conditions might affect growtliimate relationships depending upon

the location of the pldWu et al, 2018) If averaged over the whole gradient, the effect

of these conditions could cancel each other out. Consequently, one RDA was conducted

per bioclimatic domain as a tradff between data aggregation and ecological
relevance, as recommended by @isal. (2018b) The tstatistics from the climate

mi xed models were considered as response
and explanatory variables were considered as independant variables (i.e., the
Aenvironment 0 mat r i aspincluded asnmeependent gariablas| s wer
together with a dummy variable accounting for the species identity of the sampled tree,

i.e., the difference in sensitivity to climate between jack pine (the reference level) and

black spruce. Please refer gmnexe A, Table S1.8.1 for the list of independant

variables considered in RDA analyses. Latitude, longitude and the average distance to

the four nearest weather stations (ranging from 3.8 km to 153.1 krAnsese A,

Figure S1.8.1) were added as conditioningriales to remove the effects of spatial
non-independence of the plots and the potential lack of accuracy in the climate data set

prior to analysis. Independant variables were transformed to improve the normality of

their distributions, and then standastisprior to analysis (R packageompanion

Mangiafico, 2017, Tukeyds | adden97% Forwprd sekeatien;of Tukey,
independant variables was done using Mdbéelo permutation tests (n = 9999

per mutations wunder the reduced model ; U

passivelyin the RDA in order to examine these in context with clireteironmental
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relationships (such supplementary Oépassive
To summarise the information that was displayed by the ordination plotexe A,

FigureS1.8.2), modified {tests accounting for spatial autocorrelation were conducted

between each of the RDgelected independant variables and response variables (i.e.,

tree sensitivity to climate). The functionodified.ttesof the R packag&patialPack

was sed(Osorioet al, 2018;U= 0.05)

Significant variables were guped into six sets according to the ecological process
they represent: stand maturity, competition, altitudinal gradient, soil conditions,
regional climate, and species identity (also Aeeexe A, Table S1.8.1). Variation
partitioning was then conducted identify common and unique contributions to the
total percentage of variation in the matrix of response variables (adj/texbRined

by the model and better address the question of relative influences of the six sets of
indepedant variables that veeconsidered in the mod@eresNetoet al, 2006) The
forward selection procedure used in the RDA led to up to five sets of independant
variables by bioclimatic domain. The variation partitieg algorithm yarpart) in the
R-packagereganwas used9999 permutations, partitions computed from adjusted R
Oksanenet al, 2018) which only allows a maximum of four sets of independant
variables to be considered in a same analysis. To overcome this limitation, we
determined the uniguend common contributions of stand maturity, competition,
altitudinal gradient, soil conditions and regional climate. Next, we determined the
contribution of the taxonomic identity of the tree (selected in each of the three
bioclimatic domains) by comparing to the contribution of all other independant
variables grouped together. The dummy species variable in RDAs allowed the
guantification of the variability in growthlimate relationships resulting from the
difference between the two species without spttthe data by species, which would
have lowered the number of sample plot by analysis and consequently the statistical

power, i.e. the likelihood to correctly reject the null hypothesis. Analyses by species
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were also tested and results of these anabyseprovided akigureS1.8.3 in Annexe
A.

1.3 Results

1.3.1 Growth trends are spatially heterogeneous and spsigesfic

When averaged over the sample plots, dissimilar-teng growth trends appeared
between species\(inexe A, TableS1.9). Growth rates of black spruce decreased, with
atrend estimated a.35% y1 N ( st d1)from 1950%0 2005.yor the 1970

2005 period, the trend in the annual growth rate Was4 %yl N 2 -14Bor % vy
jack pine, both the 195P005 and 197005 periods were characterised by an annual
increase in growth of 021 %% N 3.-Band o219y N 3.-B7 % vy
respectively. However, specispecific growth trajectories were not homogeneous
across the study region (Figure2 andl.3; Annexe A,TableS1.9). Growth of black

spruce increased in the western part of the Boreal West and in the central part of the
Boreal East between 1970 and 2005, but decreased elsewhere {Rgu@rowth of

jack pine increased regardless of bioclimatic domain &etw1950 and 2005, but
decreased in the western parts of Boreal West and Taiga between 1970 and 2005
(Figuresl.2 and1.3).
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Figure 1.2. (A) Growth trends for black spruce and jack pine, for the-2088 and
19702005 periods, shown as slope coefficiarftthe plotscaled regression models of
detrended BAI values against calendar years. Empirical Bayesian kriging was applied

to interpolate plebased trends across the entire area. Dots highlight significant trends
(U = 0.1). The pirendsis shown atthe lmoftom sfieacmmap.i(B) a n t
Distributions of growth trend slopes by species and bioclimatic domain (boxplots).
Black dots represent the mean value for the specific species and bioclimatic domain.
Black lines inside the boxplots are medivalues, and error bars represent the lower

and upper whiskers (representing the variability outside the upper and lower quartiles).
The dotted line represents a value of zero, i.e., no trend irtéomggrowth.
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Figure 1.3. Median chronologies (red curves) of black spruce (left panels) and jack pine
(right panels) detrended BAI (growth change) per bioclimatic domain (upper row:
Boreal West; middle row: Boreal East; lower row: Taiga). Yellow shading and dotted
lines delimit the bootstrapped 95 % confidence intervals, with LOESS smoothing
shown by the blue lines (span = 0.2). Violet box and blue shading highlight the two
time intervals (195@005 and 19742005, respectively). Black dashed lines denote a
zero effectj.e., no deviation compared to the value predicted by the GAMM model.
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1.3.2 Sensitivity to climate is dissimilar across the landscape

Growthi climate response patterns were estimated for the two tree species to identify
the key climate factors that were drivingserved variability in growth (Figurk4).
Summer temperature of the year preceding growth and spring precipitation in the year
of growth had significant negative relationships with black spruce growth, while winter
precipitation and winter temperaturadha positive influence. The importance of these
variables was not limited to particular regions but extended across vast areas (Figure
15). Black spruce tree sensitivity to other climate variables was more spatially
heterogeneous (Figurést and1.5). A high level of precipitation during previoygar
summers had a significant positive effect upon the growth of black spruce within the
Boreal East and Boreal West; this effect was not statistically significant in the Taiga
(Figure 14). Excessheat and hilg precipitation during previowgear autumns
negatively affected spruce growth in the Boreal West and Taiga but had no significant
effect in the Boreal East. Within the Boreal East and Taiga, the growth of black spruce
was increased by hottémanaveragesummers occurring during the year of ring
formation and was decreased by miltienaverage springs. These relationships were

mostly the opposite of what was observed within the Boreal West.

The response of jack pine to climate was less statisticallifisagmt and often opposite

to that of black spruce. Regardless of bioclimatic domain, jack pine growth was
increased by previowgear warm autumns and currgrar summer warmth, but it was
decreased by high winter precipitation (Figute$ and1.5). Curent and previous

year wet summers significantly increased the growth of jack pine within the Boreal
East and Boreal West (Figule4). Jack pine growth was positively correlated with
mild and wet springs within the Taiga and with mild winters within tecBl West,

but was negatively impacted by wet springs within the Boreal East (Figire
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Figure 1.4. Arithmetic means (black dots) and bootstrapped 95 % confidence intervals
(rectangles, R=10000 replications) tatistic valies per bioclimatic domain for black

spruce and jack pine, for each of the sea
beginning of a variablebs name denote ten
Uppercase letters denote climatic variables fer ¢hrrent growing season (winter,

spring, summer), and lowercase letters denote climatic variables of the previous
growing season (previous summer, previous autumn). Blue and red rectangles indicate

a significant (95 % confidence interval excluding zergesjtive and negative effect,

respectively, of the climatic variable at the scale of the bioclimatic domain, and grey
rectangles are for nesignificant values.
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1.3.3 Plotlevel features had low but significant effects on greualtimate
relationships

Sensitivity to climate differed between the two species, especially within the Boreal
West, where species identity of the sampled trees almwinted for 15 % of variation

in growth-climate relationships (Figurg6). Such taxononomic variability in growth
sensitivity to climate can be readily noted in Figut&sandl.5. Contributions of the

sets of explanatory variables stand maturity, cettipn, altitudinal gradient, soill
conditions, and regional climate to the climate sensitivity variance were much lower.
The elevational gradient explained the highest proportion of variation in tree response
to climate within the Boreal East and Taiga¥5and 9 %, respectively; Figules).

Stand maturity, alone or in combination with other explanatory variables, accounted
for 7 %, 1 % and 5 % of the variation in grovdimate relationships within the Boreal
West, Boreal East and Taiga, respectivelyr Eompetition, these values were

respectively 3 %, 2 % and 2 %.

Stands that were composed mainly of old black spruce trees exhibited growth that was
more negatively correlated with previeysar summer and autumn temperatures, but
more positively correlad with winter precipitation compared to recently regenerated
stands (Figure&.6 andl.7, andAnnexe A,FigureS1.10.1). These olgrowth black
spruce stands also exhibited the steepest declines in growth rates durirzP@970
(Annexe A, Figure S1.11.1). The positive effect of warméhanaverage autumns,
winter and springs on the growth of jack pine was lower for stands that were composed
of old trees in comparison with more recently regenerated stAmiexe A,Figure
S1.8.3). Snowy and mild winters areased the growth of black spruce more than that
of jack pine, but black spruce growth was more negatively correlated with wet and
warm springs and with excebgat during autumns of the previous years than that of
jack pine. Previougear wet summers anclrrentyear mild springs decreased the
growth of stands in the upper portion of the elevational gradient (i.e., above 500 m

a.s.l.), while excessively high temperatures during cuyeat summers increased
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their growth more strongly than for standsoatér elevations (Figurels6 andl1.7, and
Annexe A, Figures S1.10.1 and $.10.2). Similarly, growth in stands that were
composed of taller trees (higher CI) was more negatively affected by dwmss
during previousyear summers than those stands thaewemposed of smalleized

trees. Tree growth in more densely populated stands (higher BA) was also more
positively correlated with winter temperature, but less positively correlated (within
Boreal East and Taiga) or more negatively correlated (withiredowest) with
currentyear summer precipitation than stands of lower densities (Fiduesndl.7
andAnnexe A,FigureS1.8.3).

The effect of other explanatory variables on tree sensitivity to climate was restricted to
a specific region, such as soil conditions within the Boreal West and the continental
to-oceanic climate gradient within the Boreal East, which accounted for 3 % %nd

of the variation in growtitlimate relationships, respectively (Figuré).
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refer to Tablel.l for variable ranges). Middle: Effect of each explanatory taian

tree sensitivity to climate, based on autocorrelatiomected Pearson correlations. The
relationship between loAgrm growth trends and climatic variables is also shown
(uppercase letters: current year; lowercase letters: previous year). Reauand
shadings are for negative and positive relationships, respectively, that are significant at
U = 0.05. Gr ay -sighifimehtiratatjosshipseSigoificant relationships
common to at least two bioclimatic domains are emphasised with a wtt: R
Proportion of variance explained by each set of independent variables, alone or in
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1.4 Discussion

Using a dendroecological dataset from a randomly distributed forest inventory network
that consisted of 812 plots and 2266 trees, we provided an overview of the response of
two major boreal needleleaf species to recent clinchnge, across explanatory
variables that include stand maturity, competition, elevational gradient, soil conditions,
and regional climate within eastern boreal North America. Our results highlighted
spatial heterogeneity in lortgrm growth trends acrotige studied forest: in some areas
growth rates decreased, while in others growth increased over the last few decades.
Tree sensitivity to climate was also highly spatially heterogeneous. Our study
underscores the utility of employing broadly distributedadets for assessing the
complexity of climate change effects on a forest ecosygidesseet al, 2018;
Nicklenet al, 2018)

The species identity of the tree explained a greater proportion of variation in growth
climate relationships than did all other explanatory variables in the Boreal West.
Further, we observed contrasting growth trends between thegpeeoies. Our analyses
suggest that sensitivity to climate is determined primarily by a spspesfic set of
functional traits. Black spruce and jack pine usually occupy sites with different soil
structuregBallandet al, 2006)and have very different root system architectures and
physiological efficienciegBlake et Li, 2003 Strong et La Roi, 1983which could

explain differences in climate sensitivity.

We identified previougear summer temperature and, to a lesser extent, previous
autumn temperature as two of thienatic factors with the greatest negative effects on
annual growth rates of black spruce trees. Exhess$ during late summer and autumn
may lead to declines in carbohydrate reserve accumulation at the end of the growing
season, thereby negatively afiagtspring growth, as was previously observed in both
boreal North America and northern Eurqf@rardinet al, 2016g Olset al, 2018b)
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Decreased resesvformation of heastressed trees can result from accelerated
respiration, which leads to higher and more rapid use of photosynthates that otherwise
would be available for storagédnderegg et Anderegg, 20135randa et Camarero,
2017 ; Salaet al, 2012) The steepest declines in observed growth for individuals that
were the most greatly affected by ab@werage temperature during summer of the
year prior to ring formation suggest that hot extremes are one of the primary
determnants of growth trajectories for boreal black spruce forests, as has been
observed for white spruce seedlings in plantations by Beneinat. (2018) The
deeper root system of jack pine trees could have allowed them to access additional
water resource in deeper soil layers, and their greater resource use efficiency could
have prevented them from an overuse of carbon reserveg dheatwaves, potentially
leading to an uninterrupted carbohydrates storage during -tiodéieaverage late
growing seasons. The resulting higher amount of photosynthates available the
following spring could explain the positive correlation between jank growth and
previous autumn temperature. Our results also suggest that in addition to the effect of
speciesspecific traits, some variation originated from spatially varying site features
like stand maturity, position along the elevational gradientprediclimate and soil
conditions. Yet, these sHevel features explained a lower proportion of the variance

in patterns of growttlimate relationships within bioclimatic domains.

As predicted from our main working hypothesis, position alonglnetional gradient
explained a low but significant proportion of the variation in tree response to spring
and summer temperature and to previous summer precipitation. This finding illustrates
diverging climatic constraints, from watlmited trees at lov elevation to trees
constrained by cold temperatures during the growing season at the high end of the
elevational gradient. Contrary to our expectations, growth of black spruce was more
negatively affected by mild springs when located in the upper paftiour elevational
gradient. This countentuitive effect of mild springs was recently observed elsewhere

(Babst et al, 2012a Ols et al, 2017) and could result from earlier onset of



56

physiological activity and growth in response to warnfi@g et al, 2008; Richardson

et al, 2018; Vitasseet al, 2017) Latefrost events generally occur more frequently at
higher elevations and icold regions such as the Boreal East and Taiga than at lower
elevation or in relatively warmer regions such as the Boreal West. These events can
damage early formed shoots and roots, thereby reducing total seasonal(grdd/#t

al., 2014; Marquiset al, 2020b, 2020a, 2021)

Summer warmth had a contrasting effect on tree growth, depending upon its occurrence.
While previousyear high temperatures had negative effects on growtimgdthe
following growing season, hott#hanaverage summers had an immediate and
positive effect on growth rateturing the year of occurrence. The later relationship,
which had been observed in the Boreal East and Taiga, was more pronounced for stands
at upper elevation sites than at lower elevations and could be linked to a decrease in
the risk of latefrost damage and faster snowmelt in early sun{vigasseet al, 2017)

Hot summers are also correlated with high solar radiation and, consequently, with
higher rateof photosynthesis, especially in sites where water is not a factor limiting

to tree growth, such as stands at the high end of our elevational gradient in the Boreal
East and Taiga. Temperature generally decreases with elevation, so an increase in
summer émperature can lead to a greater net beneficial effect on tree growth at higher
elevations (sednnexe A,FigureS1.12). However, the resulting growth gain would
have been outweighted by the growth decline due to late frost damage, which could
explain thatgrowth trends in stands within the central hilly area were more negative
than in the westernmost stands.

Effects of other variables on climate sensitivity, such as stand maturity and competition,
were generally consistent accross regions. Exiceasduing previousyear summers

and autumns had a significantly greater negative impact on black spruce growth in
older stands compared to more recently regenerated stands. The increase in climate

sensitivity with age has been extensively documeliéed. Altmanet al, 2017,
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Schuster et Oberhuber, 2013)and was linked to ontogenyrelated
morphophysiological changgRyanet al, 2006)leading to a decrease in hydraulic
conductancgMagnani et al, 2000) During drought, hydraulic conductance may
decrease more strongly in old and tall trees because of greater path regityancet

Yoder, 1997)the resulting decreases in stomatal conductance and photosynthesis may
entail, along with grater metabolic demand in tall treg¢artmann, 2011)depletion

of carbohydrate reserves in older stands. This response is a potential explanation for
the negative relationship between 120D5 growth trends and stand dé@nexe A,

Figure S1.11.1; see also Chetral, 2016; Girardinet al, 2014)

Competition pressure also significantly modulated the grahthate relationships.
Growth of trees in densely vegetated (high BA) stahds were composed of taller
individuals (high CI) was more negatively correlated with extesg during previous

year summers and less positively correlated to cugrest wet summers than in a less
competitive environment. These relationships coulelmaiginated from lower carbon
assimilation and carbohydrate reserve formation originating from reduced water
availability (Gleasonet al, 2017) In contrast, black spruce trees responded more
positively to mild winters in denselyegetated compared to more sparsely populated
stands This may be due to the stabilizing effect of a dense canopy on-soakd
hydrothermal propertiegGu et al, 2008; Vaganovet al, 1999) similar to the effect

of high structural diversityAussenaet al, 2017)

Soil conditions accounted for a sifoant proportion of the variation in growttlimate
relationships, but this was true only for black spruce in the Boreal West. This region is
characterised by a contrasting physiography spanning comparatively flat landcapes
with a high proportion of peathds in the west to hilly terrain with sanldam soils in

the east(Robitaille et al, 2015; also see Figure 1.1 and Table ,1tdyether with
resulting differences in soil hydady. During hot summers, the water table of soils

with a high proportion of organic material is lowered, and in combination with the high
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degree of dessication of the peat subs{@evehret al, 2014; Voortmanet al, 2013)

may have reduced water availability and exacerbated summer heat stress, particularly
for trees with shallow rooting systems such as black spruce. Paradoxically, an excess
of water during consecutive wet springs and summers also reduced growth of black
spruce in Boreal West (Figure5), most likely because of hypoxic stresses resulting
from elevation of the water table in poorly drained s{tésbd, 1990) A positive
correlation between growth of western black spruce trees and the annual area burned,
which is a proxy for litter and deep organic layer dryri®sslinari et al, 2018) adds
credibility to the assumption that tree sensitivity to precipitation was strongly
modulated by soil hydrology in the Boreal We&hexe A,FigureS1.13).

Overall, we identified mostly negative growth trends for black spruce and only barely
positive trends for jack pine during the 192005 period, which confirms the absence

of climatically-induced stimulation of tree vigour that was previously obsemethé

boreal fores{Girardinet al, 2016a; Hemberet al, 2016; Ju et Masek, 2016Zhu et

al., 2016) However, forest wth trends were spatially heterogeneous, and the
productivity of some areas increased over the last few decades. Variability in-growth
climate relationships that was explained by the set of variables considered in our
analysis remained low (< 25 %), asthe case in many studies focusing on ecological
processes. Our random sampling strategy implies that many factors, which are
potentially involved in growtitlimate relationships, were not considered and could
not be controlled for, such as the effectnointree vegetation, insect epidemics, or
nutrient cycling. In addition, the genetic diversity of the species under study surely
induced different responses to climate between populafidwanzi et al, 2019;
Houssetet al, 2016) Based pon our results, we suggest that the warming threshold
beyond which the productivity of the boreal forest will shift from positive to nedative
+2 AC; Do @al2018)s likélylvdryeheterogeneous across the boreal biome,

but may already have been reached in many of our black spruce stands.
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Abstract

An increase in frequency, intensity and duration of drought events affects forested
ecosystems. Trees react to these changes by adjusting stomatal conductance to
maximize the tradeff between carbogainsand water losses. A better understanding

of the camsequences of these drougiduced physiological adjustments for tree
growth could help inferring future productivity potentials of boreal forests. Here, we
used samples from a forest inventory netwiorkCanadeencompassing a large study
area where a dbee in growth rates of black spruce and jack pine occurred in-1988
1992, an exceptionally dry periotb verify if this growth decline resulted from
physiological adjustments of trees to drought. We measured carbon and oxygen isotope
ratios in growth ring of 95 spruces and 49 pines spanning the years13&% We
used3C discrimination( C) and®0 enrichmeni #0) as proxies for water use
efficiency and stomatal conductance, respectively. We studied howamteal
variability in isotopicratioswas linked to climate moisture index, vapour pressure
deficit and annual snowfaimount Wefounds i gni f i ¢ a'#Ctolvey 19880 we r
1990, and si g¥dirflps8i®s0iarid §99hcongparedito the 19803
averages. We also observed thimvaclimatic water balancenda highvapor pressure
deficit were linked with lowgd*C andhigh g3®0 in the two study species, in parallel

with low growth rates The later effect persisted into the year following drought for
black spruce, but not for jagkne. These findings highlight that a reduction in stomatal
conductance resulting fromidr conditions translates into lower annual growth rates,
maybebecause of reduced carbgainsand changes in carbon allocation strategies.
The stronger and longersliing impact on black spruce compared to jack pine suggests

a less efficient carbon use and a lower acclimation potential to future warmereand dr

climate conditions.

Key words boreal forest; black spruce; jack pine; tree ring isotopes; dretigiss
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21 Introduction

Earthoés surface temper atoulrAeC hsaisn cien ctrheea sierdd
revolution(i.e. ~ 1850; IPCC, 2013Yhis is largely the result of a rise in atmospheric

CO» concentrations caused by the burning of fossil fuels as an anthropogenic energy
source(Keeling et al, 2015; Willeit et al, 2019) Global climate models predict an

addi tional war mi ng upScemury@PEC, 20i3)that wile end o
increase evaporative demand over large parts of the terrestrial switoit beirg

compensated by higher precipitation inp{2ai, 2013) An increase in the frequency,

duration and intensity of climate extremes, such as droughts and heatwaves, is also
highly likely (Christidiset al, 2015; VicenteSerrancet al, 2014) These changes in

climate averages, variability andasenality are already affecting the integrity of

natural ecosystems worldwide. Forest ecosystems, for example, can be impacted both
directly through water and heat stresses affecting plant physi¢dogyGrossiorat

al., 2020) and indirectly, e.g. via an alteration of disturbance regimes which feed back

on mortality rates and regeneration capacity of tt(Adamset al, 2010; Allen et al,

2010; Boucheret al, 2020; Mantgemet al, 2009; Penget al, 2011) Such hot and

dry extremes could severely decrease the productivity of forest biomes over an
extended timgeriod(Restaincet al, 2016; Williams et al, 2013; Yuanet al, 2019)

Knowledge on mechanisms governing the physiological response of trees to extreme
drought events is thus of crucial importance for estimating the fGtsterage capacity

of forests

Inter-annual and longerm changes in tree growth rates are driven in |lpagés by
carbon and water inputs which, in turn, are controlled by two major physiological
processes: photosynthesis and transpiration. Water inputs, mainly driven by soll
moisture availability, directly influence plant growth by creating turgor pres#uicd

is necessary for wood cells enlargem@rossi et al, 2009) Water is the main

component of xylem sap which conveys nutrients from roots to l¢&esd, 2013)
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These nutrient inputs cover biochieal requirements of plants, including the intake of
electron donors needed to convert sunlight energy to adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide phosphate (NADPH), the chemical energy and
reducing power necessary for sugar g ( K° r n e r In othz2rOvbrés) without
sufficient water inputs, trees will not use the carbon acquired because of reduced
photosynthesis rates and decreased needs for organs elor(gditisni nk | i mi t at i
K°r ner , Fu2hérthdre, photosynthetic enzyme kinetics are temperature
dependent andvhen temperature increases above a certain threshold, carbon
assimilation rates decrease as a function of soil moisture availédKiitgarathunget

al., 2020; Reichet al, 2018) Trees can buffer these heat stresses by increasing
transpiration rates to cool leaf surface, but this is conditional to a sufficient soil
moisture availability to cover evapdirgee demandUrbanet al, 2017) Therefore, the
growth performance of a tree is partly governed by a tofidbetween maintaining
hydraulic integrity (and sufficient water inputs) via stomatal closure and keeping high
carbon inputs via stomatal openifig . e . teffi@enciisadeb €f p; see Manzc
et al, 2013) The intensity by which a tree will neéadl regulate stomatal aperture is
largely dependent on the capacity of xylem conduits to resist embisenach et
Meinzer, 202Q Hackeet al, 2001; Lenset al, 2011; Li et al, 2018) Stomatal
regulation is thus the key, shdetrm physiological mechanism byhieh trees are able

to avoid xylem cavitation to survive low atmospheric and soil moisture conditions
(Brodribbet al, 2014)

Tree species can l@cated on a continuous gradient of stomatal regulatioime basis

of the strategy used tmntrol plant water potentidluring a drought, through the notion

of isohydricity (Hochberget al, 2018; Tardieu et Simonneau, 1998jistorically,

isohydricity has been viewed as strictly dichotomic, separating plant species between
Adrought toleranto and Adrought avoidero o
high hydraulic conductance under dry conditidiigrdieu et Simonneau, 1998)

However, results are now accumulating that demonstrate that different species could



66

use different stomatal regulation strategies distributed along a isohydoaitynuum
(Hartmannet d., 2021; Hochberget al, 2018; Klein, 2014; Martz2zneea, Vil al't
2014; McDowell et al, 2008) More specifically, some tree species are differentiating
from others by closing stomata early when dry conditions occur in order to maintain
their hydraulic function However when dry conditions last over an extended time
period this high stomatal sensitivity implies a prolonged period without carbon input,
which leads to a reduction of natructural carbohydratsupply. Ultimately, trees

from the® more isohydric species are at a higher riskehg impacted by biotic
agents such as insects, fungus or diseases as a side effect of the lower amount of carbon
available fordefense mechanisniicDowell et Sevanto, 2010Salaet al, 2010) On

the other hamh, more anisohydric tree species are able to maintain a high stomatal
conductance and very low water potentials under dry conditions, operatingtolose
their hydrauliclimits. These species keep high carbon assimilation rates at the expense
of a high ri& of hydraulic failure, i.e. a too high percentage of faulty conductive vessels,
which could ultimately kill thenfAnderegget al, 2015a) The stomatal sensitivity of
plants, and thus their position along the isohydricity gradient, is varying both in space
and time. First, the selection pressure of environmental factors, especially moisture
availability, on lifehistory traits such as théaracteristics of conductive vessels and
rooting system, drive differences in isohydricity between spéBlesskaret al, 2007,

Fenget al, 2019; IsaaeRentonet al, 2018; McDowell et al,, 2019; Wu et al, 2020)
Secondly the stomatal sensitivity of a species can change depending canntgl
variations in moisture availability and in drought intengiyu et al., 2020) Thus,
species more prevalent on mesitesor xeric siteswith cold climates usually exhibit

a high stomatal sensitivity in response toJdmagnitude changes in their environment.
However, these species typically possess more caviagstant xylem vessels
(Brodribbet al, 2014)allowing them to maintain only a weak stomatal control under
exceptionally dry conditioné B r @ dla2006; Li et al, 2018; Wu et al, 2020) By
contrast species growingn more humid environments generally exhibit a more

isohydric behaviour but possess xylem vessels more vulnerable to cavitation which
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force them to apply a very strict stomatal control during extreme droudbts & dl.a
2006; Tissieret al, 2004; Wu et al, 2020) These differences in isohydricity between

species drive their resistance to and recovery from dro(ighes al, 2020)

Tree rings are archiving inteannual changesniphysiological processes through
variations in the number of annual wood cells, their propertieso@lgvall thicknes$

and chemical compositiqe.g. stable isotopes; see e.g. Basi, 2018) In particular,

leaf gas exchange drives the ratio of stable carbon and oxygen isotopes that are
imprinted in treering biomasgFarquhaet al, 1982b; Gessleet al, 2014) Treering

carbon isotope ratio[i*3C, depends on atmosphétetreering carbon isotois
discrimination, which is modulated by the ratio of 8©ncentration within the leaf to

that within the atmosphere. Thug3C is driven both by stomatal conductance and by
photosynthesis ratgarquharet al, 1982b) This relationship makegC a good

proxy for the quantity of carbon a tree assimilates per umitadér transpired, i.e. the
intrinsic water use efficienc{WUE; see Farquhaet al, 1989) Indeed treering

oxygen isotope ratiaj0O, partly depends on external influences such as the oxygen
isotopic composition of the source wwaand theenrichment i occurring before

water enters the tree hydraulic pathwByienenet al, 2012; Tang et Feng, 2002Xu

et al, 2020) The main tree physiological process directly influendit® is the

control of stomatal aperture, whiobgulates oxygen isotopic discrimination occurring
when water is transpire@essle et al, 2014) Other internal processes, such as the
AP®cl et effectod and the exchange of oxyge
water prior to cellulose formation also act to modify the fiit&D signal in tree rings
(Gessleret al, 2014; Sternberg, 2009)ut these processes are not influenced by
changes in environmental conditioi¥’0 isoftenmeasured in combination with®C

to gain better understanding of past changes in stomatal control that have occurred
independently ofchangesin assimilation rate i . e . the nAdual I sot o
Scheideggeet al, 2000) Thus, treaings offer an annuallyesolvedproxy to study

past modificationsi n t reesd® physiological processes
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changes. For example, during conditions causing stomatal closure but under which
trees can maintain high photosynthesis rates, such as-tstortdroughts and
heatwaves, transpiration is reddcehile carbon assimilation is still fuelled by the
remaining leaf internal COThis lowers the discrimination against the heavier isotopic
species (i.e:3C and®0), leading to less negatiit*C andii*®0 isotope ratios in growth
rings (Cernusaket al, 2013) However, during a lontasting drought, internal GO
concentrations fall below the level required to efficiently fuel photosynthesis, leading
to growth ringdessdepleted in3C butmoreenriched intO compared with a growth

ring formed under average climate conditi¢8sernberg, 2009By contrast, changes

in environment can improve photosynthesis and keep #doniting moisture
availability, e.g.after release from overstory competititmder these conditiong:*C

will increase as a result of higher photosynthesis r&gsontrastfreering 420 will

show no change compared with growth rings formed under a highly competitive

environment.

Here, we used carbon and oxygen isotope composition of these natural archives to
approximate iIWUE and stomatal conductance of jack pine and black spruce growing
in nonmanaged forests of northeastern North America. These two conifer species are
broadly distributed and of high commercial value. They occupy contrasting ecological
niches and possess highly different -ifistory traits. Black spruce is a mostly
generalist species, growing on a large gradient of soil conditions. This species is
particularly well adapted to waterlogged, poedyained and organidch soils, with a
superficial rooting system mostly composed of adventitious struc{i@ess et
Honkala, 199Q)Jack pine is specific to wellrained and sandch soils. Its rooting
habits include a taproot, allowing access to deep soil water re¢Bures et Honkala,

1990) These differences lead to contrasting climate sensitivities, black spruce being
more negativig affected by exceptionally hot conditions during spring prelious
summer compared to jack pirilarchandet al, 2019) We previously observed a

punctual but marked drap growth rates for these two specigghin the period 1988
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1992(Girardinet al, 2014; Marchancet al, 2019) and wanted to understand whether
carbon and water limitations may halween driving these declineslere, our main
objective was to determine if this growth decline was synchronous with a physiological
response of trees to dry and hot extremes that occurred within the area. We were
particularly interested in determining thetent to which the contrasting IHaistory

traits of black spruce and jack pine influenced their physiological response to drought
and the magnitude of the subsequent impacts on growth rates. More specifically, we

made the following hypotheses:

(1) IWUE would have increased at the same time or close to the date upon which trees
started to experience a slowdown in growth, so we expect 1988 growth rings to

be more enriched i*C compared to adjacent rings

(2) This increase in IWUE would be mainly g¢hresult of a decrease in stomatal
conductance, so we also expect 19889 growth rings to be more enriched$@

than adjacent rings

(3) Both carbon and oxygen isotope composition in tiegs would be dependent on
moisture availability, i.e. der the conditions, mor&’C and'®0-enriched the growth

rngs

(4) Becausgack pine ismore abundant owell drained, sandy areas and can access
deep water reserves, this species should exhibit a more anisohydric behavior than black
spruce, i.e. we expecti@awver interannual variability in treging isotope composition

of jack pine compared to black spruce.

2.2 Materials and Methods

2.2.1 Sampling area

In this study, we took advantage of a provincial forest inventory network covering three
degrees of latitude and nBaR0 degrees of longitude north of the Quebec limit of
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commerci al forest s ®t b Lleieah DR The kerritory hadt 9 A N
recorded in 1989 its highest forest area burned (Canadian Forest S2ddigetwo

million ha; Sojaet al, 2007 within the 19592019period which is an indication of a
severe seasonal drought occurrence during that particular f@maddinet al, 2014)

As part of the forest inventory, 408wircular, randomly distributg temporary sample

plots (TSP;n = 875 plots) were established from 2005 to 2009 within needieleaf
dominated, fireoriginating unmanaged forests. These plots encompass a broad
gradient of climate conditions, from warm and dry climate at the westernmagblus

(mean 19812010 temperature and precipitation normals-b#0A C  &8B40dm,
respectively to coldand moistclimate in the eastern portion of the afgeean 1981

2010 temperature and precipitation normals2of7A C 808w, respectively. As

aresult the average climatic water balance during the growing seasorbfagmber)

is more than two times higher in the eastern than in the western part of the study area
(Figure 21). Together with this climate gradient are changeghysiography and soll
conditions, from flat terrainsomposed of organidch soils in the west to hillsides
composed of tills in the central portion of the territory, to rocky hilltops further east
(Robitaille et al, 2015) As a consequence of these differencesegional climate
topographyand surficial depositglimatic water balancéduring the growing season
(May-September) is more than two times higher in the east than in the west (Figure
2.1).

2.2.2 Basal Area Increment data

Within each TSP, stem disks were collected for steryaeslifrom one to three upper
canopy trees per specieBisks were prepared and processed for -vimdth
measurement following standard dendrochronological procedures across four radii per
disk ( Mi ni st re des Ressour c e.sCrodsdating anell | e s
measurements were validated using the program COFHEdKnes, 1983)For each

stem disk, ring widths of the four radii were averaged emaverted to basal area
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increments (BA =" R%1 ~R?%.1; functionbai.outof the R packagdplR, Bunn,2008.

As a means of removing biological trends (i.e. those trends arising from increase in tree
age and size and from changes in competition pressure with stand development), BAls
were detrended applying generalizettiiive mixed models (GAMMs). Readers are
referred to Marchanet al. (2019) for the detailed statistical procedure (also see
Annexe B,Supplement S2)1A growth index (hereafter Gl, urtentered,.e. a value

below 1 means an observed BAI lower than the BAI expected for a tree of a specific
age and size and growing under specific environmental conditions) was then computed
as the ratio between observed BAls and values predicted by the GAMMSs, \fidrdlee

trees lifeperiod.

2.2.3 Isotope measurements

A subsample of 144 trees (95 spruces and 49 pines) more than 30 years old and exempt
of missing rings were selected for carbon isotope analysis. The sampled trees were
randomly selected among a pool of candidate trees growing on relatively similar
conditions, with elevation ranging between 250 m and 550 m a.s.l., organic layer
thickness lower than 30 cm, and located onaedined, sandy or loamy soildote

that the two speciegever ceoccurred within a TSP among the randomly selected trees.
Trees from stands with highly diverse age and diameter structures were avoided to
excludesprucandividuals that have had regeneratedetativelyby layeringand those

that have experiemd a prolonged period of suppressed growth. The stable oxygen
isotope ratio, i.e(*®nng, Wwas measured for a subset of 53 spruces and 28 pines
randomly chosen among the 144 individuals sampled for carbon isotope analysis.

From each stem disk, a 0.8cn@.8cm wood strip, from bark to bark and including the
pith wascut using a bandsaw. We focused on the year 1989 as an exceptionally dry
year. We chose to analyse growth rings formed during the four years directly preceding
and following this focal year, iarder to be able to compare isotopic signatures between
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years with average climate conditions and extremely dry and hot years, including the

year 1989. This choice also allows to capture any lag (legacy effect) in the
physiological response of trees tamdght. So, rings covering the period 19883

were individually separated using a scalpel under a binocular microscope. The thinnest
rings (ring widths < ~0.1 mm) were separated using a sledge microtome coupled with
digital cameras. Rings were ground iteef particles using a Retsch MM400 ball mill.

To limit the risk of contamination by plastic particigsaacRentonet al, 2016) we

used stainless steel balls and vials during the milling step; coupled with racks allowing

to process up to 20 samples per bakimowing that isotopic signals of whael@od

a n dcellulose of studied species are highly correlgtedl ® gt aln2015; Harlowet

al., 2006; Walker et al, 2015) we did not proceed with resitignin and hemi

cellulose extractions. We are aware that wholeweads to additional noig&essler

et al, 2014) which we can account for whetudying the link between isotopic signals

and environmental gradiensbout 0.31.0 mg of the milled wood material was loaded

into tin foil capsules and combusted t8?Ciing analysis in an elemental analyser (EA

1100, CE Instruments, Milan, Italy) cded to an IRMS (Delta+, Thermo Finnigan,

Br emen, Ger many) , with an anal ((tsitaanldapde
deviation) About 0.5 mg of wood particles was weighted into silver capsules and
pyrolyzed for{i*®Oring analysis in an elemental analygetekatechkHTO, Wegberg,

Germany) coupled to an IRMS (Delta+ XL, Thermo Finnigan, Bremen, Germany),
with an analytical Ar € csitainara r.d/alidseavei at h am)
reported in parts per thousandeBelpmate mi | | ,
(VPDB) for carbon ratios and to the Vienna Standard Mean Ocean Water (VSMOW)

for oxygen ratios. All isotope measurements were conducted at the Stable Isotope
Laboratory (BGGlsoLab, Max Plank Institute for Biogeochemistry, Jena, Germany).

The ptal number of samples analysed was 1292 for carbon isotope ratio, and 726 for

oxygen isotope ratio.
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2.2.4 Corrections for nostlimatic variability in treering isotope composition

ThelCiing values were converted to riig-atmosphere carbon isotope discrimination
(Cring) Using Eq.1 in order to account for the declingifC of atmospheric CO
resulting from the combustion of fossil fuels by human populations since the industrial

revolution (Suess effect; Keeling, 1979)

&L
o.

Ea.l

where U+3C, representghe atmospheric stable carbon isotope ratio, obtained from
Gravenet al.(2017)

Contrary toti**Cring that is primarily driven by plant stomatal regulation and
carbon assimilation, inteannual variations in treeng 080 ({i*®0ring) could strongly
depend on the oxygen isotope composition of source water (i.e. mainly precipitation),
which is in turn related to temperature and atmospheric circulation patterns. As we
were interested in inteannual variability inli*®Oring as a proxy for changes in tree
stomatal regulation, it was important to make it free of other-tiamging influences.

To do so, we estimated the stable oxygen isotope content of precipit&fiope) at
a monthly scale using Eqg.2 following Guerrietial. (2019)

Eq2 1 0 ™ @Y @ty Y 8 el pg8 & U
™ ¢ V0GB @ T

where Tmean I S t he mont hly av eR ia ghe manthijmppowlr at ur e
precipitation (in m) obtained from BioSIM 1(escribed below)andElev. is the

elevation (m a.s.l.), extracted for our sample plots from the SRTM 90m Digital
Elevation Database v4(larviset al, 2008)
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Then, we averaget®Oprecat an annual scale, and calculated #@eenrichment in tree
rings relative to the oxygen isotopic composition of precipitations using Eq.3. By doing
so, weassumed that no discrimination occurred before water entered the hydraulic

pathway:

e
c..

Eq.3

2.2.5 Climate and environmental variables

BioSIM 11 was used to obtain climate data for our study @wes the period 1985
1993. The BioSIM software provides, for a specific location, elevattyasted daily
weather estimates interpolated based on historical observations from the four nearest
weather station§ R®gni r e e t. Mdthly averages,of vapdbud grgssure
deficit (VPD, inhPa) were derived from this daily data. Summer éagust) VPD

was used as a proxy for atmospheric water demand. Climate moisture index (CMI, in
mm) was computed as the difference between monthly precipitation and monthly
potential evapotranspiration. Growing season ({8aptember) CMI was used as a
proxy for climatic water balancealuring the period of the year when trees are
physiologically active in our territory. We also extracted the total annual (January
December) snowfallcpnverted to water equivaleimt,mm). This variable incorporates
informationabout interannual variability in the length of the growing season as well

as in the water input as sng@aboriavet al, s. d. manuscript submitted)

An approximation of the timsincefire (TSF) was computed for each plot from the
groundlevel cambial age of the oldest sampled tw#gin the plot (obtained from the

stem analysis). This variable was used in models to control for changes in growth and
physiology related to modifications occurrtr

pressure) and in soil parameters (e.g. nutrieailability) through time.
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Betweenplot differences in environmental conditions were accounted for in analyses
by computing a site index (Sl). This index is defined as the average height reached by
a dominant undamaged tree at age 50 (measured at briggdt he8m); used as a
measure of how a tree would, theoretically, perform in regard of a specific set of
environmental conditions. It was extrapolated to the entire area based on similarities
with the sampled stands in terms of environmental conditionshwnclude climate,

soil surficial deposits, elevation, slope and expositidauthieret al, 2015b; also see
Supplementary Figure S2.2. 8l value were available for black spruce only but were
also a good indicator for jack pine productivity potential for comparable site conditions
(See Supplementary Figure S3.1)

2.2.6 Statistical procedure

To test for interannual differences in Gtg*Ciing and q3®Qring, linear mixed models
(LMMs) were fitted, which included-gcores of these variables as response variables,
the year of ring formation, the species identity and their interaction as explanatory
factorial variables, and the random effect of the tree desithin the plot. zscore
standardization (i.e. meamentering and dividing each value by the standard deviation
of the corresponding individual 9 years tiseries) was especially relevant in our case
because of the high geographical coverage and tlieviaigability that could be the
result of differences in site conditions and individual performances.-h@ost
comparisons between years were performed using the furlstimeansof the R

packageemmeanswith a Tukey adjustment for multiple comparisons.

To verify if interannual variability in growth rates and treeg carbon and oxygen
enrichmentvas linked with climate variability, LMMs were fitted by species using the
functionImeof the Rpackagenlme These models included raw (i.e. neacored) Gl,
o3Ciing Or 0#®0ring as response variables, summer VPD, MNaptember CMI, and

annual snowfall as explanatory variables, the random effect of the tree nested within
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the plot and an error term with a fustder autocorrelation structure. Since climate can
affect tree growthfathe next growing season, we also included summer VPD and May
September CMI of the year prior to ring formation as explanatory variables. To control
for the differences in tree and stand developmental stages and in site conditions, we
included the innebark basal area of the tree, the minimum tsimece fire and the site
fertility index as fixedeffect variables in our model$he innerbark basal area (BA,

in mn?) is defined here as the sum of BAIs of previous years. This variable was
incorporated in moels to account for changes in physioldgyg. drought sensitivity;

see Girardiret al, 2012)occurring as a result of the increase in tree $izerder to

obtain comparable estimated regression slopes, explgnatariables were
standardized (centered using the average value of all plots and divided by the
corresponding standard deviation) prior to analyses. This standardization also helped

to keep a low collinearity (VIFs below 3) among explanatory variables:

Eg4d & * ®00 w0 ORi QOO 60 0Ni Q¥t ¢ 0 YOO 6

“Y'Y'O Yo % dE o wéEl PodY-

whereXi; is the response variable (either Gl of the year of ring formatiogding

or g#®0iing) of a tree i in a plot j at a yeatPDy is the summer vapor pressure deficit
in a plot j at year tYPDpre\t is the summer VPD of the year prior to ring formation
in a plot j at year tCMlj; is the climate moisture index in a plot j at a ye&NIprey

is the CMI of the year prior to ring formation in a plot j at yearipw is the total
annual snowfall aa plot | at a year t5) is the site fertility index of the plot j at the
time of sampling (a timénvariant term);BAj: is the basal area of a tree i at a year t;
TSk is the time elapsed from the last fire for a plot | at a ygapinputed as the
groundlevel cambial age of the oldest tree of the plot at yedrég andPlot denote
the tree and plot identitiesprCARI1is the error term with a firgtrder autocorrelation

structure; and denotes the residuals of the model.
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Normality and homosldasticity of residuals were visually assessed, with no deviations

from statistical assumptions for linear models. All statistical analyses were performed

using the R statistical software version 3.6.0.
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Figure2.1. Map of the study zone. Color gradient represents-P83D normals of the
average MaySeptember Climate Moisture Index (CMI, a proxy thee climatic water
balancé. Symbols represetacationswhere at least one tree was sampled for isotope
analyses. Coured circles are for plots where trees were sampled for carbon isotope
analysis only, while coloured crosses are for plots where oxygen isotope measurements
were also conducted. Pink and blue symbols denote black spruce and jack pine trees,
respectively.Grey circles show locations of the 875 temporary sample plots (TSP)
established as part of the Northern Ecoforest Inventory program.
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2.3 Results

2.3.1 Spatial variability in growth, isotope discrimination and climate

Average 19851993 BAI was 240.54 mfrfor black spruce and 306.23 mrfor jack

pine. However, these average growth rates were highly variable between trees and plots,

as standard deviati oRfsor SblDadk remrced &Rd 1
for jack pine. Once variability from biological processes such as treegaged

demographic processes, and from differences in soil parameters such as thickness of

the organic layer, was removed (i.e., after detrending), average growth indices became

highly similar between specieSigure2.2). However, standard deviation wasl fiigh

(0.34 and 0.29 for black spruce and jack pine respectively). Approximately two third

of the trees experienced an average 1P8%3 Gl below 1, i.e. an average growth rate

lower thanthe valueexpectedor a tree of similar age and size

A high variability was also observed in treiag isotope data. Fayd>Cring, the two

species exhibited different 198893 carbon discrimination levels, with an average
@Cigof17.99 & (N 1 &) and 20.09 & (N 0.72 a
respectivey). 180 enrichment above source watexs of similar magnitude between the

two species, with 1982 993 averages of 34.92 a and 35.
jack pine respectively. However, these values were also highly variable between trees
andstands,wit S. D. of 2.17 a and 1.69 a for bl acl

Climate conditions prevailing during 198993 were highly variable depending on the
geographic location. Figu3 shows that summer atmosphevater deman{VPDja)

was higher in the west than in the east (average summer VPD diF&aHNd 3.26Pa

in the western and eastern locations, respectively), but that, on awdiragéc water
balancdevels did not differ (average M&yeptember CMI of 21.54 and 21.81 mim,

the west and east, respectively). Dates of occurrences of dry extremes also differed
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between east and west. In the west, trees experiencedluaperverage soil moisture
conditions in 1989 and 1991 while, in the e&¥l was lower than average in 8®
only. For atmospheric dryness, both east and west locations experienced dry

atmospheric conditions in 1989 and 1991.

2.3.2 Inter-annual differences in growth, carbon and oxygen isotope discrimination

When disparities resulting from individual and ssggecifc differences were removed
(i.e. using zscored values), inteaannual differences in terms of growth rates and
isotopic discrimination were emphasized (Figure 2.4). In particular, jack pine trees
exhibited significantly lowethanaverage growth rates dng the 19891991 period,

with leastsquare means of growth indices being 60480 standard deviations (S.D.)
below the 198581993 average. For black spruce, this slow growth period persisted
during the 4years period 1983992, with leassquare means of |®.32-0.65 S.D.
below the 19881993 average.

Significant interannual differences were also detected in the spaviesged-scored
isotope chronologies (Figure 2.4). For black spruce, -Egsire means of carbon
isotopic discrimination were 0.5.67S.D. lower in 1988990 compared to the 1985
1993 average, and significantly different from values of adjacent rings. For jack pine
the decline ingd®Ciing Was less severe, but the 19B390 leassquare means were
statistically different from 1988987 and 1992 valuesThis pattern was inverted when
looking at 19851993 leassquare means ofscored iIWUE (i.e. highethanaverage
IWUE during 19881990; SupplementaryFigure 2.3.1) Leastsquare mean ofO
enrichmentwas the highest in 1991 for both s@=sc(0.98 and 1.16 S.D. above the
19851993 averages for black spruce and jack pine respectively). MegfQafig was
also 0.580.60 S.D. highethanaverage in 1988989 for black spruce and 0.42 S.D.
above the 1988993 average in 1989 for jack pinaterestingly, when looking at the
leastsquare means af®0 (noncorrected for precipitatio'®0), 1991 values were
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still higher than the average value for both species, but 1989 values were not
significantly different from or slightly lower than 198993 averages (Figure23l.1).
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Figure2.4. Z-scored (i.e. the difference between each value and the average value of
the individual 19851993 seies was divided by the standard deviation of the series)
growth index,g3°C andg?®O values, by year and species. Squares are least square
means. Error bars are 95% confidence intervals. For a given variable and species,
different letters indicate signifamtly different valuebetween years for a given species
(U=0.05).
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2.3.3 Climate effectontreegrowth and isotope discrimination

High CMI occurring the year of ring formation was linked with significantly higher
growth indices (Gls) in both black spruce gadk pine, and a high CMI during the
previous growing season was associated with significantly higher Gls in black spruce
only (Table2.1). Lower black spruce and jack pine Gls were observed when summer
VPD occurring the year of ring formation was hight bnly black spruce Gls were
significantly lower when summer VPD of the year prior to ring formation was high.
High snowfall was associated with significantly lower jack pine Gls but with

significantly higher black spruce Gls.

The significance of the relationships between climate and isotope discrimination was
also speciespecific. High summer VPD the year of ring formation was associated
with significantly lower carbon isotope discrimination and significantly higher oxygen
isotopeenrichmentn both species compared to years of low summer VPD (Rable

The relationship between isoiowaluesand VPD of the previous summer was similar,
but nonsignificant in the case of jack pig>Cing. A high growing season CMI was
linked with significantly higheigd®Ciing in black spruce only, but significantly lower
o¥0ring in both species when it occurred the year of ring formafitve significant
effect of growing season CMI disappeared when looking at thé*f@wof pine(Table
S2.4.2), and at the IWUE of spruce (Tabl2 %2). When it occurred the year prior to
ring formation, it was linked with higheq3®Oring in black spruce, but was not
associated with any significant change in jack g#ing. A high annual snowfél
was linked with significantly lowegd*Ciing and significantly highegd®Oring in black
spruce only, with no significant relationships in the case of jack pine effect of
snowfall was no longer significant when using black spiit€®, while thiseffect
switched to significantly positive in the case of jack pine (TaBlé.3) Outputs from
models also confirmed the high betwdese and betweeplot variability both in terms

of growth rates and isotope discrimination, with a very low amount oanee
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explained by the fixe@ffect variables alone (very low marginadquared values but

high conditional +squared values, see TaBl&).

Table 2.1(next page Outputs of linear mixed models of climate effects on tree growth

and isotope ratios. Ormaodel was fitted by species and response variable, for a total

of 6 models. Significant effects are highlighted wgtlay shadings, with significance

|l evels as follwewawsuei Or 0* 00 dvnae &uness* pOO Omedaln s
meanspr al ue; OAR0. OBamean® P. 1-sfigneéfiN&Angi nalnld)
indicates nosrsignificant values. Also shown the marginal and conditiorsgjuared,

i.e. the percemige ofvariance explained by the fixed part and the fixed plus random

part of the moderespectivelyExplanatory variables @remean centered and divided

by the corresponding standaddviation prior to analysesleading to regression
coefficients that are directly comparables between each oRemders are referred to
Supporting Informtion .5 for a biplot from a principal component analysis (PCA)
summarizing results displayed in TaRlé.



Growth Index q*C q®o
Variables Estimate Std.Error  t-value Signif. | Estimate Std.Error t-value  Signif. | Estimate Std.Error  t-value  Signif.
Intercept 0.918 0.051  18.004  *** 17.914 0.127  140.871 *** 35.156 0.486  72.299 ***
CMmI 0.017 0.005 3.804 0.024 0.012 2.024 * -0.306 0.037 -8.166  ***
CMlprey 0.023 0.005 4.8 ok -0.008 0.013 -0.639 NS 0.081 0.041 2.003 *
) Snow 0.008 0.004 1.966 * -0.034 0.011 -3.190 *x 0.164 0.039 4221  ***
S| Ffed fypp 0024 001 2343 * | 0119 0027 4495 *+ | 0211 0081 2607 *
(% VPDprey -0.039 0.012  -3.276  ** -0.126 0.030 -4.167 ¥ 0.212 0.089 2.385 *
_;‘Lé BA -0.156 0.042  -3.709  *** 0.114 0.117 0.984 NS 0.351 0.296 1.185 NS
m TSF 0.003 0.044 0.0 NS 0.040 0.114 0.355 NS 0.207 0.391 0.5 NS
Sl 0.102 0.047 2.173 * -0.074 0.120 -0.624 NS -0.385 0.458 -0.839 NS
Random | Plot 0.261 0.558 2.439
effects (SD) | Tree in Plot [ 0.209 0.734 1.0
R? (Marginal/Conditional) 0.153/0.819 0.068/ 0.88 0.053/0.92
Intercept 1.078 0.060 18.082  *** 20.167 0.138  145.943  *** 35.068 0.435 80.644 ***
CMmI 0.029 0.008 3.59 ok 0.021 0.015 1.338 NS -0.127 0.059 -2.166 *
CMlprey 0.015 0.009 1.581 NS -0.013 0.0 -0.675 NS 0.021 0.072 0.295 NS
Snow -0.018 0.007  -2.437 * -0.019 0.018 -1.062 NS 0.040 0.0 0.574 NS
GC) gfir)é?:(tjs VPD -0.046 0.018  -2.499 * -0.145 0.032 -4.562 0.291 0.127 2.297 *
% VPDyprev -0.012 0.022 -0.538 NS 0.002 0.036 0.0%0 NS 0.369 0.149 2.471 *
% BA -0.010 0.043 -0.235 NS -0.018 0.093 -0.194 NS -0.433 0.317 -1.366 NS
” TSF 0.168 0.081 2.082 * -0.004 0.180 -0.023 NS 0.289 0.590 0.534 NS
Sl 0.007 0.053 0.124 NS -0.165 0.126 -1.310 NS -0.390 0.447 -0.872 NS
Random | Plot <0.001 0.254 <0.001
effects (SD)| Tree in Plot | 0.127 0.604 1.701
R? (Marginal/Conditional) 0.089/ 0.204 0.073 0.&47 0.089/0.7%

G8
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2.4 Discussion

2.4.1 A reduction instomatal conductance during drought leads to growth declines

We observed that 198889 black sprucepCring values were lower andd®Oring
values were higher compared to the 19893 averages (Fige2.4). According to the
conceptual model of Scheideggsral. (2000) this suggests that trees have closed
stomata moretringentlythanbeforeand afer the drought period, which could have
decreased stomatal conductance without inducing changes in photosynthesis rates that
can be detected using isotopic signatures in tree rings. This decrepS$€:ig and
increase inP®0ring Was coupled withower growth rates for both species (Gl < &; z
scored Gl < 0). To our knowledgeo insect epidemics occurred within our sampling
area over the study perig@lso see Figure 6 in Olst al, 2018a) A plausible
explanation for thigounterintuitive relationship (i.e. a reduced growth coupled with

i the hypothesis of a reduced stomatal conductance and unchanged or slightly
reduced assimilation rates) could be a modification in carbon allocsttiategy of

black spruce trees to reduce secondary stem and root (iMathet Sage, @8a)and
preferentially save and invest in nefructural carbohydrate (NSC) reserves
(Hartmannet al, 2015) Indeed, Way and Sag@008a)found that black spruce
seedlings grown at elevated termgtare experienced up to 60% lower growth rates
compared to seedlings at ambient temperature because of arfedtoughinduced
reduction in cell expansion and division. This decreases the need of carbon for
structural building and instead allows tréesstore carbon in the form of starch and
sugargBalducciet al, 2013; Mulleret al, 2011; Way et Sage, 2008al-or jack pine,

the isotopic signatures of these two years were close to thel DP93%averages, maybe
meaning that this species maintained physiological processes relatively unchanged
during the drought. Howeven 1991, tree ringpg-®0ring significantly increased for both
species and this was not mirrored by any changgdi@ing. This pattern can be
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explained by a decrease in assimilation rates that paralleled the decrease in stomatal
conductancéScheideggeet al, 2000) maybe the result of a more stringent regulation

of stomatal aperture which significantly lowered carbon uptake.

Oxygen isotopisignal in tree rings strongly dependent on the composition of source
water. Even if we tried to estimate and remove oxygen isotopic composition of
precipitation (Eg.2), additional nephysiological mechanisms could have been
involved in the interannual differences igd®0ring. First, the taproot of jack pir{Burns

et Honkala, 1990makes this species more respive than black spruce to deep
groundwater inputs, especially when comparing jack pine with lowland black spruce
(Girardinet al, 2008) During years characterized by a fast depletion of surficial water,
jack pine trees could have relied more into deaper reserves whichre usually
characterized by a lowé?O enrichment compared with water from soil layers closer
to the surfacéTang et Feng, 2001Then, we analysed isotopic signature of the whole
ring which is integrated over the entire growing ssea So, we were unable to
distinguish changes p®0ring 0ccurring as a result of a modification in the seasonality
of precipitation input$Xu et al, 2020) Finally, black spruce and jack pine individuals
selected in this study were located in different sample plots. So, we cannot exclude that
betweerspecies differences originate from an effect of environmental conditions on

the sensitivityof trees to drought.

2.4.2 Black spruce responds stronger to low climatic water balandénigh vapour
pressure deficits in summ#ranjack pine

As hypothesized, results from linear mixed models show that an increase in summer
vapour pressure deficit significly decreased carbon isotope discrimination and
increased oxygeanrichmenof black spruce and jack pine. On the other hand, growing
season CMI had only a marginally significant positive effect on black spruce carbon
discrimination but a highly significant negative effect on oxygen discrimination of both

species. This later effewas especiallpigh in the case of black spruce. Because of a
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shallow, adventitious rooting system, black spruce trees have limited access to deep
groundwater reserves and are almost exclusively rooted in the soil organic layer. These
findings suggeshiatsprucerees close stomata more stringently when atmosphere and
soil conditions become increasingly dry, as a means to save water and maintain their
hydraulic integrity. This is not surprising sindeee species inhabiting wetter
environments, such éack spruce, generally show a lower resistance to embolism and
likely have narrower safety margins than species specific to dry environments such as
jack pine(Choatet al, 2012; Wu et al, 2020) Thus, carbon assimilation rate$

spruce could have declinedrly during drought antthis species could be lesHicient

than pineat refilling embolized vessels and stuy carbohydrates within the stem
(Adamset al, 2017) This could makeblack sprucearticularly prone to a scalled

Al egacyo or Al ago effect i n which a dry e
year it occurs but also several years |@derderegget al, 2015b; Huanget al, 2018)

This was observed here through the significant negative effect of summer VDP and
positive effect of growing sson CMI of the year prior to ring formation on black
spruce growth (Tabl2.1 andAnnexe B,Supplement25). Interestingly, we did not
observe any statistically significant lag effect for jack pine. In addition, average carbon
discrimination was higheof jack pine than black spruce, but there was no difference

in average oxygen discrimination between the two species.

Taken together, these results suggest that, instead of different hydraulic behaviours
which would have led to differem®Oring, the diference between the two species in
terms ofqCiing could originate from different carbon use efficiencies. Lavigne and
Ryan(1997)and Ryaret al.(1997)previously observed a lower carbon use efficiency

for black spruce compared to jack pine in the boreal forest of Saskatchewan.
Additionally, black spuce reduces the roa shoot ratio as a response to an increase

in temperature, which exacerbates the negative impacts of droughts by lowering the
capacity of trees to access waérfay et Sage, 2008ajogether with other morpho

physiological adaptations to a stressful, waterlogged and cold envirofiwens et
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Honkala, 199Q) this species exhibits a low acclimation potential to warmer
temperature§Way et Sage, 2008ajhese findings suggest that spruces will be more
negatively impacted by droughts and heatwaves than pines; with a slower and less

complete recovery and a more marked lag effect, as observed here.

We obsered a significant effect of total annual snowfall on black spruce growth,
carbon and oxygen isotope discrimination. Black spruce growth indices were generally
higher in regions and years characterized by high annual snowfall, which means that
trees had eitr higher growth rates than, or growth rates closer to those (in case of Gl
below 1), expected under average climate conditions. The corresponding growth rings
were more depleted HC and enriched itfO than rings from years and regions with

low annuaknowfall. In jack pine, annual snowfall had a significant, negative effect on
growth indices only. In years and regions characterized by a more abundant annual
snowfall, snowmelt and soil thawing can occur late in the season; which can delay the
start of gowth (Vaganovet al, 1999; Verbyla, 2015) This is a likely explanation for

the lower growth indices observed for jack pine trees in years andwiteligher

snow accumulation. For black spruce, an additional snowpack can have helped to
protect the shallow root system of tréEsey, 1983)as well as the newly formed buds
(Marquiset al, 2020a) which would have outbalanced the negative effect of a delayed
soil thaw and growth onset. For this species, the saamifieffect of annual snowfall
observed 013°Ciing andgd®0ring Wasopposite in direction to the effect of soil moisture
availability and vapor pressure deficit (igC decreased angt®0 increased with

high snowfall, with high VPD and low CMI during summer, TaBl&, Annexe B,
SupplementS25). Thisis likely an indication of hydric stress, as already stated by
Walkeret al. (2015)in Alaska for the same species. This could also be the result of a
higher proportion of wood cells formed during the summer seddore summe
formed cells would lead @ stronger summer drought signal compared to growth rings
whose initiation started early in sprind.is interesting to note that, for spruce, the

effect of snow was no longer present when looking*3® values (Supplementary
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Table S.4.2). This could be an indication thatdH®© signature in tree rings is likely

a mixing between the signal from source water (snow water and water from deeper soll
layers is usually more depletedfi® compared with rain water and water froail s

layers closer to the surface) and the enrichment occurring after water entered the trees

hydraulic pathway.

2.4.3 Highinter-tree and inteplot variability in physiologicalesponses to drought

Besides the effects of climate variablescfiCiing and q3®Oring, We observed a high
inter-tree and inteplot variability on isotopic signatures. This becomes particularly
apparent through the strong variability associated with random factors in LMMs,
coupled with far higher conditionalsquared than marginatsguared values. We
hypothesize that such variability results from the high spatial heterogeneity in growth
conditions. First, climate averages differed within the study zone. Easternmost
locationswere, on average, more humid than westernmost plots (Figures 2.1 and 2.3);
and this could have influenced the impact of a bedwerage summer aridity on trees
physiology. Additionally, the intensity of 198889 and 1991 droughts differed
between the stly plots. Some plots did not experience dtf@naverage conditions
during these years (Figure 2.3). Second, some types of substrates, such as poorly
weatheredi.e. relatively young, mainly rocky substrate with no or thin organic horizon)
and dry soil§ L e v et al,i2011; Raneyet al, 2016) could exert a longerm impact

on tree physiology, as hypotiheg e d by L @@l3)to explainethe ditfetence

in q@3C between healthy and dying oaks in Slovenia. In our case, there is a possibility
that this effect occurred at the scale of the mamgironment (e. variations in
topography and soil conditions within the plot), even if we constrained the selection of
trees to similar soil conditions. Competition for water, light and nutrients also decreases
the capacity of trees to physiologically react and adafddt and episodic changes in
their environmen{Sohnet al, 2012, 2014, 2016)hose tree populations subjected to

such a prolonged stress, including a drier regional climate, can thus be more sensitive
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to shortterm stressors such as droughtk e v et al,j2011; Raneyet al, 2016) By
contrast, some microenvironments, referred
the impacts of droughts on trees because of an enhanced capacity to maintain soil water
availability under dry condition@McLaughlin et al, 2017; Stralberget al,, 2020) Our

climate dataset, and more generally gridded and interpolated climate datasets, often do

not accurately estimate differences in microenvironmental conditions and in
groundwater depth, another factor influencireering isotope discriminatiofSunet

al., 2018) This high intettree variability was previously observedRimus uncinata

trees in the Spanish Pyrenees by Komemrl. (2014) and was attributed both to

variations in microclimate conditions, to differences in rooting depth of trees and to
geneticallyd r i ven di fferences iKonteretat 8044 Suphhy si ol o
differently performing genotypeare linked with diverging forcing factors on the

selection of lifehistory traits. Indeed, environmental gradients, such as differences in

regional climate and photoperiod, can influence the genetic structure dMiceswn

et al, 2014)and more specifically their hydraulic trafSepardietet al,, 2020; Isaae

Rentonet al, 2018; Li et al, 2018)

2.4.4 Conclusions

We identified that decreases in tree growth from drought in our study area can be linked
to differential physiological response$the studied speciefferring physiological
variables from treging isotopic composition, which are measures integrated over the
whole growing season and the whole tree canopy, likely induced some uncertainties in
the estimated effects of climate. kaospecifically, we observed a high inrtedividual
variability in these isotopic signatures, which could be related to contrasting microsite
conditions instead of to differences in physiological response to clikhateever, his

high heterogeneitynay dso suggest that some tree populatiansbetter adagdand

can betteacclimate to warmer and dryer conditions than others, and that some areas

could buffer the impact of climate warming on forest productivitye identified
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differences between the tvtudy species, with a longer lasting and stronger impact of
drought on black spruce growth compared to jack pine. This suggests that the
productivity of black spruce stands could decline in the future as more frequent and

more severe drought episodes &ely to occur.

To better target areas most severely impacted by climate change, additional data from
trees growing on contrasting environments are needed. More specifically, there is
currently a lack of knowledge about the response of trees growingeotedbst
accessible and least economically attractive forested areas, i.e. arganpaludified
stands, which represent a high proportion of the boreal biBoisvenueet al, 2016;
Drobyshevet al, 2010) We also usetulk wood materiglwhich could contain carbon

from nonstructural carbohydrates formed during the previous growing seasons. To
address these issues, a networknohitored trees could be established in a subset of
forest inventory plots, where direct measurements of foliaregalsanges would
provide high temporal resolution measures of photosynthesis and respiration. This
would allow to pinpoint causal relationgki between physiological processes and

environmental variables directly instead of inferring them from tirege data.
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Abstract

The car bon PG io tree gngs iscannory uged to derive estimates of
the assimilatiorto-stomatal conductance rate of trees, i.e. intrinsic water use efficiency
(IWUE). Recent studies have observed increased iWUE in response to rising
atmospheric C@concentrations (§, in many different species, genera and biomes.
However, increasing rates of iWUE vary widely from one study to another, likely
because numerous covarying factors are involved. Here, we quantified changes in
IWUE of two widely distributed boreal conifersing tree samples from a forest
inventory network that were collected across a wide range of growing conditions
(assessed using the site index, Sl), developmental stages and stand histories. Using tree
ring isotopes analysis, we assessed the magnitudereése in iIWUE after accounting

for the effects of tree size, stand age, nitrogen deposition, climate and SI. We also
estimated how growth conditions have modulated tree physiological responses to rising
Ca. We found that increases in tree size and stgedgaeatly influenced iIWUE. The

effect of G on iIWUE was strongly reduced after accounting for these two variables.
IWUE increased in response t@, @ostly in trees growing on fertile stands, whereas
IWUE remained almost unchanged on poor sites. Ourtsesuggest that past studies
could have overestimated the g£@éffect on IWUE, potentially leading to biased
inferences about the future net carbon balance of the boreal forest. We also observed
that this CQ effect is weakening, which could affect the feticapacity of trees to

resist and recover from drought episades

Keywords Boreal forest, Canada, jack pine, black spruce, carbon isotope ratios
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3.1 Introduction

The burning of fossil fuels by human populations has led to an unprecedented increase
in theatmospheric carbon dioxide concentratiog) €nce 185FKeelinget al, 2015;

Willeit et al, 2019) As a consequence, average air temperature has risen-ByA0®
since the last centuohnset al, 2003) increasing the vapor pressure def(Eitklin

et Novick, 2017) Trees are sessile and leliged organisms that may acclimate to
these abrupt changes through various mechanisms. Among these, phenotypic plasticity
allows the current generation oféeto alter their morphological tras.g. stomatal
density; Hetherington et Woodward, 20@8)o regulate physiological procesgesy.
transpiration rates; Gundersen al, 2010)in response to prevailing environmental
conditions. Consequently, tr@mount of carbon assimilated each year would vary.
Given the central role of trees and forests in the terrestrial carbonBypclan, 2008)

there is an urgent need to assess to what extent do current global vegetation models
perform: are they able to provide accurate predictions of forest response to future

warmer growing onditions(Babstet al, 2014y

Under rising G, assimilation rate (A) ofrées is expected to increase and stomatal
conductance (gs) to decrea@&ankset al, 2013) Thus, trees may regulate their
stomatal aperture to either maximiserbmm gain (i.e. higher A) or minimise
transpiration loss (i.e. lower gs). Three theoretical strategies for stomatal regulation of
leaf gasexchanges have been extensively described in the literature, that link the leaf
intercellular space C{roncentratior(Ci) to Ca: either a constantiCa constant £Ci

or a constant @Cs could be maintainedFrank et al, 2015; Saureret al, 2004;
Voelker et al, 2016) Until recently, most studies haveported results that are
consistent with a constant/C, strategy(Bonal et al, 2011; Frankset al, 2013;
Saureret al, 2004; Wardet al, 2005) This strategy supposes changes in A andfor g

of moderate intensity ecopared with the strong changes required to keep a constant C

and with the relatively small changes needed to follow a constdnC{dn response
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to rising G. Voelker et al. (2016) proposed that instead of maintaining a single
homeostatic gasxchange sategy through time, trees can maximize carbon gain while
minimizing the amount of water transpired by dynamically adjusting anatomical and
physiological parameters to changing environmental conditions. However, this
dynamic strategy is still under debaad the leaf gasxchange strategies followed by
plants under a Cf£enriched atmosphere remain uncertdiavergneet al, 2019)

These annual and lorigrm modifications in leaf gasxchange variables are imprinted

in growth rings, resulting in density and chemical compmsivariations of the wood

that is produced annuallfessleret al, 2014) More specifically, during periods of

high iWUE, with high A/g, a greater proportion of the heaVi#€ O, carbon isotope is
assimilated and incorporated into biom&Ssrnusalet al, 2013; Scheideggeet al,

2000) thereby increasing tHéC/*°C ratio within the producedood cells.

A long-term increase in IWUE since 1850 was consistently reported for numerous tree
species and geographic locations, and has been attributed to the r¢Battidaglia

et al, 2013; Frank et al, 2015; G i -€noteaveeal, 2019; Lavergneet al, 2019;
Rezaieet al, 2018; Saureret al, 2004; Savardet al, 2020) Yet, the magnitude of

this increase was highly variable between studies, ranging from 10t @®@® fu el a s
et al, 2011; Silva et Madhur,2013) Such variability was also observed when
comparing predictions from terrestrial ecosystem mo@éésri et al, 2019) This is

likely because different taxa have different morphological traits, physiological
strategies and evolutionary histories which could influence their response to sing C
A common observed pattern is a stronger seiyitio C, in angiosperms than
gymnospermgKlein et Ramon, 2019)Another explanation for the high range of
variability between studies could be the existence of developmental and environmental
factors that affect tree physiological processes. For instance, IWUE levels are higher in
older and taller trees than in youwmgand smaller tree@\rco Molina et al, 2019;
Helamaet al, 2015; McDowell et al, 2011; Monserud et Marshall, 2001n this

regard, Brienemt al.(2017)suggested that a large component of the positive trends in
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IWUE could be the result of an increase in size with tree ageing, thereby confounding
the influence of €on iIWUE.

Another source of unceinty comes from spatial heterogeneity in growth conditions,
and their potential effects on tree iW&aureret al, 2014; Shestakovat al, 2019)

For example, high elevation trees generally exhibit lower iIW&lEls and weaker
increasing trends than trees growing in lowlafida et al, 2007; Wu et al, 2015)
Gradients of moisture availability also influence IWUE levels and trends, but there is
currently no consensus regarding the direction of this relatiofalip Molinaet al,

2019; Waterhouset al, 2004) Yet, studies accounting for developmentahtts and
effects of environmental conditions when studying the effects of ae@fiched
atmosphere on treng derived IWUE are still scarce. Improved estimation of iIWUE
in light of the many processes that are involved could help testing vegetatiors model
(Frank et al, 2015) together with constraining these with more comprehensive
paraneter estimatege.g. Girardinet al, 2016a) thereby improving predictions of

forest response to future global chanfles/ergneet al, 2019)

Here, we present unpublished annually resolved Vbt for two widelydistributed
conifer species of boreal North America, black spririega marianaMill.) B.S.P.)

and jack pineRinus banksianhamb.), for which historical iWUE data are still scarce.
The two study species occupy different ecologinalhes and, therefore, have
developed different lifdnistory traits. Black spruce is characterized by a shallow
rooting system and is mostly generalist in terms of soil hydrological conditions, from
relatively welldrained stands to organic substrata tg-like areas. Jack pine has
deeper roots, and is more specific to wikhined, sandy substrata. We analyzed
tempor al v ‘B0-derizdd iIWUEdf §,929 treering samples from 98 black
spruce and 50 jack pine trees extending back to thmgustrial period, spread across
the Eastern Canadian boreal forest and growing under highly diverse conditiems (Fig
3.1a; Table3.1). We assessed the extéo which this variability is related to the rise
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in C,, before and after removing confounding effects of ecological variables, such as

tree size, stand age, climate, nitrogen deposition, and site fertility.

3.2 Materials and Methods

3.2.1 Study area

The study ara covers the territory of the Quebec Northern Ecoforest Inventory

program( NE | ; L ®tab @008) Egure 3.1a)Vithin the NEI, 875 plots were
sampled from 2005 to 2009 and distributed over a 20 degceelongiudinal gradient
north of Quebecbds | imit of commercial fore

within naturally regenerated and unmanaged cowifeninated forests. The plot
network encompasses a broad climate gradient. Westernmost treesvarggn a
warmer and drier climate than trees that are located further east (Table 3.1). The relief
and surficial deposits are also highly variable across the study area, from relatively flat
landscapes and orgasiich soils in the west, to hillsides atfuck till deposits in the
central area, to high hills and rocky substrates further(Rasitailleet al, 2015) As

a result of these environmental gradients, fire return intervals are longer in the east,
making it difficult for jack pine to regenerate naturallye Goff et Sirois, 2004)
Consequently, this species is mostly located in the western part of the study area (i.e.
728 0 AW) .
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Figure 3.1.Study area and sampling strategy for isotope analy@eStudy areand
distribution of the sample plots; (b) sampling strategy of growth rings for isotope
analyses. Color gradient in (a) shows the 192810 averages of summer (June
August) vapor pressure deficits. Note that jack pine is absent from the central and
easterrportions of the study area. This corresponds to the spatial extent of the species
(only present in the west) and is likely the result of different fire cycles (low fire cycles

in the central and eastern portions, which prevent jack pine regeneratieanttssic
species produces mostly serotinous cones). In (b), the two targeted periods are indicated
by gray tones: a period corresponding to calendar years1®®5 (dark gray), and a
period corresponding to 1-height cambial ages 130 years (light gray)Two cases

are illustrated, depending on tree age: in the case of young trees, the period of calendar
years 198581993 is included within the period of cambial ages3Qlears; in the case

of old trees, the two periods are distinct from one another. (cpgyheric CQ
concentration (g for the period 175@005. Shading denotes timperiods covered by
isotope analyses: light gray shading is for the period of 1 m height ring ag$s 11
years; dark gray shading is for the 19803 timeperiod. Note that thase in G is

faster after 1950.



Table 3.1 Climate and physiographic characteristics of the study area. Also shown are the number of trees and stands that
were selected, averages, minimum and maximum values of BAI, iWfE&d tee age (number of rings at ground level) by
geographic location and species.

Statistics Tree species West (787 2 A W) | Center (726 5 A W East (655 7 A W)
Annual temperat -0.98 -1.33 -0.65
Total annual precipitation (mm) 868 892 1002
Snow precipitation (mm) 281 335 395
Precipitation as rain (mm) 587 557 607
Elevation (m asl) 352 532 352
Tree number Black spruce 60 15 23
Jack pine 50 0 0
Black spruce 24 9 11
Stand number Jack pine 29 0 0
BAI (in mm?2 mean: min-max) Black spruce 263.2 (2.51276.7) 146.2 (4.3594.2) | 295.3 (10.91547.4)
' ’ Jack pine 389.5 (20.41830.6) NA NA
i WUE (i n "Omwean| mirm| Black spruce 64.2 (35.4105.7) 69.7 (49.394.7) 69.4 (45.3106.3)
max) Jack pine 51.6 (29.473.9) NA NA
Tree age(mean: min-max) Black spruce 92.1 (33194) 104.9 (37185) 82 (35237)
’ Jack pine 64.0 (32129) NA NA

v0T
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3.2.2 Tree sampling

As part of the inventory program, stem disks were collected at multiple heights on the

stem from 13 uppercanopy trees per plot and species for dendrochronological analysis

(see Girardiret al, 2014; Marchandet al, 2019; Ols et al, 2018b) Disks were

prepared and processed for rAwglth measurement following standard
dendrochronological procedures across fadlii per diskf Mi ni st re des Res
Natur el |l es d Crosdat®@dpaacdcmeasar€mergs)were validated using the

program COFECHAHolmes, 1983)For the purpose of isotop@alyses, we focused

on the 1mheight stem disks as a trad# between the number of available rings and

the regularity of ring boundaries.

The total number of tree samples that was made available for this study was 1914 black
spruce and 352 jack pir{f&larchandet al, 2019) From those trees, 98 black spruce

and 50 jack pine trees were randomly selected from a pool of candidate trees that
satisfied the following conditions: (1) trege at 1 m height was greater than 30 years

in 2005; (2) samples did not contain missing rings; (3) plots were located between 250
m and 550 m a.s.l.; (4) plots were located on moderate tedvaetied sites with an
organic layer < 0.3 m thick; and (5)ilsexture was either sand or loam. This sampling
strategy allowed to control for the altitudinal effect on iIWQNHu et al, 2015) and to
compare trees that experienced relatively similar soil moisture conditions (i.e. only
stands on weltlrained soils were selected, not on clayey soils or bogs where standing
water could be found). Plots that were composed of trees with highly diverse age and
diameter structures were excluded to avoid individuals that have regenerated by
layering. This selectioled to a lowreplicated tredy-plot network (an average of two

trees were processed per plot for isotope analyses). Such strategy, used in some
dendroecological studige.g. Bet et al, 1997; Pontonet al, 2001; Sullivanet al,

2017) allowed to optimize the tradaff between covering the gradient of growth

conditions and standisturbance histories and obtaining results more representative of
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the response of the averagerénl forest. However, this is at the expense of the
representativeness of each of the individual plot populatidasgxet al, 2018)

3.2.3 Variables for tree and staihelvel developmental changes, climate and growth
conditions

As a variable accounting for tréevel developmental changes, the basal area ({Bat)

a tree reached at a specific year was computed fromwitiifp measurements for all

trees sampled during the forest inventory campaign. For each disk, ring widths of the
four radii were averaged and converted to basal area increfBéit$unction bai.out

of the R packagdpIR, Bunn, 2008) Innerbark BA was then computed as the sum of
BAls of theprevious years. We assume that basal area incorporates changes occurring
in physiological processes and architecture as the tree grows larger. In our analysis,
changes in stand development were accounted for through an estimate of the minimum
time-sincefire (TSF). This is a timdependent variable, computed as the grdend|

ring count (i.e. groundevel cambial age) of the oldest of the sampled trees within a
plot. TSF incorporates changes in stand structure and composition (species succession),

as wellas in edaphic parameters (accumulation of organic material) since last fire.

A fertility index (Site Index, Sl) was used as a variable summarizing the
aforementioned differencem physiographic and climatic conditions within the
longitudinal gradient. This index is defined as the maximum height that an unrepressed,
undamaged upperanopy tree attains at age 50 (measured at breast height, 1.3 m). It is

a measure of howtreespgnf m i n view of the siteds biopl
proxy for the suitability of environmental conditions for growth. Sl values, which were

available only for black sprugeL ® t o etaln2808)uvere extrapolated to the entire

areausing measures of similarity of a given locationhwthie sampled stands in terms

of several biophysical variables including climate conditions, soil surficial deposits,
elevation, slope and expositi@@authieret al, 2015b) Jack pine is known for growing

more rapidly than black spruce during its juvenile stage, yet the black spruce site



107
fertility index is nonetheless a good indicator of jack pine's productivity potential for
comparable site conditions (s@enexe C, Figte S3.1).

To examine the effect of int@mnual variation in climate on iWUk, monthly

averages of maximum and minimum temperature and monthly total precipitation were
obtained at a 0.08A x 0. 08-2004sysiagtthifate r es ol u
spline smoothing algorithms which interpo
weather station§ANUSPLIN; McKenneyet al, 2006; Priceet al, 2011) Since

dewpoint temperature or relative humidityaatere not available in our study area for

a timeperiod extending back to 1866, monthly vapor pressure deficits (VPD) were

then estimated following Landsberg and Saf2d4.0)

Eg.l o0 © ™®

wh e rmgxa B dmin 8re the saturated vapor pressures at maximum and minimum
temperatures, respectively, which were assumed to be equal to saturation pressure and

air vapor pressure. Vapor pressure is given, for a specific temperature T, by:

Eq2 - mpnyxy@?® 7 38

VPD values derived from Eq.1 are highly correlated to values obtained using a more
conventional equation including actual vapor preséaillen et al, 1998; see Annexe

C, Figure S3.2)Monthly VPD were averaged and monthly precipitation was summed
at a seasonal scale. Data from the summer season (June to Augest)see for
statistical analyses since the growing season is generally restricted to this short time
interval within the study area.

We also obtained total annual nitrogen deposition (Ndeposity i ha' yr?) for the

period 18662004, extracted for ouplots from the Mendeley NACID-NDEP1
database that provides annual estimates of nitrogen depositions-lan asgatial
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resolution, which were interpolated based ositn measurements, satellite data and
modelled valuegHember, 2018)

3.2.4 Wood samples preparation for isotope measurements

A sampling experiment was designed to optimize time and resources while allowing to
account for temporal changes in both developmental processesmate. From the

148 trees that were selected, two different sets of graomijs were analyzed (Fige

3.1b). First, the 14 to 30" rings from the pith (i.e. 1 rheight cambial ages of 430
years) were targeted to focus on a-pfriod where trees we in their maturation
phase. In addition, growth rings formed during calendar years-1985 were also
targeted (Figre 31b) to focus on a timperiod during which trees had reached
different developmental stages (cambial ages ranging from 11 to 22). yidee 1985

1993 period was characterized by a high climatic variability, and comprised three
consecutive hot and dry summers (198®1) as well as one extremely wet summer

in 1992 Annexe CJFigure S3.3). Together, these two sampling periods allowetbus
disentangle the effect of risingaGn iIWUE from those of changes that were incurred

in developmental stages (kg 3.1b,c).

From each stem disk, a 0.8cm x 0.8cm wood strip, from bark to bark and including the
pith was excised using a bandsaw. Annual rings were individually separated using a
razor blade under a binocular microscope. For the thinnest rings (207 samples, ring
widths < ~0.1 mm), a sledge microtome that was coupled with digital cameras was
used. Wood samples were milled to fine particles using a Retsch MM400 (Retsch,
Haan, Germany) ball mill with stainless steel balls and stainless steel vials to avoid any
potential contamination that would be incurred when using standard plastic vials
(IsaacRenton et al, 2016) The whole wood samples were used for isotope

measurements since several studies have already demonstrated strong correlations

bet ween isotopic si grdltloseirekdacksgrucereh®gtien wo o d
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al., 2015; Walkeret al, 2015)and in many other tree specigtarlow et al, 2006)

The relative proportion of resins, lignin and hesellulose in whole wood of conifers

can varyfrom one year to another, which could generate additional variability in the

isotopic signal, not related to changes in environmental condi(i@assleret al,

2014) However, this additional noise in the isotopic data does not affect correlations
between isotopic signals and environmental gradiergs. g . FleUnh & nlde z

2016; Fuet al, 2020; IsaacRentonet al, 2018; Walkeret al, 2015) About 0.31.0

mg of the milled wood mate®Cig( p evra s miwleli ,gh&
was measured using a Finnigan Delta+ IRMS coupled to an EA 1100/({[aRg, Italy)

at the Stable Isotope Laboratory (B@dlLab, Max Planck Institute for
Biogeochemistry, Jena, Germany), with an average analytical precision better than

NO. 07 & standard deviation (monitored both
standard and duplicated samples, Aaaexe C,Figure S3.4). One should note that

rings that were too thin to be individually separated were not processed, resulting in a

tot al &Cingmpdes paniing the period 178104.

3.2.5 Inference of IWUE from tre@ing carbon isotope ratios

Assuming that no additional discrimination ocewdrrbetween C@assimilation and
growt h r i n g®.f; valuesawerie @wonvertedi to atmosphtrdreering

isotope discriminatioiFarquhar et Richards, 19843ing the following equation:

Eq.3 ¥ ¢

wher®6i 8 the atmospheric stable caifChon i sof
values were obtained from Gravenal.(2017) 17831 8 48C,values were linearly

regressed based on the Franeewl. (1999)dataset.
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According to Farquhaet al. (1982b) the relationship between atmosph&relant
isotope discrimination and the ratio of intercelldi@satmospleric CQ concentration

(CilCy) is as follows:

Eq4 Y 6 O 0 O — o
where a is the fractionation rate'é€O; relative to’CO,d ur i ng st omat al di f
4. 4 a), and b the fracti onadsithefractionatiore dur i n

associated with phod?ethe@rompensaiion pointjndhe1 2 &)
absence of mitochondrial respirati(®ernacchiet al, 2001) oz was computed using

the rpomodelR packaggStockeret al, 2019)using the average summer maximum
temperature, which is representative of the temperature of the photosynthetitiatly

period. Since no climate data were available before 1866 in our study Z2884,865

wz valueswere estimated using the average summer maximum temperature of the

18661900 period. The fractionation term for photorespiratiom{) was added as

recommended by several previous studiselinget al, 2017; Lavergneet al, 2019,
2020; Schuberet Jahren, 2018)

Intrinsic water use efficiency (iIWUg) is defined as the ratio of assimilation rate (A)

to stomatal conductances(gA can be calculated fromCCausi ng Fi ckds | aw:
Eq.5 o 5

where 1.6 is the ratio afiffusivity of water vapor and C£n the atmosphere.
Using Eq.45, iWUE;ing can be derived as:

Egq.6 QuYoO —




111

with Cathe atmospheric C£roncentrationpbtained from Frankt al. (2010)

3.2.6 Statistical analyses

The relationship between BAI and iWklgwas assessed by computing Spearman rank
correlation coefficients using treatsR package, by species. To account for spatial
autocorrelation, the-palues associated with these tests were adjusted to an effective
sample size by perf ortesi(begpndeeetdd 2G02)! | eul 6 s

The main statistical procedure consisted of three distinct steps, which are summarized
in the workflow diagram (Figre 32). The first step, previously deribed, was the
estimation of iWUEng based ortreer i n3¢. Diring the second step, the effects of
environmental and developmental variables on iWigtere estimated and removed.

The final step (Step Il in Fige 32) consisted of the assessment of the relationship
between iWUERng and G, converted to partial pressure of £QPcoz Pascal),
depending on Sl. ThecB», which corrects for the elevatioffect on G, was calculated

using Eq.7:

Eq.7 © pt 6 O

whered  (in Pascal) is the atmospheric pressure, computed using site elevation
following Allen et al. (1998)

Generalized Additive Mixed Models (GAMM) were used to examine the relationship
between iIWUEng and G (gammfunction of the R packag&gcy Wood, 2017) The
effect of the statistical procedure on the removal of develomhérgnds and,
ultimately, the estimation of the effect of 6n iIWUEing, Wwas assessed using three
different GAMM models by species (see lig 32).



112

A first set of GAMMs (the oO6null &6 model s)

assuming that the varialslehad no effect on iIWUfsg. The null models took the

following form:

Eq.8 QuYOx p —  GEi HOQGI—
where — represents the random effect of the tree nested within the plot and

corCARL is an autocorrelation structure allowing for unequafigced observations
(Singer et Wilett, 2003)

In the second set of GAMMs (the o6full o

precipitation, annual nitrogen deposition, and S| were added as covariates. The full

models took the following form:

EQ.9 MQo™YOx p i "YQA'Q "YWO i @00 i 0i Bai 0 i YO

— Q¢ PO

were Size is the basal area of a tree at a specific yed) (F®fFis the (timevarying)
minimum timesincefire (number of years)/PD is the summer vapor pressure deficit
(kPa), Prec. is the summer precipitation (mm of water)seMsitsis the total annual
nitrogen depositionkg N ha' yrt) and Sl is the site index (unitless). Smooth terms in
the GAMMSs are indicated by() in the equation.

In our dataset, tree BA, TSF and total annual nitrogen deposition were highly correlated
with Pco2. Because of this, it is plausi bl e

remove the part of variability in iWUigg that is attributable both tocB. and to these

factors. Therefor e, we tested for ea t hi

new variablesgesT SF,resSize anckedNdeposits Were obtained using a partial regression

mo

t h

r d
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procedure(Dormannet al, 2013; F e r -deUrf[ dreat, 2016) These wariables
represent the raw variables from which the part of variability that is common gith P

A

was removed. 6Control &6 GAMMs thus included

summer VPD, summer precipitation and Sl as covariates:

EQ.10 Qo YOx p i1 Qi "YQRIQQiI "Y'YTGn0 O i 01 Bai i B
i YO — &1 POVQGI—

Estimated degreesf-freedom (EDF) were checked and, if equal or close to 1, the
corresponding covariate was set as a linear term. Otherwise, covariates were set as
smooth terms. Normality and homoskedasticity of residuals were visually assessed.

Concurviy (nonparametric analog of multicollinearity) between fixed terms remained

low( (Afesti mat eo ¢ on c gonourvityfynctionnotitkexR packageo w O .

MuMin, Barto®E& 2018)

Having elimirated these collinear effects from the il stimates, residuals of the
GAMMs (i.e.redWUE:ing) were used to assess the relationship between i¥y@ad

Pcoz. Al 't hough residuals from the o6full 0
variability in aveage iIWUEing originating from different Sl levelsve suspected that

S| could modulate the rate at whigesWUE:ing would vary with Ro2. Therefore, the
interaction between the two variables (See step Ill inif€ig.2) was included in our
models. GAMMs e efficient at describing nelmear relationships such as those
between IWUE and climate. This could increase the accuracy of model predictions
compared to linear mixed models (LMMs). However, this is at the expense of
interpretation ease, since GAMMs dot provide an estimated regression slope for
such nodinear relationships. LMMs were used instead of GAMMs in order to obtain
a range of estimates for the effect ebfon iIWUE:ng (i.€. the regression slope between
redWUE:ing and Ro2, one slope per model). They were fitted, for each species, using
the R packagalme (Pinheiroet al, 2019) TheseLMMs includedredWUE:ing as the

4,
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response variable,cBz, Sl and their interaction as fixed terms, the effect of the tree
nested within the plot as a random term, and a first order autocorrelation error:

Eq.11i o YOx 0 "Y'00 YO — D&l PO i—

Normality and homoskedasticity of residuals were visually assessed. Collinearity was
assessed through variance inflation fac(ui§, vif function of the R packagear, Fox

et Weisberg, 2019)Given that the variables involved in th@eraction term were
highly collinear (VIFs higher than 10) explanatory variables were roeatered prior

to analyses. All statistical analyses were performed using the R statistical software

version 3.6.0.



1. Inferring annual iWUE from isotopic ratios of tree rings

I1. Removal of ontogenetic, environmental and random factors from iIWUE

Size resSize
TSF ~ Pegs —»| resTSF
Ndeposit resNdeposit

iWUErmg ~ 1 iWUErmg ~ Sjze iWUEring 7 RESSize
+ TSF + pesTSF
+ Ndeposit + resNdeposit
+ VPD + VPD
+ Prec. + Prec.
+ Site Index + Site Index

(gesWUE )

III. Assessing the effects of rising C, on iWUE

(Eq.11)

REsiWUE s Pcoz X Site index } LMM

Figure 3.2. Workflow diagram summarizingetltomputation of intrinsic water use

11¢

partial
regression

GAMM

efficiency (iIWUEing) and the statistical procedure. In a first step, iWidtas inferred
from treering-derived U*3Cing. Next, speciespecific generalized additive mixed

models (GAMMS) were fitted to remove effeclsdevelopmental, environmental and
site factors on iIWURg. Finally, the magnitude of the signal resulting from C
(converted to partial pressure of £®co2) and the modulating effect of site index (SI)

were assessed using linear mixed modeNdMs). Equation numbers within red

frames refer to those in the Methods section.
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3.3 Results

3.3.1 Temporal variability in iWURng, growth and leaf gasxchange variables

On average, iWURgwas | o wEGighanmgdhep for jack pine (r
51. 6% 0N ¢ ™o'lfor WidBing, 18. 51 N SCigltdan far black r
spruce (66.19 *friVWBEidl 7 20ma8B NoiCigF@ured f or «
3.3a,b). Even if there was an apparent positive relationship betweenyihjdiited BAI

(Figure 3.3b,c), this relationship was no longer significant when accounting for the

spatial correlation between samples (Spearman rho for all black spruce samples = 0.15,

with an adjusted{value = 0.75; rho for all jack pine samples = 0.016)stéd pvalue

= 0.93). iIWUEing increased steeply after 1950, at a higher rate for black spruce (0.46

Omol “yeard t han for | ac Kyeprl Aneexe(CFig2es350mo |l . mo |
For both species, the intercellular £&ncentration ({§, and thadifference between

Caand G (Ca- C)) also increased, especially after 1975 (F@.4a,b). This parameter

reached a value of 253 ppm and 288 ppm at the end of the study period for black spruce

and jack pine, respectivelyi/C, was temporally unstabfer black spruce, especially

since 1900. For jack pine, this ratio was quite stable since 1900, with a value around

0.75 (Figuire3.4c). In fact, black spruce trees that were recruited directly after the start

of the exponential increase in,Ce. after 850 (Figire3.5a), exhibited iWUEng about

35% higher than pr&950 trees when considering the 4feriod 1130 years, while

BAI of the two cohorts were not statistically different (fig3.5a). These differences

were of smal |l e rCigdam,| with valdes noi statisticdilye diffepent

between the two cohorts for some cambial agesu(Eig5a). For jack pine, the ratio

post to pre1950 iIWUEing was about +20% during the same-jiferiod. For the time

period spanning 1985993, differences iIWUE:ing were no longer observed between
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older and younger trees (kiige 3.5b). However, post950 jack pines exhibited higher
BAls (Figure3.5b).

3.3.2 Response of iWUfgg to rising Ro

As expected, iIWURg increased with the rise ina@or both species (Figure 3.3b).

Assuming that collinear variables did not influence iIWkiE i . e . Onul | 6 mode
found thatblack spruce iWURg linearly increasd in response tasing Gs; and this

increase was abo@t 6 4 ¢ mq IN mall 5 Y)epenel Paof@d.. For jack

pine, iWUEingi ncreased by'(N @4 18mizdeneibaofdd,

(Table 3.2). However, results fromngthe 6fu
included confounding effects from both tree and stand developmental changes, climate

and site fertility (Figure 3.6; see diagnostic below). After accounting for thiese,

linear response of black spruce iWkgo +1 PaofBoowas an i ncrease of
mol*( N 0. 13 Yaam®il gmiofi cant at U=%.N0 D). ,15arcdnol.
mo) for the o6full & and the 6cojatkipinoe,b 6 mode

the estimated regressidfNsDofé€s'svmei e mol 11
significant at U=86(N050. ha de w39 4rmgz Intohl e  noofl u |
6control & models, respectively (Table 3. 2)
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Figure 3.3.Relationship between the partial pressure of, (o2 and i*Cring -

derived physiological parameters (ritmatmosphere carbon discriminatiap;*Cring;

water use efficiency, iWUlgg) or radial growth (basal area increments, BA#):

g#3Ciing expresed as a function of &2, by species. (b): iIWUEg expressed as a

function of Roz, by species. Regression formulas ardajues are shown for linear

mi xed models that are derived from the O&6nu
of 3.56emol mol per +1 Pa of Bo2for black spruce, and of 2.%nol mof? for jack

pine. (c): BAl expressed as a function @bk by species.
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Figure 3.4.Temporal variation in thred@™*Cing -derived physiological variables
involved in the regulation of treeteaf gasexchange. The intercellular GO
concentration (¢ panel a), the difference between the atmosphertcoGrentration

and G (Cai Cj, panel b), and the ratia/Ca (panel c) are presented for the period 1783
2004. Lines represent median valuey, year and species. Shadings denote
bootstrapped 95% confidence intervals around the median (N=10 000 replications),
which were computed for years represented by at least 2 trees (N >= 2, see panel d for
the sample depth, i.e. the number of samples byarehspecies).
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Table 3.2Regression slopef) standard deviations (Std.erroryalues and walues
from the linear mixed models assessing the effectg@f Bl and their interaction on
redWUE by species, according to the statistical procedbre.gni f i cant
0.05 are indicated in bold.

Black spruce

Jack pine

b Std. error t-value p-value b Std. error t-value p-value

Peoz 3.642 0.148 24551 <0.001| 2.644 0.131 20.140 <0.001

Null ) Sl 3081 0822 -3.746 <0.001| 1.086 0935 1.161 0.256
Peo2xSH| 1430 0124 11537 <0.001| 0171 0130 1.323 0.186

Peoz 0140 0.129 1.087 0.278 | 0.106  0.117  0.905 0.365

Full | Sl 0.066 1.018 0064 00949 | 0.067 1.008 0.067 0.947
Peo2x S| 1098 0107 10234 <0.001| 0.250 0.115 2.180 0.030

Peoz 2555 0.152 16.765 <0.001| 0.941 0.143  6.603 <0.001

Control | S 0329 0891 -0.369 0714 |-0.024 1231 -0.020 0.984
Peo2xSI1 1165 0127  9.148 <0.001| 0.008 0.140 0.056 0.956

ef f ect
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Table 33Resul ts from OFull &6 and 6Control o
(GAMMSs). Estimated degree of freedom (EDF}y#&ue (indicative of the relative
contribution of each explanatory variable to the variance of the response variable) and
p-value are provide for each explanatory variable, as well as the adjussegiared
values (total amount of variance explained by the model) and number of observations
processed, by species.

Black spruce Jack pine

Variable EDF F-value p-value | EDF F-value p-value

Size 2.55 28.05 <0.001 | 4.04 5.64 <0.001

TSF 3.83 6.52 <0.001 | 2.69 5.12 <0.01
. VPD 4.86 6.78 <0.001 | 4.49 10.12 <0.001
% Prec. 6.39 6.79 <0.001 | 6.20 2.57 0.010
E sI 228 861 <000L| 1.38 076  0.300
T Ndeposits 2.37 8.20 <0.001 1 9.46 <0.01

Adjusted Rsquared 0.439 0.285

Sample number 2560 1266

RESSIZe 1 33.95 < 0.001 1 5.71 0.020

resI SF 3.70 12.39 <0.001 | 5.48 29.48 <0.001
% VPD 4.91 8.04 <0.001 | 4.77 11.89 <0.001
-é Prec. 6.36 6.94 <0.001 | 6.12 2.39 0.020
:9 SI 1 10.76 <0.010 1 0.80 0.370
§ red\deposits 1 6.46 <0.010 | 3.10 3.36 0.020

Adjusted Rsquared 0.237 0.0476

Sample number 2560 1266

Ge
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Figure 3.5.Median iWUEing, *@ang and basal area increments (BAI) for (a) the
period spanning 1 m height cambial ages30lyears and (b) the period spanning
calendar years 198893, for trees recruited before (dotted lines) and after (solid lines)
1950. 1950 corresponds to the stamxgonential increase inefGGray shadings are for
bootstrapped 95% confidence intervals (N=10 000 replications). The establishment
date of the trees was determined based on the first (i.e. minimum) calendar year that
was registered in grourddvel stem rail-sections.
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3.3.3 Diagnostics of collinear variables

Among all collinear variables that were tested, we found that TSF and tree size
significantly influenced iWUE.g, even after removing the variation common to these

variables and & (Figure 3.6). For both species, IWUk varied nonrlinearly with

resI SF the period spanningesTSF-60 to 5 (i.e. during the first 66 years after a fire,

seeAnnexe CFigureS36) was charact er i‘deeahselnylace 20 e n
spruce iWUEng. After that, black spruce trees recovered their initial iVMidevel.

For jack pine, WUEngdecr eased from ¥Fduring the pérbd € mo | r
corresponding te30 <reslT SF <-4 (i.e. during the first 46 years after a fire, Ae@exe

C, Figure S3.6), then returned to its initial level. iWUE increased linearly with the

size of bl ack spruce tr ee’siniWUEingforeasnn i ncr e
+1000 increment iResSize (i.e. approx. for each +10 greeeAnnexe C FigureS3.6).

For jack pine, the effect of tree size on iWldBvasfar lower than for black spruce

( +0. 22 -ifoneach +&0Od increment {esSize).

Interannual variability in vapor pressure deficit during summer months, together with

its longterm trend, influenced iWUlg. For each +1 kPa in summer VPD, the
iWUEingof bl ack spruce i nlcForgaekpiredthidincreatewds & mo |
about twice the value that waslinodasanr ved f
IWUE/ing for each +1 kPa). The effect of summer precipitation on i\W&as

negative but barely significant for the two species (Hig3.6). Residualized nitrogen

deposition gedNdeposit) slightly but significantly increased the iWldEof both
species, wit Hinceasé iniWdkgofithe two species for each 1 unit

increase irkedNdeposit, i.e. approximately for each 1 kgNtlya! increase (Tabl8.3,
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Figure3.6). These variables largely contributed to the positive trend in iM3ice,
after removing these effects, trends were greatly loweredr@3y7).

Temporalvariability in BAl depended on the fertility level of the site, especially for
black spruce after 1970s. For this species, trees on the most fertile stands experienced
better and increasing growth rates (median 12006 BAI = 288.27 mrfor trees on
stards with Sl above 13.5, red colour in Eig3.8a) while, on the poorer stands, black
spruce growth rates were lower and declined (median-2008 BAI = 112.00 mih

for trees on stands with Sl below 10.5, blue colour infe§.8a). For jack pine, BAI
decined since 1950 whatever the fertility level, but the decline was steeper on the
poorer stands (median 192005 BAI on poor stands = 185.13 firmedian BAI on

fertile stands = 276.53 nfnfrigure 3.8a). This pattern persisted when removing trends
from devebpmental processes and considering a higher range of growth conditions
(Annexe C,Figure S3.7 and Table $.1). Site fertility index also significantly
modulated the response of black spruce iWiJB® C.. For this species, trees that have
grown on fertilestands (i.e. stands where trees were expected to reach at least 12 m at
50 years) had lower average iWkJE while they also experienced the highest
increases in iWURg, wi t h a 3indease foneadn 1 Radncrease daP
(Figure 3.6 andAnnexe C,FigureS3.8). In poor stands (i.e. sites where the expected
height of a 56yearold tree is about 9 m), iIWUig did not increase significantly with
rising Roz (Table3.2 and Figire 3.8), partly because iWUkg levels were already

high in these sinds at low Po2 (Annexe C,Figure S3.8). At higher Roz, iWUE;ing

levels seem similar for different site fertility indiceBnfiexe C,Figure S3.8). In
contrast, the increase in iWkHg was of similar magnitude regardless of the site index
for jack pine (Table3.2 and Figire 3.8). After accounting for the CQeffect, the

remaining longterm trends irkedWUE:ing Were almost null (Figre 3.7c).
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Figure3.8. Assessment of the modulating effect of growth conditions on the M{UE

response to £ (a) Median basal area increment (BAI), by species and stratified
according to the site fertility. Lines are for median values of observed BAI, by year,

range of sitedrtility and species. Shadings are bootstrapped 90% confidence intervals

(N = 10000 replications). Dots represent median BAI of growth rings that were
sampled for isotope analysis. The blue cur
plots with Sl below@ . 5; t he green curve (fiModer atebo
wi t h SI bet ween 10.5 and 12.5; and the re
with Sl above 12.5. A low site fertility index is an indication of poor growing
conditions. (b) Residual iWURedWUE) depending on the Partial pressure of.CO

(Pco2) and the species, predicted for three specific values of site fertility index (Sl,
ALowo = 9. 5; AiModerateo = 11.5; AHIi gho =
mixed model fitted usinges WUE fr om t he O&écontrol d Gener
models. Diferences in average iWUk due to different site fertility levels were

previously accounted for and removed (seaifg@.2 and3.6). In an ecological point

of view, redWUE represents the variability in iWUE that is not the direct result of

climate (VPDand precipitation), tree and stand development (tree size, TSF), site
fertililty level or nitrogen depositianThis residual variability could thus be attributed

to changes in atmospheric €©@oncentrationsHere, the figure displays only the

changes irResWUE: ing With Pcoz at different site fertility levels, i.e. the way SI modify

the effect of Ro2 on RedWUE:/ing (different regression slopes for different Sl levels).

(c) Position of our sampled plots (black dots and triangles) along the longitudinal
gradient, together with the Sl of the area (color gradient: blue = low Sl to red = high

Sl).



3.4 Discussion

In this study, we identified large uncertainties about the proportion of positive trends

in iIWUE:ing effectively attributable to £ and the proportion that is merely the result of
changes in tree and stand developmental stages and site attributes. Bfeohavihat,
especially for black spruce, the magnitude of the €f€@ct varies across the landscape
because of differences in site fertility. We identified that estimates of theefi€at

are sensitive to the statistical procedure. We also observededifiWUEng levels

and trends between the two species. Below we discuss further in details these aspects

in addition to pointing out some methodological limitations of our approach.

3.4.1 Tree size and stand age strongly contribute to-teng trends in IWUE

Marshalland Monserud(1996) used treg i N méasurements from three conifer
species as a means of demonstrating, for the first time, thahdCtree ageing act
togethe to modify leaf gasexchange variables in woody plants. Twenty years later,
Brienenet al. (2017)extende these findings to four other woody species, including
three broadleaved species. The later study highlighted the strong bias in the estimation
of the CQ effect on iIWUE that could arise from not removing or accounting for tree
and stand developmental ids. Voelkeret al. (2006)also observed an age effect on

the relationship between tree growth rates agd C

Here, we show that the combined effect of tree size and stand age on black spruce and
jack pine iWUEing is far higher in magnitude when compared to the effect of climate.
We observed that these developmental effects persist much longer than the earliest
phase of stand regeneratibpnt he #fAj uvenil e phase, 0 usually
growth; see e.g. Gagemal, 2008)and probably last over the entire tree lifespan. Such
developmental effects on iIWUE& were previously reported for other tree cpe
(Esperet al, 2010; Gageret al, 2008; Hietzet al, 2005) For example, the magnitude

of increase in iIWUE with tree size varies, depending upon the species $Rrikeen
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et al, 2017) Indeed, we show that the increase in iVMkdRith tree basal area was far
lower for jack pine than for black spruckhis, together with a stronger partial effect

of soil moisture availabilityHogget d., 2013)on iIWUE:ng of black spruce compared

to jack pine over the period 19@D04 Annexe CJFigureS3.9, Table 8.2), suggests

that for the former, sizeelated hydraulic limitations and changes in water né€dsh

et al, 2004)have a strong effect on tree physiology. Moreover, stand age induced
significant trends in iWURgg of both species. The-shaped relationship between TSF
and iIWUEing suggests the existencea threshold for the balance between water needs
and supply, perhaps linked with staledel developmental changes such as canopy
closure occurring about 48 years after a fire. Inténdividual competition for water
could have increased with the inase in tree biomass and foliage area, which would
have forced trees to use water resources more efficiently. An increase in assimilation
rates with canopy expansion could also explain the increase iniWWwth tree and
stand development.

3.4.2 Site fertility as a driver of heterogeneity in g€ffects

We determined that site fertility had a strong effect on i\WAgBf black spruce, both
directly and indirectly through a modulating effect on the response.t&dt this
species, iIWUR.g was lower, on averag for trees growing on areas that were
characterized by a higher site index than trees in low Sl areas, especially for early
formed growthrings (i.e. lifeperiod 1130 years; Figre 3.6 andAnnexe C, Figure
S3.9). Moreover, these trees that were locabedfertile stands also exhibited the
strongest iIWUEng response to £(Figure 3.8 and Annexe C, FigureS3.8). This
highlights a far higher increase in iWklg for these trees compared to those growing
on poor soils, for which iIWUlgg level remains high and relatively stable over the
whole study period. This pattern, already reported in Al§@SkHdivanet al, 2017)and
similar to the pattern observed along an altitudinal gradiMaxwell et al, 2018; Wu

et al, 2015) could result from lowr nutrient and moisture constraints on



131

photosynthetic processéte Oliveiraet al, 2012; Leonardiet al, 2012)on fertile sites
compared to poorer ones. The later were characterized by shallower, less weathered
soils Annexe C,Figure S3.10). Maybe trees on these poor stands kept a constantly
high iIWUEing level in response to chronic environmental stresses; whés on fertile
stands were not stressed underipistrial conditions but progressively increased
their iWUEing as a response to global warming. Black spruce trees on poor stands
experienced lower growth rates and a steeper decline in their granttréles on more
fertile stands since the 1970s (kg 3.8a), which adds credibility to the hypothesis of
nutrientlimited photosynthesis processes. Note that these fed#dipendent
differences in black spruce BAI levels and trends persist even afteving trends
arising from developmental and demographic processes in addition to considering a
wider range of growth conditionsAnexe C,Figure S3.7 and Table $.1). This
hypothesis could also explain the absence of growth stimulation concurrenhevith t
increase in iIWUERng that was observed here (Erg 3.3b,c) and which has been
previously reported in many studiésGi g-Qroteaeet al., 2019; Pe feuad,l as
2011; Savardet al, 2020; Silva et al, 2015; Zhanget al, 2019) The significant
increase in iIWUERng with nitrogen deposition we observed was already stated in
previous studied_eonardiet al, 2012; Savardet al, 2020) This is likely the result of

an interception of a large portion of atmospheric nitrogen inputs by tree cfGaige

et al, 2007) that increases leaf nitrogen concentratibnssts photosynthesis capacity
and, consequently, increases carbon assimilation (Biemns, 1989 Zhou et al,

2018) Thus, this is an additional indication of a nutrient limitation on photosynthesis
rates. These findings indicate that higthggsitive IWUE trends that have been
previously reported in treeng studies could be mostly representative of tree
populations growing in the most fertile areas and in areas where plant growth is
strongly limited by climat€Klesseet al, 2018)
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3.4.3 The apparent effect of{©n iIWUE s strongly lessened after removing effects
of collinear variables

The integration of site fertility and developmental changes in models would enable

more accurate estimation of WLl responses to rising sCand may decrease
discrepancies between modelend observed valug¢kavergneet al, 2020; Masri et

al., 2019) These developmental trends, until now, were rarely takeragtount when

assessing the effects of a £€énhriched atmosphere on tree Wk but see Marshall

et Monserud, 1996A high degree of uncertainty remains regarding the way in which

the effect of G can be disentangled from trends that are induced by developmental
changes. When accounting for such wvariabl e
- erroneously tha rising G had absolutely no effect on tree physiology (T&hB).

When using residualized variables (irgsSize, resTSF andred\Ndeposit through

6cont r ol Qeffeciomhsesigrsficant buE considerably lessened compared to the

situation where devel opment al changes wer e
32) . Thus, t heondWUEH;shdulddi¢ Joraesvhere betwedd values
that have been reporttdh r ough t he o6control & and oO6full 6

We found that longerm iWUEing variability that is attributable to £Lcould be
overestimated, at least, by-481 % if developmental changes, climate and differences

in site conditions are not accounted for. Previously reported iWUE trends for the study
species(Dietrich et al, 2016; Sullivan et al, 2017)and many other tree species

( Pe T wetedl, 2&L1; Silva et Madhur, 2013youd thus contain a strong signal

attributable to developmental changes and should not be viewed as the result of global
change al one. Her e, we assumed the O6contr
accurate in removing unwanted signals (ff&B.7). Suchan approach, or an improved

version, should be used as a standard procedure in future studies.

An overestimated iIWUfgg response to £vould lead to overestimates of the efficiency

gain of a tree, which, under a g@nriched atmosphere, results in lessexr being
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transpired per unit carbon assimilated. For example, if we make the assumptions of a
starting i WUE v-4hndaVPDf0.30kPadwhich cormespbnds to
the average 1982010 summer VPD normal at our plot locations), with an inereés

1 Pain Ro2at a given site, the "'null” models predict that the iWUE of a black spruce
tree wil/l i ncr e &slreothérywords,. a8séming i dided amoubl
assimilation rate of 1 mole of carbon (i.e. 12 grams of f@ptheestimated decrease

in stomatal conductance by 706.12 moles of water translates into a decrease of 3.83
moles of water being transpired, and to a seasonal saving of 69 mL of water from
increased & However, after accounting for developmental changes, geitro
deposition, climate and site fertility (i
expected water saving under a +1 Pa atmosphere is only of 52 mL of water per mole

of carbon assimilated. For jack pine, the saving would be about 51 mL of water per

mol e of carbon if estimated using &énull 6
of carbon if estimated using the o6control
IWUE:ing response to &hat is induced by stand fertility suggests the existehbage
uncertainties in vegetation model predictions of carbon sequestration at large spatial
scales, such as the whole forest biofhavergneet al, 2020) and could amplify

overestimates resulting from not considering collinear factors.

3.4.4 Speciesspecific sensitivity to €

We observed that the magnitude of tiUEing response to &2 differed strongly
between the two species. The effect @Fon iIWUE:ing of black spruce was more than
twice as strong as that estimated for iIWkJEOf jack pine, suggesting some species
specific adjustments of leaf gagchangevariables to rising & For jack pine, the
ratio was relatively constant over the study perfangxe CFigureS3.11), as it was
observed for many species and regi(Bsnalet al, 2011; Frankset al, 2013; Saurer
et al, 2004; Ward et al, 2005) This suggests that, for jack pine; €uld have

increased proportionally withgleading to an increase in iWkHg of approximately
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20 % since 1900. For black spruce, all three leateggahange variables were ron
stationary over the study period, as previously highlighted by a-anetgsis
encompassing numerous woody spediéeelker et al, 2016) For this species,
IWUE:ing increased on average by 55 % since 1900. Previous findings already reported
steeper IWUE trends in spruce compared to pine in the boreal SiBartieeret al,

2004) During the last two decades (198004), Gi Ci of black spruce stabilized at
~120 ppm (Figre3.4b), suggesting that, @ creased in parallel withfOver this recent
period. This could be the result of a less intense regulation of lea#xghange
variables compared to the pt880s period, even if the iIWUk of black spruce
remains higher than that of jack pine. This may potentially lead to aifayver the
capacity of black spruce trees to resist and recover from droughts in the future,
especially in old and dense stands located on dry subdiateset al, 2012, 2014,
2016) This lowering in the historical increase in black spruce i\WiglBwvhich has

been reported elsewhere in other tree spéGageret al, 2008; Linares et Camarero,
2012; Waterhouset al, 2004) may contribute to reinforce the hypothesis of nutrient
limited, saturated photosynthesis. This decrease in black spruce IWUE trends could
also be the result of a limitation of photosynthetitivity by photooxidative damages

as it was previously observedhicea abiegYanget al, 2020) This, in canplement

with the observation of similar pe$®80 iWUEing levels in poor and fertile stands
despite huge differences in pt@80 levels Annexe C,Figure S3.8), suggests that
black spruce could have already reached its maximum photosynthesis capakity, an
may be physiologically not able to further improve it.

We also observed lower iWUEg for jack pine than for black spruce, regardless of
fertility level and timeperiod @nnexe C,Figure S3.5; S3.8 and $.11). Previous
studies based on model simulations within the same study area -aitd geas
exchange measurements in Saskatchewan have found higher water use efficiency for
jack pine compared to black spru€arardinet al, 2012; Sullivanet al, 1997) Even

if our results appear to contradict these previous findings, these are very different
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variables which are not readily comparable. IndeddlewGirardinet al. (2012)and
Sullivanet al.(1997)reported results from instantaneous waiee efficiency, i.e. the

ratio between assimilation and transpiration at the leaf levely tieen'3¢-deiived
IWUEing are estimates of the lekdvel ratio between assimilation and stomatal
conductance integrated across the whole canopy and the entire growing season
(Medrano et al, 2015) These contradictory results could also arise from high
environmental and intendividual variability (Lavergneet al, 2019) Such species
specific variability in physiological processes could be linked with diverging adaptive
strategies. Jack pine hasoaver specific conductivity, a lower leaf area, and a deeper
rooting system than black spru(®lake et Li, 2003) that might be the result of an
adaptation of the former to drier, betthained environments. As a consequence, jack
pine is less vulnerablto cavitation(Blake et Li, 2003) more drought tolerant and
better able to cope with moisture limitations as it is less parsimonious at using water

resources than is black spruce.
3.4.5 Methodological limitations

In this study, we used a specifiampling strategy to target growth rings of interest, i.e.

one lifeperiod of cambial ages 130 years and one tinperiod of calendar years
19851993, allowing to disentangle the effects ofCtrogen deposition and climate

from those induced by devg@mental processes. More specifically, the3Dlyears
life-period allowed to compare trees at a similar developmental stage. However, one
drawback of this strategy is a low sample replication over a large part of the study
period (Figires 3.1c and 3.4d). While this could potentially lead to results not
representative of the whole tree popul ati o
the data including only years represented by at least ten trees showed that the patterns
of the var i ab krewndsimilartothosa dbtaineld dismgthe $ull dataset
(Annexe CFigureS3.12).
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Another uncertainty may originate from the use of iIWkdEoO investigate the CO
effect on tree physiology. Indeed, iIWklgis not statistically independent of, §ince

it is calculated using £&ndgd3Ciing, and testing for the effect of.6n iIWUEing could

be considered as circular in reasoning. We reported results based both ofmdWUE
(main document) angCiing (Annexe G as a sensitivity analysis. Our conclusions
partial effects of tree size, stand age, climate, nitrogen deposition and site fertility were
found to be similar using either iWUlg or carbon discriminationAnnexe C Figure
S3.13). However, in jack pine we observed that the effectcob Bwitched to non
significant when consideringest*Cring instead ofredWUEring (Annexe C,Table

S3.3), which is in line with the relatively constant/C; ratio we observed for this
species over the study period (kg 3.4c and Annexe C, FigureS3.11). This
comparison suggests that the legegm variability in iIWUEing should be studied in
parallel with temporal variability in each of the three leaf-gashange variables in
order to avoid any logical fallacy (circular reasoning) or misinterpretatiospii@e
these apparent shortcomings, iIWUE is still largely reported in ecophysiological studies
based on treeng isotopeg e . g . -Gkateguet aly 2019; Savarcet al, 2020) as

it is easier to interpret than the atmospherereering carbon discriminationg§>C)

and is a useful metric for parameterization and benchmarking of predictive models of
forest growth(Charneyet al, 2016; Franket al, 2015; Girardinet al, 2016b)

Finally, numerous other environmental variables could have inducadges in
IWUE:ing. For example, higher summer air temperature increases iWyd& a result

of increased photosynthesis rates and a stronger stomatal ¢Reticiiet al, 2018)
However, temperature and VPD are highly collinear since the former is used to
compute the later. Sensitivity analyses showed that inclusion of maximum summer
temperature did not increase thequared of our GAMMSs, but instead increased
concurvity betwee variables, and consequently, the uncertainty related to estimated
partial effects Annexe C, Figure S3.9, Table 8.2). Moreover, soil moisture

availability would have been a more representative variable of changes in trees water
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availability through timeHowever, proxies of soil moisture are available only since
1901, which means that their use is at the expense of sample size and statistical power.
Alternative models that include soil moisture indéxMI; Hogg et al, 2013)
nonetheless, corroborated our conclusion by indicating significantly decreased
IWUE:/ing of both black spruce and jack pingnphexe C,Figure S3.9). Additionally,
atmospheric pollution, e.g. industrial pollutants such ase®@ NQ, could contribute
to increase IWUESavardet al, 2020) However, these pollutants may have had a low
impact on our sampled trees becaus@eféelatively remote location of the study plots,
far from any major city. We considered nitrogen depositions in our analyses, which
had a limited effect on iWUlgg, as already observed in the northeasterf US®v e s q u e
et al, 2017) Finally, information at the plot level is lacking about changes that have
occurred in the structure and composition of the stands. More specifically, variations
in competition pressure through time could have contribiotetbdify iWUEing (Som
et al, 2016) The inclusion of TSF is expected to have helped counteract this drawback
commonly encountered in dendroecological studies by partly accounting for these

temporal changes in stand demography.

3.4.6 Conclusions

In this study, we observed a high contribution of tree size and stand age to IWUE trends,
which highlights the need to sample various developmental stages to obtain results that
are representative of the response of the whole tree community to climage.chiais

also points to an urgent need of a standard statistical procedure to remove these
developmental trends prior to evaluating the effect of risingn@reering IWUE; the

one we propose here can serve as a starting point. Secondly, the high spatial
heterogeneity we observed in the magnitude of thee&i®ct underscores the need to
make optimum use of currently available forest inventory datasets and sample
collections. Considering our results, tr®g based isotope analyses should be

systematicdy included in national forest inventory protocols as a means of monitoring
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the physiological response of trees to climate change under diverse environmental
conditions. Last, our findings show that black spruce trees are continuously and
dynamically adjusng their leaf gasexchange variables to maximise the ratio between
carbon gain and water loss. This temporal instability, combined with any undetected
adaptive variation at the species lefi@¢pardietet al, 2020) will add to the difficulty

to accurately estimating future physiological response of trees under a warmer climate.
Ultimately, overestimated iWUlgg responses to £could lead to biased inferences

about the future net carbon balance of the boreal forest.
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des anal yses decshipmiogpureis®td@ss pcheyrsniecso. Ces dc
propri ® ® de | a province du aQue®ke&d,nvetnt @l

appartenant ) di verses structures gouvern
exceptionnell es qui gagner ai ent " °tre wut
scientifique. Un portail internet o f f r an't une mei l | gllewree vi si b
accessibilit® auxpodona®és °dr sp dalied | pisst e
r®pertorierailte,s pdaorcakksmpl ens pour | esqu
disponibles, lanaturedeceless , et | a pr oc ®d u(voe Gifardis ui vr e
eta, 2021 pour wun tel projet ° |1 06®chell e du
42 Forte variabilit® spatiale et temporel]l

sur | a croissance et | a physiologie des
Dans | e premier chapitr eancendegreissamcesunla obs e
p®ri odx00159,70de m°me que | a sensibilit® au
de | a zone do®tude. Nous avons pu identi f

croi ssance des arbres qatit €eowndrmii diali ietn® , s p
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ces facteurs, |l a position de | 6arbre | e | o
sensibilit® des ®pinettes aux fortes chale
chapitre, nous avloan sf eRrgtail leinte@ td u dsintte fd ®mn
corr ® ®e - | 6efficience doutilisation de
accentuant LéesefBete€0Oen ® ®vation sont part
notr e ai(voieFigdré 83t10ptiseo n t caract®ri s®s par un
donc relati vement sec. Cel a | ai sse "’ pe
restreignent | a capacit® dbéassi mi paati on pt

ailleurs relativemenp e u a d a pt ® e csaSurxcesmilidux, la aroissasoe des
arbres pourrait °tre encore moins bonne si
vite et trop intens®ment et si ces arbres

des s®cher esses edxceptiomales. Descanditors plasehawdbsa | e u r

au printemps | eur seraient d®f avorabl es ca
t r op.Ld ©Og h ® nde deopgpulations est,eneftetd apt ®e ~ un, cl i mat
ce qui permet aux arbres dei mi t er | e ri sque @gmeroeti ® aux
Bugmann, 2018)Au contraire,ls8 ®pi nett es | ocali s®es dans |

| 6aire ®tudi ®e sembl ent r ®agir poEfesti vemen

apparai ssehttr e®®gmdieimensensi bl es aux temp®r e

pr ®c ®dant | a ernke.oGesnabstervations pourraient indiquer que ces

popul ations do®pinettes sont soumi ses ° L
r®cents, ce qui pourrait expliqguer quobell e
de croissance. La zone ouest, outrecuni mat pl us chaud, est cal
bien d®vel opp®, ~ forte composante organic
r®sul tats tendent donc ° indigquer, comme d

de cette th se aarnsiiclgeuse ddea(hMdyanghlihetssi,ee urr®c e n
2017; Stralbergetal, 2020) qQque <certaines zones caract ®r
physi quepareedepjara e, capacit® de dragram@ge mod
commefacteur @ at t ® was affets dem changements climaggul es esp ces

| i gneusekesbopro®auleast.i ons do®pinettes dans |
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au fil des di ff®r entes g®n®r ati ons, s ®I
physiologiques leur permettant de se maintenir et de profiter du cliostpaud et

seg comme par exempl e des canaux.conducteur

OQutre <cette forte h®t®rog®n®i t® spatial e,

variabilit® temporelle dans | 6®vomentti on de
chez | 6®pinette. Nous avons not ® quobdapr
| 6efficience doutilisation de | 6eau de ce
ann®es 1980s. Ceci , comme discut® au troi :
doun seui l pdheyl s"i odluogguiegu el 6a®pi nett e ndest p
taux dbéassimilation photosynth®tique, m° me
Ce seuil pourrait °tre modul ® par Ilea di spo
contrainte © | a croissance des arbres | oca
plus fertiles, sur | esquels |l es arbres av

| 6eau relativement faibl"™ijcdeedsela®dosec ®t

soumi s, r®cemment , ) des changements aya:
i mportante. Cela se traduit, chez | es ®pi
doutilisation de | 6eau beaucoup spitess mar ¢

pauvres (chapitre 3). Cela pourrait indiquer que les changements environnementaux, et
surtout climatiques, deviennent de plus en plus contraignants, surtout au sein de ces
populations les plus productives. Contrairement aux arbres sur sites petusees,

ces popul ations ®taient jusqud”™ r®cemment

l es individus sur l e | ong ter me. Ell es p

atmosph re plus chaude et s che @mues viend:]

ponctuels de plus en plus fr®quent s. Ces p
croissance chuter drastiquement et l eur s
i mportante que ceux des popul atilemerds | mpl ar

les moins productiffMcNulty et al, 2014; Olset al, 20200Pour °tr e en mes.
veri fi er se adasamlyshsylpsoappinofondiestn ® c e s, pan éxermes
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en groupant les sites fonctiondelews i mi $lhmra ta®nal yse par cl ust
Ch(Chapitre 3) est pro®ehée®esitéa Fngu®E ® S
fertilit® (1 QS), préccdguec tdiuv ipte@,p | eepmperna x, i m®@e s
BAl des arbres ur | es 20 dlLes coriclusiores sontasensilfieenent les
m° mes que cesaulclemgitre3En ®gamant |aRrelation entre le BAI et la
concentrationen COat mos p h ®r i qtsw leusnes psipus@aductifs, on
observe des val eur s de BAI significatiyv
concentrationsdeCGQ pour | es ®pinettes (Figure S4.2

faible et marginalement significative.

4.3 Uneffetdess ari ations interannuelles et des t
de | 6esp ce
Tout au | ong de <cette th se, nous avons

climatiques intefannuelles sur la physiologie des arbres et des impacts sur leur

croissance qui flif ®r ai ent pour chacune des deux e
gudbaffect® physiologiqguement par | 0®pi sode
2) , a C o0ns ¢Crel@ativement stabld surde Iddg terme. Cela indique un

ajust ement amo dit®reRs dpelsy piaal ogi ques chez cet
Cette observation sugg re ®gal ement un deq
de croissance plus chaudes (chapitre 3). L
®t ® peu I mpasyg®meptas Cclismathi ques des troi s

certaines localisations, l e pin apparait

environnement . Au contraire, | 6®pi nette e
changements environnementauxX i@er venus depui s l 6i ndustri
esp ce, | 6augmentation de | 6efficience dbo
b®n®f i cier ~ | a croissance des arbres, sen

plus prononc® (sthraps s relsi mateitqBgs Lestradu

bai sse g®n®r ale de |l a croissance au cours
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Ces effets propres ° | 6esp ce pourraient j
en relation aveclesnich@c ol ogi ques occup®es par chacun
retrouv® habituell ement sur | es milieux sa
avoir s®l ecti onn® un-phgsiolegigues luiepermettanttde ai t s

maintenir plus efficacemessta cr oi ssance | ors doune s®che

rapidement des taux de croissance comparahb

2). Ces adaptations, incluant un r®seau r a
eaul oc al i s ®emchad gpnofendes dussol peuvent ®gal ement i
| 6esp ce plus apte ° maintenir sa croissa
(chapitre 1). Au contraire, | 6®pinette est
®daphiques Ildlees ®wdduwepse.qublel e pr ®sent e, en
nordiques install ®es sur |l es site-s | es |
physiologiques ~ des sols gorg®s doboeau, f
organique, tel gsseabtiellement@wperfeial etradveriBuna et r e

Honkala, 1990) Cett e e s pn<®q upeenutt,, °etnr ecopeu ouU m:

environnement devenant pluschaud etplusset.. es di f f ®r encd,s Vvisib
not amment une remont®e plus rapi®@eezdes t au
|l e pin comparativemenposSsil Dl@pmerit tlee Bruil
ni veau physiologique plut?tt gunecdesl deuk e s I
esp ces peut capter | deau ou ° des diff ®re
En effet, | Getoir lei spal dest gakeursdguuteszrend les valeurs

i nd®pendantes de toutledivradii lalbbdd i ®®Pu Il ti 8Btes ac
dans | e chadiirta eurBeg fcdretse i nstabilit® temp
arbres et une foritcea emcemarbtuatiiloams ade olnd afef
plusferles sugg rent n®anmoins une certaine ca
changements intervenant dans son environne
provenir doun esiofogiqudg netanpnert surtlds sitest ckipmuhles

analyses isotopiqgues car act ®r i s®s par un drainage m
pal udi fi ®s a ®Schopromakgr®es al20®)aa ur)i vent ) une hy
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sembl able en ®tudiant | esftrastboh®@duapl i
| 6®pi nette noire, dans des conditions doon
de croissance g®n®r al ement ~ | a baisse que

premier chapitre tendent t® nde@squersqguese fdcd
permettre 7 | 6esp ce de maintenir ses p €
changements environnementaux trop rapides et inteBsgs ce premier chapitre,

| 6ensembl i sdpecsn ishilteess dansaviaa t duRdas® laben d o n n
anal yses. L edans legtanddncesode sreissap@@ ur r ai't donc °t

moins en partie, assoc.a ® " des sites moins

44 Pr ®conisations et enjeux de recherche f

Nous avons vu, not amme ndue cartaiees intermgattomso i s i
subsistent quant aux r®sultats des ®tudes
pour origine | es m®t hodes statistiques emg
s®ries temporell es deotopiguesMachamdetcale 2088) de si ¢
Une ®valuation des m®t hodes de standardi seé
bi ol ogi ques danrss |ks c®rnes ate llaurgemi se

®ventuel par dobéautres m®t hodes(Diptlichest per f or

Anand, 2019) Une remi se en question de certaine

r ®cemment consi d®r ®es comme uhe nor me, not
tendances biologiqguessla sei n des s®ries de ratios isot .
déuaef tet § upe®ndudreant seul ement dans | es 5

| 6 a (Ghgeret al, 2008; Loaderetal,2007) devr ait ®gal ement °tr

un consensus devrait °tre trouv® afin dober
une comparaisormrpi de et non biai s®e des Pa®sultats
exemple, une m®t hode de standardisation wur
| 6ensembl e des nouvelles ®tudes dendrochro

plus efficacemenles tendances de croissanée plus| a m®t hode de r ®¢g
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partielle(chapitre 3)gagner ait ° °tre g®n®r al i s®e afin
certaines vari abl es pr ®gae exeraptelt 0 eufnfee t f od e e

| 6 aug me ntcarcatmation eth EQaltamo s ph ®reil gue det | 6 augmen

del a taill eodeehdarbrkdoeffet de | 6augment at
De plus, mi s part |l es diff®rences au n
variabil it ® rselalte al el &#tf diesnmpdans | es proce
3) et dans |l a sensibilit® au climat (chapi
entre |l es ®tudes. Cette variabilit® se tr
di ff® r em° mpowrspurce, selon |l e site do®tude
fen°tre temporelle analys®e. En effet, | 6
physi ol ogie que sur |l a croissance et | a s
sont hauteret s p®ci fi ques au site ®tudi ®. I I est
croissance peuvent diff®rer selon | a p®rio
sont assez similaires quodoelles soient calc
Cependant, des ®tudes sdint ®r(eegsetrichét ~ wune

al., 2016; Lloyd et Bunn, 2007) ou au cont (e.g.BondLanbértyes r ®d u i t
al.,2014) peuvent observer des r®sultats diver
sur | es m°mes objectifs. Une fen°‘entese tempo
pourrait notamment fournir des r®sultats p
foreett sdonc des taux de croissance dans un
seraienta U S S | potentiell ement pl us imatgesuenc ®s
extr,” mets neitipast or p@nmenvtar i abil i t® cles mati qu

®pi sodes de s®cheresses r®cents pourraient

vers | e bas si ces der nitempaedes soarted. Auc al c ul ¢
contraire, une fen°+t-dieret edpord dlolrelr ¢ adage,s
repr®sentative de | 6effet © | ong terme de

desarbreOr, des tendances de cerm’tsrsea ntawsap arad Iclue

large neper mettr ai ent pas de visualiser | 6 ®v 0|
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croissance des arbres L~ encor e, ces sp®cificit®s sj
consi d®rer | ors de | a c¢omp dontdes sbiectifsdtes r ®s
hypoth ses diff rent. En -teropbrelle compliqpe t e f or
| 6esti mation des param tres physiologique:
chaud, et donc | es pr®dictions des possibi
Les mod | es servant ~ estimer | a producti
Gl obal Vegetation Model s, DGV M) consi d r €
dynamique de |l a physiologie des arbres,

semblablequelsgqu soi ent | a qualit® du site ou | e

Or , nos r®sultats montrent, au moins en cC:¢
| orsque d®riv® de | a composition chimique

induiteparle f acteurs d®vel opymamerdtiddx ret swed oeaf -
du site. ! est donc probabl eindyiseatudees pr ®c
vision trop optimiste du statut hydrique des arbres sous un climat plus chaud et plus

sec. @ biais est, peth t r e, accentu® par l e fait gue
®c hant lolrlsomde®s campagnes dobéinventaires fore
for°ts productives et dans | es zones 0% |
croissace (Klesseetal,2018) Les coefficients obtenus au

COexempt des tendances | i ®etsdu peuplente@v el opp
pourraient permettre dbéam®liorer l a fiabi
not amment S i la fertilit® de | a zone ®t a
Cependant, |l a forte instabil i au®uetsembliegor el | e
avoir atteint | 6éefficience doéutilisation
i nduit une nouvelle part dbéincertitude quece
nonl i n®arit® dans | 6®vol ut i oiguestdesratbreseal | e d e

r®ponse aux changement s environnement aux
croissance | I mat . Par exempl e, dans | e cas des

jusque dans |l es ann®es 1950, suulaacrosdaricet posi
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des arbres. Or, cet effet sbOest peu ~ peu
( divergence problera ; D 6 Atrat, i2@P8®) Ainsi, les arbresy ®p ondr ont f ol
probabl ement dobéune mani re diff ®®@thes eau
pass®e, i nf ®r ®e ~ p algsgdeat al,2@8)Ceetaneepd®sent
un frein suppl ®mentaire ° | a projection de
le futur.

Pourcondir e sur | 6aspect m®t hodol ogi que, une
de | approximation qui est faite des taux
des arbres par | 6utilisation de param tre
rem®diwen r ®seau de mesures directes, en co

(flux de COr et dev a p e u r etdiésdlaxudsotopes stables du carbone et de
lboygdeerait °tre mis en place ° grande ®c'l
toursqgui f®uUxi t en act((FluxnetCanadarTeamge20l6e29 3 et 2
et al, 2020; Sturmet al, 2012) dontlesmesureocr r | ent f ortement au
de mod | es bi owmdsurandéargegrsidesernedte acuexr t ai nes ®t
(Girardinet al, 2014, 2016h)dd evr ai t °tr e rmeomiry aen FFamet iba
De plus, |l es donn®es de | argeur de <cernes
g®n®r al , tr s rr ®pl i cd®@earmse nt e mpmari esl Itermesn t p eel
| 6 ®c hel | e d(Babsset dl,e2018; @B etuad €020) Notamment, les
conditonsmicree nvi ronnement al es peuvent influence
La variabilit® qui y est associ ®e est di fi
donn®es doi nerseisstiea derpeuplemendsrer sonditions naturelles. En

outr e, |l es arbres s®lectionn®s ~ l 6i nt ®r i
repr®sentatifs de | a r ®p o(Rabstet atl, 401§) kees pl e men't
rsul tats de cette stghueses ume desntd,onamm®esf fi &
dominants et cedominants, et de peuplements relativement accessibles. Les
conclusions auraient pu °tre difeti®usent es s

des peuplements les moins accessiffias exempleans les milieux les plus riches en
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mat i r gue sur lgsazones les plus au noadi sur les sols les plus argileux)
avaient ®t ® consi d®r ®s. Not amment, des artk
de | a derni re d®cennie) pourraient °tre

S ches,predeaf mtenre des t e mp @reast wr®essu |l plauss cdhua u

notamment les relationsentreslee nsi bi I i t ® des arbres aux t e
saisonpr ®c elte nt @ ©ge du peupl ement , tendent

r®agi ssent positivement, contrairement au.
Certaines ®tudes, not amment <celles ®tudiar

®gal ement (d.g Marchane et BesRoshers, 20X83s arbres ®c e mme n t

r ®g ®na®yra®st, d®but ® | eur Croissance sous un
pourraient "taecldbiomat®setit d®F conditions p
adaptation de | eur s.Cegpandantncthez des arbrgsfeynss, le | o g i
r®seau racinaire peu d®velopp® pourrait ®:

des stress hydriqugnctiels Un  pr obl me r ®current i ®
déinventaires forestiers est | 6absence de
un individu a des taux de croissance | mpo

c ons ®q u e n cse @otigded(insectesnialadde, infection fongique) ou abiotique

(stress climatiquegchablig. Ainsi, les vieux arbres encore en vie au moment de

| 6®chantill onnage sont probabl ement ceux
contraire, les arbreslesplu j eunes et |l es plus gros au m
sont ceux qui pr ®sentent | (PigvesénaeuBiondd e cr o0
2021) Ainsi, les®t udes bas®es sur | es donn®es dobin
th,saee sont pas repr®sentatives de | densenm
doun-®sbwasnt il |l ons des ar br edso niensa mptlsu)s “g rlobsi
de | 6®chantill onnagaait®E® toérasd@mbPe( drsl as
morts ou fossiles), |l es tendances de crois
|l a hausse dans | es peuplements | es plus

|l es peuplements | es plus r®cent s.
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Une int®gration doaptared 6tinpes mbdi donea®de

par exempl e, pourrait aider ~ obtenir wune
for°t aux changements climatiques ~ une ®c
forestier. Par e x ¢Thomhbset,al, 20@8¥ et ckltemins@Ges de L i dar
drones(Wonget al, 2020) sembl ent particuli rement pro

estimation du statut physi ol ogique des ar
ainsi am®Iliorer | es dBabsietralaz0l8pUmesanalysesiu f | ux d
contenu en glucides et amidon des cernes de croispanaer r ai t ®gel ement
notre compr ®hensi on ndparsculigp faocongparaisors desen | e u
concentrations en carbohydratesdeer nes f or m®s avant et apr
une vague de chaleur permettraitpde ® csiis ecres condi ti ons extr?®
capacit® des arbres ™ accumuler des r®seryv
|l es arbres modifient | eur strat®gie dobéall o
de r®serves au do®e rriamkeinal ed e( Hyap octrhoisses ainnv o
Au cours deecetetng atth vsee,a Bt ® ef fectu®e po
en glucides et amidons des cernes for m®s
d ®v e | o lpapdBuspenet al(2018) Cestestontmont r ® une absence d
et doéoamidon sur | 06&€rsd amlploa Yisbibau fa®qud lasret idl | or
sections radiales utilis®es avaient ®t® r@®

au fait que | es ¢Eérne pfamaplnend)s sRttaui ®sn td adne

|l e bois de ciur (duramen), et que |l es arhb
carbohydrates qui auraient pu y °tre pr ®s
probabl e, il 9pamtrrdoef fPecteuemt®oaBtres t e:

r®cemment form®s (i e¢. seamt des2®eh aat i 20 @®@N)s
r®col t ®s

Des travaux r®cents montr emiscoptary Ise s uPe U |
leplusaunat du gradient | atitudinal dans | 6 Oue:

s®cheresses compar at i v e m@saacReatonetal,201B)ul at i on
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Lhypoth se invoqu®e par |l es auteurs, . e
des conditions plus s ches, pourrait ®g al
mauvaise adaptation pourrait, en partee x pl i quer | a bai sse de

entre 1970 et 2005 chez | 6®pinette, ai nsi
|l es param tres physiologiqueshe@d®rd¢ et®tse desp
Plus au sud, certains traits amaiques, notamment des canaux conducteurs plus

r®si stants ° | a c¢ a\Hatkeetal, 2001) mtrratem tb caivso i prl ues
s®l ecti onn®s et donnerai ent potentiell emet
doadaptation face aux Lacaldationide mosplacetteés mat i gt
®chantill onm™aauw anlor d ed uaid4n9s i notywage dedasbles e nc e ¢
nous ont nN®anmoi nsi ethpf t@®Pe mtee vy ®populeat i ol

sensibilit® diff®rente au cli mat

Ces r®sultats sugg rent que des strat®gies
naturelle insuffisante des peuplements nordigseraen I N & diaefet O
r®abki saertir de semences | ocal es. Léutilis

m®r i di onales au travers de programmes de 1

envi sag®e. En effet, | e climat futur au no
lequé |l es populations plus au sud se d®velo
donc, potentiell ement, d®) " adapt ®es dbéun
(Marris,2009) Cependant, | a performance de ces al
ndbest peas Enareanfteit, | 6i mpact n®gatif des pr
des ®pinettes sugg re que |l es arbres prove
apparait adapt ®e ° un c¢l i mat pl us doux pc

®p i s o dets sardity(Eohneret al, 2020) Une ®tude r®cente fait
tels effets n®gatifs des gels tareht fs che.
chez des popul ations do®pinettes blanches
(Marquis et al, 2020b) La fort e -iMaiduella, motdmmeén®dans es e r

signatures isotopiques des cernes de croisgahapitre2) t end cependant
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gue certai nsntgs®ndoatnysp elsesprplspeul ati ons nor di
mi eux adapt®s que doautres ° des condi ti
programmes de s®l ection g®nomi ques pourr
popul ations qui S e mainterirrune boneegperfprinanse dans len° me d
futur. Lébaccent devrait par ailleurs °tre
aux vagues de chal eur et aux s®cheresses,
de se pr®munir scogri setlhesdi é6fepardexempl e
i ndui sant une ph®nol ogie synchrone avec |
ci bl ®e.

Enoutre,és r ®sul t atmontrgig@ee nte®spiincigri s est mo
| 6 ®pi nett e ngements enpranneméntasx etceh pamticulier les stress
climatiques En f ai sant | 6hypoth se dbéun maintie
am®nagi ste foresti er fvoriske le rpini grie forsqueo gi qu e n
l 6environnement pleyg 6 E-die surlésuniliewe saltleuxtbeerv or a b
drai nPes @Deux esp ces ®tudi ®es sont tribut

des perturbations naturelles. Un raccourcissement du cycle de feux est attendu dans le

futur. Cela papacat® dedui®g@®nP®Paatci on des
(Boucheret al, 2020) sur t out c h ¢Splaningki@tal, 2083) Lt éee fnfoei tr e

déun cycle de feux plus <court sur l es es|
amenuisana i n s i |l es possibilit®s doéoextrapol atio

Dans le cadre de lalimie nor di que des for°ts commerci e
gue <certains peupl ement s, scl| als@&a®m®ncaognenmee n
®cosyst®mi que et donc exploitabl es, pourr
r ®g®n®r er en dea apupdietm@nde pPpooadudti on s
tendances de croissance g®n®r al ement ~ | a
dans | e premier chapitre, ainsi que | a for

dans | e sens a6luanec adpamdintu® iden pdr odu.cti on d
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Les peuplemenisr ®s ent s dans | es zoneaentcawxpourel | e mer
| esquel s | 0aeaufgfimemiteart d eo nd Gldee plUGi S a1 890 ae®ti ®

forte (chapitre )e npof@se ~ un ou plufPaeuvucowns®quUent s
peuplementp our r ai ent voir |l eur productivit® din
prochaines lde®x etnmamuw»xsde mortalit® de ces p
not amment ,” essuvuei deer ®®valuer | eur sensib
durable dont | eur capacit® ° se r®g®n®rer en

®c onomi gue me nhans ierds @as pesiements peu productifs, le niveau

de stress physiologige des ®pi nettes apparait ® ev® n

peupl ements sont ceux pour | esquels il a
plus chauds que | a moyenne. Cela sugg re q
capacit® nederoescpeapl ements restera, au
Cependant, |l es taux de mortalit® de ces pe

conditions plus chaudes et plus s ches pol
comparati velmesntpeupdeuments tr s productifs
gri s, m°® me S |l es r®sultats de cette th sc¢
au r®chauffement gl obal, i est di fficile

mai nt i endr o deprotuetiorrdans le futarcEn ¢ff@t, les changements dans

l e cycle de feux induits par | e r®chauffe
certitude, m°me si une tendance au raccour
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Figure S1.1. Wesdtb-East climate gmient.(A) Kriging-interpolated trends in seasonal

mean temperature (left) and total precipitation (right) over the -2908 period.

Trends were computed at the plot level as the slope of the linear regression between

the climate variable and the calengtaar and were interpolated over the whole study

area using the fAempirical Bayesian kriging
= 1A, resolution = 0.05A). (B) Average mea
over the 19762005 period, by bioghatic domain.
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Figure S1.2. Workflow diagram of the statistical procediitee sequential design of the analysis is in 3 steps. (1) The
detrending model globally removes the effects of size, age and some spatial effects represented by OLT. (2) The climate
model tries to discover the relationship between the detrended serieachAndimate variable (temporal effect) for each

plot. The relationship (direction and magnitude) is represented bysthgdtics of the coefficients of each predictors. (3)

The above-statistics (timandependence) was involved in RDA analysis to gbatiie effects of several ecological drivers.

Spatial scales are indicated in parenthesis at each step. Different shadings represent diffénéevaiiseand spatial scales

for analyses: red shading highlights analyses by ecological district andsspaalving the whole tregng series; orange
shadings are for 1972005 and 195@005 timewindow and analyses by plot and species; and yellow shadingtisésr
independenanalysegthose analyses involving no temporal replications of the responabledby bioclimatic domain.
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S1.3. Raw treeing width series statistics.

Figure S1.3.1. Mean intertree correlatiorbér), expressed population signal (EPS),
number of trees and signal to noise ratio (SNR) by landseapeThe rbar is an
estimation of the common variance shared betweerritrgeseries, i.e. the strength of

the shared signg§bpeer, 2010)Here r-bar values were computed as croegrelations
between detrended and whitened measurement series, and a reference chronology
(defined by the average of all series within a landscape unit). For information, the mean
of the correlations computed between individual series and their associated landscape
unit master chronology generated by the program COFECHA was 0.39. EPS is a
measure of the ability of the studied chronology, built from apapulation, to
represent the entire (theoretlganfinite) population(Buras, 2017)SNR is a measure

of the stragth of this shared signal (mostly the hilghaquency signal), i.e. the
proportion of signal originating from factors of interest versus background noise
(random variations, and unwanted signa®peer(2010). EPS and SNR were
computed using the-RackagedplR





























































































































































































