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RESUME

La ph®nol ogi e v®g®tale a suscit® un 1int ®i
changements climatiques et de ses implicat
®cosyst mes. Le timing des ph®nophases cl
|l *"influence de | eurs fonctions biologiques
®chelles. Chez | es arbres des r ®gions temj
des organes est essentielle et | dtai-omnet
d'"utilisation des ressources au niveau des
| e stockage. De pl us, des preuves conve
ph®nol ogi ques des feuilles d'umres dnih@&aeas” d
carbone, d'" eau et d'" ®nergie de | ' ®cosyst
®v®nements ph®nol ogi ques ~ diff®rentes ®ch
|l es m®canjisamerst ssodues | a ph®nol oegiav eect ds uarut:
traits fophtyisomhelgs ges. Cette th se vise
de |l a variabilit® ph®nol ogiqgue entre et

sp®ci fiquement sur |l a croissanceommemai rce
variabilit® influence | a relation entre |
carbone |l ors de | a croissance.

Cette ®tude a ®t ® men®e sur deux sites d

comprenant cing proveéenaeraeshtadvdil@pignetptreosv em

n
di ff®rentes | atitudes au Qu®bec, Canada. L
variation de | a ph®nol ogi e des bourgeons e
sur | a croissance et uls®sspmasi biel ige® awax dd d
®t ai t un peupl ement Abaesr df(al Mialnse.alpi aau bQuWGr
Canada. Sur ce site, |l a recherche visait -~
par mi 159 arbres individuels et ~ examine
production et |l es caractd®rnséerqubapanaéon
pr ®sente une anal yse coamprnawrealtlievse ddeess fdlyunxa r
de | a formation du bois dans di ff®rents L
r®gi ons bor ®al es, temp@l ee ebumPei e f f &mn G
| *assimilation du carbone estt rdet rmausxy n't
i ncorporation dans | es tissus |ligneux des
Les arbres du dN®b adu oentd memén tmi® eunen dor manc
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pl us chauds. La dur®e de |l a ph®nol ogi e

provenances, mai s | esp @rribordees pdluu sNolrodn gauvea i ¢
pousses. En revanche, |l es provenances de
croi ssance plus ®l ev®s, ce qui contri buai
croissance. De plus, mesve®wanteéatduoNor d ®v
d®bourdemeboburgeons plus pr ®coce, ®t ai ent
par un gel tardif du printemps en 2021. Ce
sur |l a croissance en hauteur. Cependant ,

®t ®ro®s é ' ann®e suivant e.

Les ®tudes men®es dans | a peupleraie nat
variabilit® significative dans | e moment o

zone de 1 km2. La proximit® et l a duai | | e
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croissance plus | ongues. La production
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| NTRODUCTI ON

Phenol ogy refers to the styotdege evenhese f@nuohi i
factors thatenoaodnrhpuaesnscien gt hbeont,h bi otic and

"phenol ogy" der i velsUafprhoani nth)e, Gmeeaenki nvgo r"dt o

bring to |ight", and referring (fTangi etblaé¢
2016 )Neverthel ess, modern phenologi cal res
observable events but also investigates t|
and cascading indirect eff@EebDelspiodr rteheeste &

Piao et. aWhe rR&dd®rnds of phenol ogical event
was not unt il the 1900s that phenol ogy ¢

(Figupe 0.1

Throughout its history, phenol ogy has evo
focused on documenting the timing of a few
of species to a comprehensive fieldalncor
studi es, afrdgmoeelOllhlengcl(ose relationship

various aspects of the ecosystem underscor

pat t(eDenlspi erre et al ., 2016 ; Gr ayn seeEwmeorns ,
growing concerns about gl obal climate <cha
phenol ogy networks have been est abslciasiheed t

standardi zed data( kellpieennenetanal s,ha20b@;
2015, Tang. eThiad . mo RRiOtldr)i ng i s cruci al for
ecol ogi cal processes and effectively mana
and habitdé&Grakt &r Ewe€pvngseqQaaegptdeen td egieg ric

surge in phenological research in recent



new methodol ogies and technoRiogurges ®@®1 8 uC[

result, interdisciplinary frameworks for p
the past two decades, harnessing technol oc¢
its i mpact on ecosystem functisocnailnegs.acr 0s s
O. Pl ant phenology and its role in a chang

How do plants recognize the passage of tin

and reproduction? Like peopl e, pl ants ha
represented by cycles in the environment a
egnts is controlled by climate. Specifical

timings of growth and reproduction with fz¢

Pl ant phenol ogy exhibits a sensitive resp:«
pri mary reasons. First, the aim is to syni
within a popul ati onT,anmr oentotadreg; oglenleci)ft | sve
precautionary mechani sm(tTangvei.daWmiflae2 @tidhbce
former can wutilize any environment al sign
evolution of speci es popul ations, ohecess
unhardened or delicate tissues to potent

freezing temperatures.

The i mpact of a warming cl i mat(ePaomeplaant&

Hanl ey, 2015;. PVaaroi oceuts aslt.u d i2e0sl 9hya v e( Ddee mo n s

Frenne et al ., 201PeaiMi thaaggehnerdl al,. 20D0®@) 1
al . ,, 2008wer i ngCamnld dtrualt.i ng2012; Fitter ¢
2013)as wel | as the general(Braenengabiet RE

al | shifted in respofMentel rée;g iPaahranhe.s@and mi2r



These significant changes in phenology un
community structurecSandl ecesyaltem 200¢Ct i
Mor eover ;i ndaurcreidng hi fts in phenol ogy are a
recent increase in vegetRtaonetacihaing®eGamn
pl ant phenology can al so have feedback ef/

i n modi fying water and energy &excheanges

at mospRefleel as et al ., 2009heRied mared samde
phenol ogy, its wunderlying drivers, and i
comprehending and modelling the interact.i

system.

0. 2Trhe phenology of | eaves
Buds play a crucial role among the over winr
they harbour the primordia of future | eav

of bud dormancy are paramount for @eompr el
climatd Pcmangde @&l t hoR2@b9hot completely un
i n most speci es, phenol ogi cal timings r el
categorized i ndtaoy tlheprnegetthgpeuped) XPple2) emasts
(winter chilling temperatures), and (3) c
or water (@Wlaynmab& | Wdlyk dMhiemmh ,p h2Q@ o&)eri od i s
phenol ogy, winter chilling is also essenti
and autumn. Therefore, the | egacy of wint
necessary to triagpeperoppliarnted yt d ol 8EpgFragmadg &r
Pri mack, 2011, SchwBlraogt &1 Adaynecsp | R4 OMmal f
winter transitions to summer. However, the

spring weat heroumaybeifrodecet hleeafi sk of free



threshold (referr(eAd Itsot aadst) aeottf fabl €. %, e r2e0pltSh)a g 8
rai ny (sSheesmonet. aRegar2d0iless)s of the combinat

ant s, temperature plays a significant r

©

requi rement s( KhParvnee rb e€e nB anselter , 2010)

I n autumnandempree alt et ree specseasonmstr agaic

to dormancy before the arrival of periods
temperature sedhwse lmotredaraibdce signal for in
i n most of (Dekepeespec eHoswelv.e,r , 2 ®WUEG)u mn a l p |
easily identifiable visual signal s, unl i k
visually observed through <cl ear (iDredipa a&trares
etl .a .20'hé&) change in | eaf colouration duri
of a complex series of development al proc
monitor, including winter bud set and | eaf
Lastl vy, it is important to acknowl edge th
buslet, | eaf maturation, and | eaf senescenc
of one phase can potentially (Bhdlatna&le. t h?
H@nninen & Kr Amen, r26807 7} , the environment ;
each phase also indirectly impact the ti mi

I n addition t o t he abiotic cues menti one

bi ol ogi cal factors such as conpMtl iktoiva rc,h re
al . ,. 2Wilt4hi n a speci es, | ocal popul ati ons
adapted to optimize survival and reproduc
condi(tSeowmesl ai nen. eTfthial .i,nt2@&pleci fic varia

reflects differences Iin genotye@eviamanmpdéretns



(Ai tken et Lalc.a,l 220®@&P) ati on to contrasting
selection, i ncreases genetic divergence ¢
plasticity allows individuals to quickly
conditiomitigheralgy s elPeecltlievtel epr e& slug elsaf o
Therefore, to fully understand phenol ogy a
to differentiate and integrate nlgotehf faobites

(Schwartz & Hanes, 2010; Steltzer & Post,

0. 3Trhe phenol ogy of wood formati on

Xyl ogenesis (i .e., woodehocaomailviony of tihe
cambi um, a secondary meristem derived fro
from the ap(ilLcaarls om&/o oldot9%e4Amo wt h oacefuirsed nt iam

wi ndoRwssi et Dalr.i,ng201h6i)s period, environme

at di fferent -temm gemadreasl: P otntgerumr g erftc | ie
( seas mma lpiutnye)t u al events (weather).

The cambium annually or periodically rene
cambial zone includes the cambium, made up

Ainitialso and both phloem and xyl em mot he

mot her cell a(nLda rasmoont, it éir@ Sidmpistsiuali ng a per pe
the i nitials. Given that it i's I mpossi bl e
the true initials based on cefltmempas!| ogp
cell s.

During devel opment , Xyl em mot her cell s u
mor phol ogically and physiologically, gr a

di fferentiating into the specific el ement



stretching the primary wal |l s,ontdhaerny twaelyl spr

ul ti mately succumb t d Rps oigr @mmedu.rcien g 0 Icded

enl argement , the <cell protopl ast i's stil
Foll owing positive turgor increased by wa:
stretches, increasing the rueantally,ditahmee tleurm
Once their final size has been oremathiean dadfrf
a secondary cell wall ,( Rotsssit heitc kad ni,n g2 O0aln2d)
Both external and internal f act(oBuwt tc,onetr ia
202®&nd are |ikely involved in determining
factors, is expected to be a crucial facto

to its influe@oBegom e ekalnhd sfiurndoalnBeynet a | proc
regul ating the divi 6Begumaé ta nadf .gceanBed leB)p rien

related to ac(bekeradeinetrahspo2003)

Whil e temperragdauageniizseda eweolllogi c al factor i
growing season in t e(npoessait,e @mensdl awrrieearls ,c | G
It has been revealed that ot her climatic
formati on. For instance, soil drought has
cambial (RBehtdwecceciy et al ., 2013; Desl.auri er

Furthermore, day | ength, whicbi(ukegl yeti mp:

201 2; Rossi, Desl aur,i emmasy, sAenrfvoediadsl oa seitg nad
of cambi@Huarg | eti tayl . |, 2020)

Beyond climatic signals driving wood f or ma
a significant variability in wood phenol

(Wodzicki & Zajpadzkhawsbieegnl@d@é@mpn(sGrrialteerd dtr



al ., 20009; Lupi et al ., 2010; Rat hgeber e
2008)Al't hough part of this wvariability <can
i ndividuals, other factors such as tree si

Xyl em pHHemnupliogy. &Howevz2013)t he causes of th

Xyl em phenol ogy remain partially unresol ve

0. Objectives and hypothesis

My t hestios: a(iim assess the phenological vV a
primary and secondary growth and (ii) dee
timings and carbon allocation during gr owt
Here it follows a |ist with the specific

this thesis:

ChaptebDetler mi ning how phenological timing
di fference in height growt h ameonrgmup apd welda
according to whether the difference in fir
only. Accordingly, I expect to find higher

the duration of growt ht oonfliynnd Acocnogedri ngeé 1y

extension in southern populations; (iii) ¢

Chaptksse@&ssing the differences among five
common garden in: (i) bud phenology and g
first reproduction, and r(oisiti )evtemd don 2éOqRUe
performance and phenol ogi cal adjust ments
provenance differs in bud phenology and gr

faster growth start reproductimgp damgoenfgre
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frost show an annual growth decline but a

|l ate frost events during the successive Ve

Chapt-Ass8ssing the variability in-ageadd ph
popul ation by testing the spatial di strib
Xyl em production as explanatory Ivanisabltdae
hypothesis that xylem phenology is (i) af/
within a population; and (iii) related to
var i ahaislsietsysed anud ¢damttaEgnetddesbf sampl e s
can be used as a guideline for sampling dit

field, and for Dbutalndiumg agnrdo wetahl inbordeetlisng i r

ChaptRet e&drmining the onéfatamoefgi weodnfilot ma

dynami cs, annual productivity, and wood

hypotheses related to the anatomical trai:
toraager annual tracheid production i n whi
i ncrease proportionally, no differences 1in
l onger growing season increases dcuacrthioonn a
augments and thus increases carbon sequesHt
earlier onset of the growing season does

wood production, earl ywood pr oduhcotmeotnr iicnc

wood density.

Chaptier ovyi di ng a compar aatninvuea | a ndayl nyasmisc so fo f
and wood formation, from C -assumi uanali oooap
t o their I ncorporation I n woody ti ssues

Speci flucsa&l lay,novel gl obal comapl ¢ aNeon Eob s
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exchange (NEE), Gross Primary Production (
(iistmaurctural carbohydrates (NSC) concent |
roots), and (iii1i) observations ofwaadbi al
formation (i .e., xXxylem cell differentiatic
Medi terranean biomes. | use this dataset t

of these proceswsecsyr  r(encoe akfs esesodpreplc oge s s
specifically, (i) assess the tempor al r

f ormati eemnaitali rstcrad e .
O. Experimental approach

The research studies presented in the fir:
two specific studyl apeadatrdnns,hidickds madeschir

t hdeat a assembly process
1 Simoncouche common garden (Chapter | and I1)

This plantation is composed of five prov:
l atitudinal gradieftndf9paBgahnigelbet weenhheé heo
forest of Qu®bec, Canada [ Simoncouche (SI
Camp Dani el ( DAN) and Mirage (MIR)]. Sam

randomly is@el eacmimgn® trees nigilZe acdhnesd amar a

according to the availability alddbacoaesi
wer d eccaled from each stand. The cones were
shaken in beakers by a vortex mixer to pul
were sown I n pl astic container s, and t he
codni ti ons wunt il reaching a suitable size t

were transferred to a forest gap | ocated
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e former stand had been harvested, and t
edlings were randomly pl ant e e xapte rai ndei nstt aal
ack spruce seedlings were al soaml andtgeed
fect.

this site, budbreak and bud set were m
May to the emRd22f Dot dbesrt i 29Ai7s h bet
enol ogical phases of the apic@hobuudet I aff

0,103gnd | used the apical buds to discri

dbreak during spring and bud set bet we

nsidered six budbreak phases: (1) open b
d, with | engthening brown scalcend;ou(r2) s
ales but no visible needles; (4) transl
) split bud, with open scal es obat meedl

edles totally emerged from the surroundi
defined five phases of bud set as follo
i ge bud, with beige color stlhla saubshdn
crease in vol ume; (4) brown bud, with t

) spread needles, with the needles in tt

defined bud phenology as the period rang
d) to the | ast phase of bud set (i .e.,
nged from the | ast phase of Bedlofedkid(is.

.e., white bud), corresponding to the pe

recorded the total hei ght and stem di amé

tensi on-2D®r2i mgn 2tle7 internodes of the ma
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with a preci siepmescfen2i mm the annual gr owt
growth rate (i .e., mean daily growth duri
bet ween internode | ength aanlds ot hied epneriifade do
reaching reproductive maturity, based on t

i n which coedsowetbeobseeg) to 2022.

1 Montmorency Forest (Chapter Il and 1V)

This study area is | ocated at the For °t \Y
71A08020q0a W), -whthenbthehbhbhlsami matric do
Keppen Classification System, the climate
s&son characterized by cool temperatures

temperature is 0.4 AC. January iisl5tmWe Aol d
July i s t he war mest mont h, with a mean
precipil422i oonm,i ©f which 465 mm falls in t1}
are composed OoOAbBO&s %b(adlas)s aaalfli.r] ,[BE® ubawhi
papyrMaresrha. ) andPil@®e & (g\Mmoaeunecah ) [PVasesa amad i an
(Mill.) B.S.P.]. The study area covdrs 218
1994. The age o fdotnmienadnotmibnaa nstananfd rcost ands

30 years.

The study consists of 33 permanent i5Il ot s

domi nant bal sam firs with wupright stems f

polycormic stems, partially dead <crowns,
pair ae®s were avoided. For each tree, we r1e
(i .e., 1.3 m above the ground). Wood micr

October 2018 on ev(EeRgs dir,e eArufsa diglTlae,Tsatmpdle
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included mature and developing xylem of th
phl oem, and at | east one previous compl et
through successi ve Hmmernsincens eintb eedidhetdn d ln 3

8 me crsoescst i ons and stained with c(Besygs$si vioc

Desl auriers, & Anfaoids ¢t iomi n2a0t0e6d) bet ween [
tracheids under visible and polari zeedd | i gt
across three radial rows and cl ddsgicfkieemd nas
and | ignifyi(ngesorau(rdi)ernsaCaumbea bl , c28DD8) wer e
by thin cell walls and small radi al di ame
the absence of glistening wunder pol ari zed
primary <cell wal | s. @ell | swaun defrogromantgi osne cg
pol arized 1| ight. Cresyl vi ol evti od ®dt atoe brla
mature cell s. Mat uration was reatRedsiwhen
Desl auriers, & Anfodillo, 2006)

Two additional microcores per tree were CO

the samples according to the abovementione

stained in safranin (1% water) and ngtored
medi um. We coll ected digital i mages of woo
an optical mi croscope at magnifications of
| umen tangenti al di ameter, wal lt radsaér g al

sections ug€i(megWintCHInlst rument s, Canada) .
1 Data synthesis Northern hemisphere

Wood formation dat a
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This study wutilizes wood formation data <c
temperate, and Mediterranean biomes. The ¢
procedur es, both in the field and wiabior at
the methodol ogy outlined by Rossi, Anfodil
(2006) .

To determine the timings of wood formati ol

each site. Throughout the entire growing
ranged from 1 to 55 trees across all/l St
mi cores were collected at br esaaamplhieng hriedd
or a Trephor tool . These microcores inclu
current year, the cambi al zone, adjacent j
nng. They were then fixed in solutions

formal dehyde anwatsé¢roraid 5 nA@t hSobsequent |
dehydrated through successliivieoniemme rbse foonrse
embeddedafifni npaor gl ycol met hacryl ate (sar
embedded). Transverse sections of 10 to 3

mi crocores using rotary or sledge microtor

The obtained sections were stained with cr
astral/ Alcian Dblue and examined -funededr alnidg
polarized | ight. The vascul ar cambiituimgl ;a s
that divide outward and inward to produce
cells subsequently form new phloem and x
formation, which involves cell di ftaftenti
phases, i ncluding celll enl argement, seconc

programmed cell deat h, |l eading to maturit)
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wall s and small radial diameters. The abse
the enlargement zone, where only primary
secondary <cell wal | formati on exhithi tl na g
mature cell s, cresyl violet acetate react
to bl ue. Maturation is reached when the <ce
For this study, data pertaining to the p
enl argement , and cell wal I thickening and

and then nor madx zrear maliingatmioon on a scal e

NSC ¢(sNaoamctur al Carbohydrates)

I compiled the NSC dataset by selecting t
Mar t-¥inleal ta et al. (2016) and updated it w
of 57 sites distributed acr oss Tbhoer edaat, a steet
included studies that provided seasonal N S
field conditions. I n cases where studies

considered results from unmaniepnusliuartee dr ocboun:

temporal coverage and minimize unwanted Vveze
(1) the study duration was at | east four
were measured at | east t hr e3) tpilnmenst st hweorueg
mature stage, (4) measurements were taken
root s, and (5) the reported values were ei
I extracted individual NSC data points fr.
some <cases, we directly contacted the aut

Digitizer (Version 2.26) to obtains tahree n e

expressed as a percentage or mg/ g dry mas
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nverted them to mg/ g for consistency. F
bi ome, organ, study, extraction method,
ouping operations were performed becaus
arseument s across | aboratories (Quentin et
rr woody plant tissues may not be direct

ta were norimalxi ne®ed masi z@tmiom on a scal e

ux Data for Evergreen Needl|l eleaf Forests

uti l-onzee dl etvieelr data from the FLUXNET2015
d extracted daily aggregated data from
rests (ENF). These sites consist af fore

~

ver of over 60% and a height exceeding 2

wanted variability, we specifically sel
I teri a: (1) belonging to borealat tlempdr
years ol d, and (3) not having recently
nsequently, my dataset comprised a total

e CO2 fluxes extracted for each site i
osystem Respiration (RECO), and Gross P
ilized the variable NEE_VUT_REF since |
presenmbBl @ hePaxtserel | o et al ., 2020) . T
ti mate GPP and REXAQ) (itrmrwmigths tdife gac€Ct m

mput ed wit hz) thdér edsshhaalrd ((UVUT)me (rmhét htohde

(GPP_NT_VUT_REF and REG®_NT)VUThRE eyt ha d

(GPP_DT_VUT_REF) (Pastorell o et al ., 2020

average 4fi meheanmmelagyar t i ti oni ng met hods (R
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RECO_DT_VUT_REF for RECO, GPP_NT_VUT_REF

GPP) .

To facilitate analysis and comparison, the
( NEE, GPP, RECO) , and site. Furt h-emamor e,
nor malization on a scale ranging from 0 t

vari abl es.

FIl ux Data in Wood Formation Sites (FLUXSAT

We extracted daily Gross Primary Product i
which wood formation was monitored. Unli ke
in this case, the samples were collected
could comprise a mixed forest. The GPP pr
(Joiner & Yoshida, 2021). FluxSat refers t

tower site data combined with coincident
grdedd daily estimates of terrestrial GPP a
period from 01/03/2000 to the recent past
was deri ved fromsdlhet i MODelrmd gi ng Spectro
i rsutment s on the NASA Terra and Aqua sat:
Refl ectance Distri-Adijtuotne dFuReftli @ent a MBcReDsF ) (|
i nput for neur al net works. These neur al n e
obt ai medefeoted FLUXNET 2015 eddy covari al
The GPP val2uédd) (femrge@cim site was derived

values from the four nearest pixels (Joi ne
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0. 68tructure of the thesis

Thi s itshefsarfmevde bcynapters devoted to one of
Each chapter follows the structure of a s
or submit-tedi ewed pearnal at the time of w

has dteemdardi zed to enhance the document

citation to the original manuscript 1 s prc



i gures

Pre-1700

Empirical description of recurring
plant life cycle events for hunting,
gathering, and agriculture.

* Japan's Sakura or cherry

blossom timings (800s).
* Grape harvest dates (1370s).

’ T

1700s

Marsham family records.
Private family records of plant
cycling events.

* Reaumur (1735) infroduces
the concept of “degree day”.

Morren coined and used for .

the first time the term .

"Phenclogy”

in a scientific paper. .
O O

1900s

network.

Fi gulTe mel i ne

SO0. 1

provi dleiss

* The first modern phenclogical

* “The phenological reports”
(1891-1948) shows changes
in spring phenology in the
Northern hemisphere.

940-50s

Manipulative experiments,
The International Phenological
Garden (IPG).

First results linking warming
temperature and shifts in
spring phenology.

1960s

history
ta adfetmra

O

Emerging of several studies
assessing plant phenclogy
throught visual observations.

of

1970-90s

* Global Phenclogical Moni-
toring program (GPM).

* Remote sensing used to
detect leaf emergence and
senescence events.

O

t he
efledences

2007

O O O (f

2000s

* European Phenology Network.
¢ USA National Phenology
Network.

Phenological monitoring
recognized by IPCC.

20

2016

High resolution satellites
lauched for use in land appli-
cations.

2020s

Multispectral and hyper-
spectral sensors onboard
UAVs for phenological

2010s

* Unmanned Aerial Vehicles
(UAVs).

* COST Action 725. * Drones are used in several studies
* Pan European Phenology ecological researches.
project.
e Dendrometers, microcoring,
eddy covariance flux towers.
* MODIS and Landsat become
widespread.
devel opment of pl ar
for these events).



0. 8nnexes

TabloOaM&) or historical events in the develo
their references.
Time Events References
Cherry tree flowering time (Aono & Kazui, 2008)
Pre1700
Grape harvest dates (Chuineet al, 2004)
Mar shambés recor ds | (Sparks & Carey, 1995)
1700s The concept of degree days (Reaumur, 1735)
1853 Morren coined the word "Phenology” | (Demarée& Rutishauser 2009)
The first modern phenological network | (Kochet al, 2008)
1900s The Phenological Reports (Clark, 1936; Jeffree 1960)
Manipulative experiment (Olmsted, 1951)
1940505 ;I;Ee(z})lnternational Phenological Gard (Schnelle &Volkert, 1974)
Warming tempertures and  spri (McMillan, 1957)
phenology
1960s Visual observations Sgi\lggg,nl%%) Beard, 1963
Remote sensing: Landsat (Dethieret al, 1973)
1960 70s Global Phenological Monitoring progra (Chmielewskiet al, 2013)
(GPM)
European Phenology Network (van Vlietet al, 2003)
USA National Phenology Network (Geoffrey & Jake, 2015)
Pan European Phenology project (Templet al, 2018)
2000s COST Action 725 ( Ne k etal§2608)
Remote sensing: MODIS (Zhanget al, 2003)
Sf\?;fgrr:‘c‘zt‘;fx tower:‘sicrocores’ el (Guet al, 2003; Rossét al,2006)
2007 Phenological monitoring IPCC (Rosenzweigpt al.,2007)
Unmanned Aerial Vehicle (UAV) (Berraet al,, 2016)
2010s Drones in ecological studies (Anderson & Gaston, 2013)
2016 High resolution satellites (Zhanget al.,2016)
2020s Multispectral and hyperspectral sensor{ (Jeonget al, 2017; Luet al, 2018)
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1. 1Abstract

Undéheamenvirommedtiasslbanhbeadort pepol atfi ons
temperlaod re@insdyesx reonst f err e h f o rHoawecvedr i ¢ h
growt téi ittvhedssf f e senadkesd®h v e chd ynedli senttaemgl e
ef feefctd ua md a oofenr o wtrshh oeoxtt e o dfii duore ascpkr UPd e e[a
mar i (aMialplopu]l at i g nferag@mantgi tgu daidin @inet bGacn, a d a ,
anglrowiatcg mmgar dehseouthherohkehe b onrtesilimul at e
war mé¢ mmgdi Bupbhnesn owasspy i tweereddduy i Inggr o wsi enags o n s
2020 1a9ngdh d cetnwdrhe c oirletdurnenp,r e aemgib et h e

pr i meerryi Ptoeoma.l at i g nfarad imcend dies & 8 vak d waenrn u a |

s hoontc r cemenptad rtehdo s e of r grhveat sa gDeess.psiitne | ar
dur atoifonggshenot bger odsdh ooxt e oscicaum e e dele @
begi nonfl miggen td hlee gi nonfd mligywdas ongearh@r ovenances
origihadotimeg!| detTehsper bpsch oeoXt encsnao B/ g e,
Sshor bgndlay 8 r deecagcChe e ®if m< rienansnema &re mpeo &t ur e
t heidafe omMiogiewmtvigro,pul atr i gnmraovam gseirtsdro we d

hi glhhreowabwehs jcrhecr bsadmdl alf cradke g€ekoif msrease
i he amenatne mp e o dthserefer i Qunesabhs§iercnoetdy pi ¢
variiagn owehf or mard esceknpoangu | a hdleonmosn stt hr aatt e d
di f feiremactngmrde | abetdht ed uanad fj romwthhhceo nt e x t
ofawar mé Inigmaotret fheep inl mapama b b eachbeur ge miwt h
per f ororBaonuctenre@® enc aoutsheaeda pt tath @a dsosc @In d iatnido n s

| oiwnt rgirnoswech e s .
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1.2 ntroduction

Undtehper oj e cat i40 nA @ fwa remidn g2dlcye ntthuer y , odn i ncr

0.85 AC in mean annual temper athte&@3 has al

2012 period (1 PCC, 2014) . Bor etale egrosatsd et
i ncriemstem@aenoatgu rtebn menetsr i(dIPCC, 2014) . | nc
climate change and rel atendedi st e®@amnicees C (
and forest ecosystems, possibly | eading
composistiammdsof( Reyer et al., 2015).

Bor eal fevesvetdhawdenstraishert mpoewidndys

and severe winter0Os A tlha stteimrmpge rugpe atr @ s T Kk me n
growt hbarnealhebi ome riel athauds tintfimmete l gdr di n
1999t)he lddapt ati onc osltdr actl é grja tteos tionlteeardféeer e s
ofnmfay dewdlwepen growth and frostmahar dispesds s
of cold tolerance can affect gr&owtah,chmrame
1988&)h,ysi ol ogi cal responses such as t he
(Woodwar d, 1987)g,r oawtch sdmsadrewgdteisve Loehl e,
strategies adopted by cold tolerant speci e
ti mi mas$ cthot he most suitable conditions for
2015) and use of the assimilated carbon. T
over growt h, because survival ul ti mately

(Selta,al2012) .

I n t he | ast decades, scientific I nt erest
phenol ogi cal responses to climate change
the determinants of pl ant adaptation, def

thereby safeguarding growth while minimizi
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variations. Popul ations may respond to wa
t heenvi ronment al conditions they are adapt ¢
genetically adapting to the new conditi ons
focus on shifts in the distributioih6)r,ange

often assuming erroneously that species ¢
2013) . Moreover, climatic boundatrerest iime D «
faster than the ability of tree species t
i f populations are not able to adapt to tI

the fitness of some species might be dr ame

Species with wide geographical di stributi
specific adaptations to |l ocal <climate cond
bet ween environment and genotype (&KIlisz ¢

presence of such popul ation differences c

speci es range, hypothetically | eadi ng t o«
subsequently, to a changing climate (RossI
Phenol ogi cal adjustments and height gr owt
strongly associated with | ocal climate (F
conditions (i.e., common gardens), ecotypi
tiimgs of bud phenology (Rossi, 2015; Si |
Moreover, among different populations, th
reflect different cambi al activity dynami
201Fychagka et al : 2017) . As a reliable
(Savol ainen et al ., 2007), tree height at
ecotypic variationPioemédApbonetnietens, ,sr0OHK

et al .Pi nu®l 2s(yRevhefselrdts Reitn uasl . Rretodoretha t et
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99 )Psaernudd ot sug(aStmeQlzaiersiat al ., 2005) . Ac
ese studies, tree species can be cl assi i
weak associations between environment al
W i nsi ghtaptiirnteo stthemtagi es of species ar
ve the potential to be used to infer the
e risk of future mal adapt ameinotn)s tarnadt edge ve

apt foresmarfofocksmaye( Nabuurs et al .,

rest management of the boreal forest hac
the inaccessibility and remoteness of t
the southern part, close to t(MResmost (
15). The remoteness and the | ow product
tensive study of t h'anddpbagraal |fedrse s(tL uvsistih

02), the main managed ar ea, andt ceonseql
namics and productivity of the remote

edictions for these regions under futur

the boreal bi omes of the northern hemi

ansferred to southern sites to simulate

trees to climate change (Rehfeldt et al .,
northern populations can I mprove growth ¢
et al., 2007; Suvanto et al., 2016), whic
strongly control gr owt h. However, even i f
growth performance of northern popul ati on
(Savol ainen et al ., 2007) , suggesting th
genetically. Growth traits can also be <co
andviernonment, with complex patterns being
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raits are analyzed (Li -teetr malgr,owahl7per fD

mong different tree populations subject
l ready been reported. However, whi ch g
omparimgpgmrfoowt mance among different tree
tudies have focused on the duration of 1t
s a cruci al factor for growth, because o
Buet ,al ., 2019; Cuny et al., 2014). Other
n terms -oofff tihre itmrvaedset ments of the avail a
rowth rates and survival (Endara & Col e
on¢emgn how duration and rate of growth cl
l i matic variables driving these changes
i fferences in growth performance.

his study was performed in a common garde
oreal forest to test the potential effect
pr Pceefa hdiil danda B.S.P] popul ations origi |
n Quebec (Canada). The main goal was to
xplain the difference in height gr owt h e

or mul autréetl) ( Fagcording to whether the dif

epends (A) on the growth rate only. Acco
at essaowmnt téehren popul ati ons; (B) on the dur a
xpected to find | onger periods of shoot e
uration and rate of growth.
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.3 Materials and met hods

.3PLovenances selection

e black spruce populations originated f
adient ranfffiohBa8fabmel bei A8t he boreal con
nada [ Simoncouche (abbreviated as SI M),
mp Dani el ( DAN) andkE2Mi r alghee (cMIliRnaJt e( Foifg
aracteristically boreal. Therefore, It

ni mum temper &thurfe®) raenmdc hs hgr t and cool

X1 mum ttuernepse rraar ely exceeding 30 AC). Te
titude and altitude, with the stands | o
nter, and the Hiegauu&r® waTme i mu mbenmeof ( mont

ily minimum temperature below 0 AC rang
titude. Precipitation in the form of r

|l mi nating in theuw@dmnest month (July) (F

.3BAd phenol ogy and height growth

common garden was estyglklaitsdheasceidd i 2@54 pw
2 x 2 m grid, with the position of the s
the grid. The resulting common garden
ubhimest provenance. I n order to avoid edc

re planted-exwernonwentafl mMdmck spruce see:

d bur st and bud set were recorded weekl

tobe202®17According to (Dhont et al ., y

i scriminate the different phenol ogical p |

tewme summer and autumn. Specifically, we



bu

(3

Th

20

t h

Pe

40

d, with a pale spot at the bud tip; (2)
) swoll en bud, -cwiltohur @tho stcltal asd bpal eno v
anslucent bud, with needles visilbdse thr
t needles still clustered; and (6) expos
rrounding scales and spreading outwards
t as foll ow: (1) white bud, pgesaemd eorof
ale around the bud; (3) brownish bud, wi
d, with the beginning of needles spread
edles in the whorl spreading outwards.
defined bud phenology as the period r al
en bud) to the | ast phase of bud set (i
nged from the | ast phase of dedofbubusd e
e white bud), corresponding to the per
tension during 2019 was recorded on th
asuring tape to the nearest 2pmmmamyepr e
ristem. The growth rate (i.e. mean dai
| cul ated as a ratio between internode | e
. 3S8atistical anal yses
e climatic parameters at the sites of 0
13 were extracted from the CHELSA Biocl
ati al resol uti 2ln) .ofT o3 0d easrccrsiebce (tThaeb |Icel iSma
it es, we performed a Princiopal Component
rameters proposed by O66Donnel | and |l gni z
e strongest | mpfacll amk tshper udcies tpra powlta toino n
am®s correlation coefficients.
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We assessed the effect of annual mklan t emp
on the duration and rate of height gr owt
( ANCOVA) and by wusing Ordinary VLeast Squ
sampling year as a <categorical vari abl e.
principatscempomahed by the PCA as indepe
effect on the duration and rate of height
on dienramdtmor mality of the residual s. We
the results from the sample size and i mp
perfor med 10, 000 tviadewses dweriengr ewheatciht i R el
randomly treresampil gingal dataset and estimat.i
of the resulting distributions. Statistic

Devel opment Core Team, 2015).
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1. Resul t s

1. 4Clhi msahtief t effect

The bioclimatic parameters of population ¢
all owed the relative climatic udlss)t.anchees b
first principal component (PC1l) descri bed
latitudinal gradient, with SIM and MIR be

which indicated their distinctetpebrssguiren i |
1. )3. PCl explained 77.31% of the eodvewiatlh v
all bioclimatic parameters except for temp
range (bio7) and preci plltFatgilode sPeCa2s cenxaplliatiy
16. 45% of the variance and was positively
temperat trleg , ( minad Ihnhegatively <correlated w
precipitalt9i;onLh(poligdi )32 The southern site (S
positively correlated wi t h temperature r
temperature (biol) and mean temperature
(bi o110 and bio 11 respectilwelcgor.r eBBR edad
prectiapt i ons, such as annual precipitation
guarters (biol6 andllb)i.o 1Ml R ewsapse ctthev ed iyt; e T\
annual range in temperature (bio7) and hi
21) .

1. 4 ANCOVA model s

Al l models including the mean annual t emp

signifiocwmaltuesvirtahngci ng b eR<wele.n0 0117).,7 Br easnudl t8|

of ©®.BO® (ZNabl®he studentized residuals of
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di stributed around zer o, suggesting that

(Furgg2) . Generally, the studentiz€f€damesi du
2i (tehe 95% confidenceuirg2erval) wepel at b &or
a high dispersion of residuafsesar ah2()¢.hblwas

Details for each model and their factors e

1. 4PBenol ogi cal periods

On average, bud b-Magtt-domedwbdl|l €ér bmdmsdt f
of June to the end of September, accordi ng¢

and southern provenances showed similar pt¢

~+

hbeud i s aaieli)v.e)l n(drFeiegd, no significant ef fe
origin was #Z2)t.ecTtheed p(elfraibdde of bud phenol og
= 21P<79,05102) Y Tab®Gheaverage, the p&ilbod of
days, with a dohdtfveaeemctehe fs Bdr tdeayts (98 day
period in 2018 andrl20L17,Three sipnetcetriavcetliyo n( Riet

was not ®bgOi Obgadabl e

The process of shoot extension (i.e., peri
the beginning of June and the beginning of
origin was sigRs«fODc@bpu2) Fapddi foidgal |l y, t |
shoot extension was |l onger in the popul at
study wvelshbr).( Ong aver age, the period of sho
il1.77 days for each degree Cel sirues ooff tihnec
original site. The effectvalbtheyeF<r 404v20351)s { ¢
(Tah2)e. The interaction temper atPpr @@ .105year

( Taha)e.
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1. 4Héi ght growth

The popul ations originating from colder s
originating fromédwar mMbe eiffest(BFfgtemper at
t he modelvawiuteh dei<n OR2 0BQ2 {( . Taéieght gr owt h i
0.vb5.32 cm for each degree Celsius increas
original site. The effects of year and th
Fvalues of 3.46 ®@mrd040%@2) Taedpectively (
Growth rate

The popul ations originating from turee col d
25) . The effect of temperatur & adtuet lod dli2tle
(P< 0.05)12)YX.TaGheaverage, growth rate rangec

1, according to the stiwdyl 1y elamr f,dbaaynela d m cd e¢

Celsius of increase in the mean annual t e
were obserewmnedy elagtswP(EGF 0= 02)123 Tablflhee i ntera
temperature I year wRs M.oQ5 ki) ghddlieceant (F

1. 4 ABICOVA model s and PCA scores

The effect of provenance was al so wroenf i r me
S13) . Al l model s were-vhl ghbyranhgnnfi bantve e
88.R8 (. 00Pup tBodORHM2) .( TTahbelsee S i ndi ngs mir
obtained using temperature. For PC2, onl vy
phenol ogy resultedP<siOgnoiOiligga(nRITH.B-) e= Whoe 54

ot her wvariabl esP>weO.e05)d.2() Tsabglne f9 cant (
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1. Di scussi on

This study investigated the functional re:
bl ack ogprgummeaati ng from a | atitudinal range
at the | ower boundary of the coniferous b
was to assess i f populations experiencing
duraandnsates of growt h, and how these t wt
height growth performance. Our findings d
environmental conditions, i .e. in a common

dutriaon of shoot exteunrddpn butd goowih tatael
phenol ogy (i .e. bud bwnm¥it) .anSpebcuid iscetl | duyr
from colder sites resumed growth earlier
than those from warmer sites. However, I n
the shoot extension perailddkrwdsclrewern,t rods
Overall, our results confirm theghthigraowhhih

among popul ations depend on both growth reé

Northern ecotypes showed a | oweurrldgh)e.i gbur i n
result iswinhhaghaemeast obserRieade a (nB tcaeenkt r a |
et al ., 2017) ankPd niuns NfoRRmthd reitinaetr | ecta dlo.r, 19
al . (1999) also stated that mean annual t
effective climatic variable to predict th
Mor eover, in a comWem gar hén d&X20@drdi) meartr,ea

bl ack spruce populations originating from
shoodnsixan is regulated by both predeter mi
predetermined since, within the bud, t he

depend on the environment al conditions oc
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(Sal minen & Jal kanen, 2005) . However, an ¢
fir and spruce in which new needles are i

(Logan & Pollard, 1975).

OQur study demonstrates that shoot exteensi o

15) . Thi s reravemanvcaer i ati on i n the duratio
from the interaction of internal and exte
northern | atitudes, or colder sitepri g@ner
(Bl um, 1988) . The earlier breaking of do

|l engt hened as much as possi bl emvhemg tflaetcd
(Rossi et al., 2016). The ecotypes origina
when the offspring ar e moved to war mer

Comparing the timing and the dumatoiwo mgo fung
the same climatic condition still remain a
response of populations to a future war mi
compared with southern popuianiand,théel ec
extension of northern populations may exp
frost damage (Marquis et al ., 2020 arbti | ve
phenol ogi cal synchroni smgs( Behmoudtd all.s,0 DC:
taking into account the demonstrated ont oc¢
trees ( Wei et al., 2004), and the relative

growth with age (Logan & Poll ard, 1975) .

We observed that the growth rate changed
recorded at the sites of origin. Specifice
ecot ypuerdsb X Fi Gonsequently, despite a | onge

| ower growth rate resulted in | ess annual
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with thePresalitavipeogppul ati ons originated a
(Ol eksyn et ®linuslBad®popelmdt oans originate
range (Zhuk & Goroshkevich, 2018peBot hc s
variation of growth rate and height growt
previous studies ditcdh matt ec drsc | luidkee | tyh atth eg
determining height growth differencéds amon
on resources allocation. Populations origi

high rates of photosynthesis and respirat

1998), a genetically controll ed radna rtoil We
environments (Reich et al ., 1996) . Despit
annual growth of northern populations i s &

i ncrease frost hardiness thane prootrstasds
partitioning of biomass to roots (Ol eksyn
carbon serves as a defence coemppendt imet s/
at high |l atitude or altiesden deé¢encreaddt

of newlleédbnmesgnnsdaieem|l phgt osynthesi s ( Mas:

This work demonstrated that popul ations g

evolved specific durations and rates of gr

height growth performance. However, our ex
garden prevents to quantify the interact.i
consequentleyatedepbenetypic plasticity. S
cruci al to maximise genetic gain imalf ores’

genotypes for assisted migration.

Despite the phenol ogi cal mi smatch in timirt

the duration of alll bud phenol ourilet pl Ehag
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the northern areas, spring warming occurs
nights are shorter. Under these condition
reactivation without exposing themagev dev
(Rossi & Bousquet, 2014). Subsequently, he
are most suitable. Lastl vy, trees start bu
derived from early frosts at tahree epnadr toifc utlh
susceptible to frost damage before aut umr
represent a potenti al cause of significan
|l engt hening the duration of bwbubdr stesol

di sadvantageous by increasing the risk of

The ecotypic variation in height growth b
variability within them. This variability

rowt h rat e i n indi vidual s wi t h t he s ame

«

diermpsi ons of the residuals of our model s.

variability in the functional traits, al l
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amopgpul ation variation provides a pool of
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Tabllleearsonds correlati on

coefficients
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19 btiwooc |

Pear sonods

Contribution in PCs (%

Bioclimatic variables Abbreviation PCL PC2 PC1 PC2
Annual Mean Temperature (°C) biol -0.92 0.35 5.71 3.84
Mean Monthly Temperature Range (°C) bio2 -0.91 0.22 5.61 1.60
Isothermality(bio2/bio7) (* 100) (°C) bio3 -0.98 0.13 6.51 0.55
Temperature Seasonality (STD * 10C (°C) bio4 0.96 0.02 6.31 0.01
Max Temperature of Warmest Month (°C) bio5 -0.82 0.52 4.58 8.65
Min Temperature of Coldest Month (°C) bio6 -0.93 0.28 5.86 2.58
Temperature Annual Range (bib%6) (°C) bio7 0.90 0.06 5.50 0.10
Mean Temperature of Wettest Quarte (°C) bio8 -0.97 0.16 6.42 0.84
Mean Temperature of Driest Quarter (°C) bio9 -0.75 0.52 3.79 8.54
Mean Temperature of Warmest Quat (°C) bio10 -0.81 0.51 451 8.36
Mean Temperature of Coldest Quarts (°C) biol1l -0.96 0.23 6.23 1.75
Annual Precipitation (mm) bio12 -0.91 -0.42 5.58 5.76
Precipitation of Wettest Month (mm) biol3 -0.68 -0.71 3.19 16.3
Precipitation of Driest Month (mm) bio14 -0.97 -0.22 6.35 1.52
Precipitation Seasonality (CV) (mm) biol5 0.96 -0.05 6.28 0.09
Precipitation of Wettest Quarter (mm) bio16 -0.62 -0.78 2.59 19.62
Precipitation of Driest Quarter (mm) biol7 -0.94 -0.31 5.95 3.03
Precipitation of Warmest Quarter (mm) biol8 -0.65 -0.70 2.86 15.46
Precipitation of Coldest Quarter (mm) bio19 -0.95 -0.21 6.16 1.41
principal components (PCl1 and PC2) and their contribution t

0]

ma

e
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temperature of

growt h

.001.
nPIOy trienseasmpblyi ng t he ori gi
of the result

The

nterval s
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significanc

Model Effect
F-value R? T Y TxY
Bud phenology 88.04 0.39 411 217.79* 1.14
Shoot extensior 21.08 0.15 15.04* 44.31* 0.86
Height growth 17.73 0.10 72.19* 3.46 4.76
Growth rate 25.40 0.17  121.29* 2.72 0.15
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Bud phenology

3 Duration of shoot extension

Studenitized residuals

Relative frequency (%)

Fi g ulr2®isti$ution of Studentizetesiduals of the Ordinary Least Squares (C
models. The studentized residuals were uniformly distributed around zerc
generally, residuals exceeding the range betw2eand 2 (i.e., the 95% confidel
interval) were < 5.0%.
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62

TablldTlke 19 bioclimatic vari abl @G&.2)pft
the five sites in the boreal forest of Quebec, Canada, where the studied popt
come from. The climatic parameters at the sites of origin for the period2lDdBwere
extracted using CHELSA Bioclim (Karger et al., 2017) at a spatial resolof 30
arcsec.

Variables SIM BER MIS DAN MIR

biol 3.3 0.8 0.4 -1.4 -3.4
bio2 8.0 8.0 8.1 7.7 7.3
bio3 1.9 1.9 1.9 1.8 1.6
bio4 11141 1110.8 11874 1184.3 1271.3
bio5 22.7 20.3 20.9 18.9 18.2
bio6 -18.6  -21.0 -22.6 -24.1 -26.5
bio7 41.3 41.3 43.6 43.0 44.7
bio8 17.5 14.9 15.3 13.5 8.8
bio9 -7.6 -10.0 -29.0 -18.5 -22.1
biol10 17.5 14.9 15.4 13.5 12.8
bioll -12.6  -15.2 -16.8 -18.5 -22.1
biol2 1047 1087 946 1078 700
biol3 133 135 121 147 108
biol4 55 58 50 52 23
biol5 29 27 29 35 48
biol6 368 386 341 413 315
biol7 165 178 156 168 82
biol8 368 357 339 412 293

biol9 173 189 168 168 82
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T a b I11.2 Effécts of PCA axes (PC1 and PC2), year (Y) and their interaction on dui
of bud phenology andomponents of height growth (duration of shoot extension, an
height growth increment, height growth rate) evaluated by ANCOVA models. All mc
including PC1 scores were significant at P < 0.001, whereas including PC2 score
the model referringat the duration of bud phenology resulted significant at P < 0.
The significance of the effect of the factors was obtained by bootstrapping 10,00
by randomly resampling the original dataset and estimating the 95% confidence in
of the resuing distributions. Asterisks indicate at least P < 0.05.

Model Effect

F - value R? PC1 Y PC1xY
Bud phenology 88.23 0.41 3.83 217.01* 1.67
Shoot extensiol 22.1 0.16 22.39* 43.09* 0.97
Height growth 13.21 0.08 49.86* 3.29 4.79
Growth rate 19.14 0.13 91.28* 2.17 0.03

F - value R? PC2 Y PC2 xY
Bud phenology 86.54 0.39 0.47 215.49* 0.64
Shoot extensiol 15.22 0.12 0.05 37.90* 0.13
Height growth 6.13 0.04 20.54* 2.76 2.3

Growth rate 457 0.03 19.56* 1.19 0.45
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2. 1Abstract

Cli mate change is rapidly altering weathet
The survival of trees in specific |l ocati
popul ations exhibit trait adapt ehtmemnrnts otfha

growth and reproduction pSbodyseg tHhesergtt

valuable insights into species responses |
aiding the i mplementation ofd nperaosduurcetsi vtia y
study investigates the variabil i tBi ciena f un
mar i @Mial | . ) B.S. P.) provenances oOoriginati |
bor eal forest, and planted in a common (¢
di fferences in bud phenol ogy, growth perf

i mpactatfefosat levent on tree growth and phel
reveal ed that trees from nowerhegrno vstiht eisn cerx

and reach reproductive matur ity reartl idearmatgh

affected growth performance, but no phen
successive year. Local adadpeptaalt iton mar atdfae t
bl ack spruce under future climate conditi

promoting rapid adenpviarta nome nutnadle rc ocrhdaintgii onngs
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2.2 ntroducti on

Cli mate changeatahfefrechy 1t diesi ng temperatul
regi mes, and producing mor e f(rlePClCe nt 2 022d
Reichstein et a.l . T he2s0el 3c h aSntgoetst ,ar2e0 le&6X)pect
zonleMc Kenney at al magabDfiiupgde that exceeds t
mi gr gtSiidnn a20 1&jSualh. ,a shi ft of climatic n
fundamental assumptions underlying past ar
that native seed sources must be preferrec

a better adapaht c(oBnodst hbii eorh se tT hael .0,n gaod InFy) geo

shifts in climate can mismatch the trees f
(Park & Tal bFotr, t20 k8)reason, the current

prediccltiimmagt e change I mpacts on the veget a
sustain resilience, functionality and pr oc

aim requires a deep understanding of the

ecphiysel ogi cal pr(oMeeysrsaersd odt wale.e,b 2022 )st i |

acking for many speci es.

The survival of trees in a specific | ocat
the morphological, physiological and phenc
and responses gAulkihre etmhvalronm2otilb6,; Maynar
al . ,. 2wWi0trhin certain species, | ocal popul a

as growth and reproductive performances t
reproductive success i n( Stahvecilratpeqii fPiychtl ¢
20Q07)The intraspecific variation of functi

phenotypic plastic(iAiyt kaecnr oests Ladlrc.\g,il r 2a0d0a8)t tast
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(@]

ontrasting environments driven by natur :

di ver genc(eAiotvkeen tatmhbhst i 2008) enabl es i ndi

their phenotypes in response to | ocal con
(Pell etier & De Qeanfeotnitcaivnaer,i a2t0i203n) and pl as
in determining the ability ¢Udepbophloat adome

2018)including the opportunmd¢egs of omowve sitgo g

-

ef orestation practices.

I n recent decades, scientists have focusse
and growWwtkR rineai t& BaP®Phenpl @aQiLoOoal traits de
timings of bi ol ogi cal event s, ensuring gr

ri sks due to( CHuimad,e Th@EG)sdZ e, particul ar

(7]

pecific age, is commonly wused in forestr
(Savol ainen, BokMmaesettradi.t,s 20s0Vi)of 6 es peai
responses to current and future environme

phenol ogy and growth performance can refl e

resource allocation strat egeyesf unpcottieonntaila l
However, while it is important to recogni z
ot her, the sensitivity and r es p o nresviovlevneeds s
tra(iAusbi n et al ., 20T6pr el eamedtor, e s2s0 1t4dhe i n

assessing multiple traits when quantifyin

speci es.

Compared to other functional traits, very
reproduction t(dPacimemane &c.lHamig eerye i2901& ) | a«

|l iterature on | ifetime first reproduction
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demogr(dHmhryer & WhThe,gd®adrdgti on time i s a
t hat can influence the rate at which spe
beginning of reproduction, the higher the
envirommert & EmetLyfe2O@d) first reproduct.i
growehformances. I ndeed, it is widely ackn
age or size to pr@weres , f | 209®&)sf faenrde ashe eprso
show different @Froanh etrdlor ma2a@®ks; Silves

al .,, 29€05)ai se the hypothesis that | ifeti:

(@]
(@)
=]

e production, changes with provenance.

Frost hardiness is an important trait inf
growt h p¢grCfhaarrmareae et al ., 2011; Montw® et

2014)Frost hardiness changes during the ye

season and reaching its maximum d@uli mgetdor
al ., . 2Bau8break is a transition between dc
synchronized with environmental cagédidmons

vul nerabl e (hew ¢t ssaddrsde201c8)i mate change,.
temperatures cause an advance in spring p
young shoot s -stpor idnagmaf ¢griionsgt leetivteenlt.s, 2018; Mar
Lase@ering frost damage e eceazn nogc ct uermpwehreant ubreel so v
or t he-ofuitr stExlp@eafure to frost during the 11
dramatic effects on growth landeseproduact q
(Vitasse, Lenz, Hoc h, et al ., 2014; . Vitas:
Pl ants expeteehalngtaes®ncan respond witdl

subsequebeslyaewri ers et al ., 2018; Thalk séat f
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cally i-medil atesd ar sumgarmns e, mani fested
| auri er.s Tente a&li.ghe20k&)gar availability
ol ogi cal shi ft of budbur st i n defolia
cts crown development, a similar phenct

idfeigcraenet of damaged buds, potentially i

study relies on a common garden exper

its of fRiveed|l adkil &pd uBeS[ P.] provenanc

itudinal gradient in t,heCamnoand a.erDpesc ibfoi

ss the differences among provenances I
timings of | ifetime first Heaprsaduwoteind
021 on the growtihcalrddjrménmerasad Abe:d
i oucSislt wels terso et al . ,, 20R6; pSoversahce
phenol ogy and growth performance. We
enances with faster gr owstthe asrtnasrlita 8r0elpyr)o
xpect that the trees experiencing dam:
adjust their phenology to mitigate ex|

S .
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2. Materials and met hods
2. 3PLovenances and common gar den

The spruceoprgveaaprdesdrom five natur al st

gradient that 'tan@eas alfiemst hew 4%he boreal

Quebec, Qabda)d.a THFexe provenances are Simon
Bernatchez (BER), Mi stassibi (MI'S), Camp |
origins represent natur al bl ack spruce st
forest cuttd ngfs.t Tdhearceda mas typically bor
short, we®tol sammer s. Temperatures decrease
el evation, with the stands | ocated at higt
warm in summer. The annual temper3atdrACat

to 1.2 AC.

l dune 2012, we conducted d@&mumloimmngamy 1t & e c
stand and-1®olcloemetsi pger2 tr ee, based on avai
canopy. On aver algeey ovenecsolflreamedac/ilb st and
eshtlai shed the common garden by planting a

ha in SIM (48A21' 29" N; -dutA23We 9r"anMo mluyp j e
seedlings at a distance of -@xpnerli rReursteasIWes j
on each side of the plantation to avoid e
classified as podzolic, with a superficial
on the meteorological data cobDé&cimedr bmom
pl antation, the average mean t20mp2e)r artaim ge (

from 1.55 to 3.29 AC. The year 2019 and 2
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respectunvS4)y. (Fhrgoughout the study period,
mean daily minimum temperature < 0 AC r al
freezing tempefraug8rdes Rilesoi pintdtuinen( i n th
mostly between | at €iun&@y) and early October
For further details regarding the selectic
the common garden see Silvestro et al . (2C¢
2.3Dadata collection

We recorded bud break and bud set on a we ¢

end of Octob2022urTogdi2tliTngui sh bet ween

phases of the apical bud, wWé ofndl leawae. t l{ & (
recorded (1) the onset of bud break, indic
tip; (2) the end of bud break, i ndicated

from the surrounding scales ansetsprieadi oag!
by the presence of a white bud; and (4) t
bud with the needles in the whorl spreadin
period of annual growth ofheéhena@apoftcabudrbr
the onsef{ Sofvbetdrseseet al ., 2020)

At the end of the growing season 2022, we
the collar of each tree. To track annual

shoot extens2®Ah2 daunmithnlge 2i0Mt7er nodes ionfg t he
tape, with a precision of 2 mm. We al so
maturity, based on the presence of cones,

obsedvon the trees) to 2022.
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2.3Late frost damage assessment

We conducted a visual assessment of damag
using the protocol (oBiurbrr oevni aWe ,feosktOi i@ iefd
proportion of damaged brown buds out of t
damage | evels based on the classes: (0) no
(2) high, >15% of buds damalgetde fArdast i iom al

assessment of frost damage at the study

avail avulrea iet .al . (2022)
2.3S#datistical anal yses
We evaluated the effect of annual temper a
each phenol ogi cal phase and their duratio

( ANCOVA) wusing Ordinary Least Squares (OL:
andli ameter among pr-waghamaéygsusi off @aonan
Tukeybs HSD tests for mul tiple compari son
reproductive stage and both t ewaayl AMNEOVAH't

i ncl udoirniggitnhesi te and reproductive stage a

We investigated the effect of frost damag
t weay ANOVA. Origin site and frost damag e

vari abl es.

We quantified -itrhtee nsmptayc tf rodfsthidgdhmage on gr
phenol ogy on the two provenances showing -
damaged buds), DAN and MI R. For each of th

anpdhenol ogy between damaged -202a2 ubmyd aursaigregd ¢
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way ANOVA. To assess the effect of frost o
a twwaeoy ANOVA for eachStpmphdrmsadliacgi owelr es tpaege.or

4. 2. 2.
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2. Resul ts

I n this study, we asesveed sogpdnegnti@w ttadipmicregsr @d L

maturity, and t he pdammagg ef rcoasuts eéedn bfyi viea tper ov
in a common garden experiment. These pr o
|l ocated along a |l atitudiftna!% &mraldli @ing irmng
( Furged ) .

2.4Phenol ogical timings and growth perforr

Bud break occurred frofutnlee hbvidhgil enibrug cfetl
of June t®epgthembeenrd, odfependi ng on theestud
S21TabRe) S On average, the period of bud b
of 16 days between the shortest (28 days)
respectuns2ld)y. (Fheg duration of bud set was
average, bud set | asted 74 days, with a d
days) and | ongest (95 days) perR>d2Y. i nheol
phenol ogical stag2asl wekaywys dfed rayeac thsya dignse e

mean annual temperature of the origin site

The duration of growth (i.e., of the peri.
from the beginning of June to the beginni
originaticomdg dfersad mrsR2)e.s nFiagv er age, the peri
was shortirr7 7ydaly.sl8f or each degree Cel si

temperature of the original site.

The annual height increment varied accordi

northern sites exhibiting | ower shoot e X
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sout her nur&3t)es T(hkei ggef fect of provenance wa
height H=n 2PXR0.(001). On average, individ
provenance (MIR) were 40 c¢cm shorter than

(SI'M), with an average height2®29f 212 and 2

The effect of provenance was alBo TPIhI,i r me

< 0.001). On average, t he basal di ameter
than those from SI M, with an average basa
( Furge ) .

2.4Lkfetime first reproduction

Provenances from the northern sites reache
the southemdB)si taes20BDg the first year in
studied trees, 26% of individuals from the
the crown. Byr e20s2 2f,r o5n2 "MIoRF s howed cones, w
the southernmost provenancer28) M NWadabkstar f
that reproducilkhy 56Pe@®,. WOl taamldl ehrad( a | ar
(F= 35P=700,. O3B ,( Fidh) e Sn average, reprodu
cm tallerl|l amgler9 imm di-raemerteductihnagn trmmoeres fr

provenaur@e) (Fi g

2.4L8te frost event and frost damages

The late frost event took plaoca 28 and 29 May, 2021 (DOY 1489), when nighttime
temperatures at the common garden in SIM dropped sharply, reattingnd-1.9 °C,
respectively. The percentage of damaged trees followed the temperature gradient, ranging

from 60.7 to 100% for the sthernmost (i.e., SIM) and northernmost (i.e., MIR) sites,
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respectively(¢® = 58.98,P < .0001) Overall, low levels of damage (i.e., < 15% of
damaged buds) were more common, accounting for 75.7% of all observations. Only
15.6% of trees showed no damage, 79.3% of which belonged to the two southernmost
provenances (i.e., SIM and MIS). Provenancemftbe northernmost sites exhibited
higher levels of damage (i.e., > 15% of damaged buds), with the two northernmost
provenances (i.e., MIR and DAN) accounting for 71.8% of all trees with highly damaged

trees.

2. 4FAost damage and bud phenol ogy

Compared to the other study years, the on:
2021, while development of the winter bud
ending of ub&t,823t. (IFn g2021, the onset of
northernmost provenances (i .e., MI' R and D

days before the | ate frost event.

For the two provenances most damaged by ¢t
budbreak and bud seturdri d@Bpet @eeh gegns
di fferences obsé&wvaédeforanfgl nghbetPeelt 414
0.001) 28ByabHew8ver, no effect of the dama
damage | evel and yez23r) .walsheogledermrwed w(eT af bol uer

di fferences in phenology bet we2el) .damaged &
2. 4Fbost damage and height growth perfor me

The effects of provenance, damage | evel,

were siBaib®ie@h)yd()Tabllne p&rticul ar, provenar
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damage (i .e., > 15% of damaged buds) exhi

compared with provenanccens) wrBshg.l ow or no ¢

The growth in height in the two provenanc
bet ween yYeéar$a®H)e gbhi s di ff erFevradasewa sn sMI gRn
18.BWal ue Fn2 &AN20,. 001 for bot h25pr.o vHeomnmeenvcee s
the growth between highly damaged trees al
across all study yeassgnekiceant forf f2dr2en c

( Furgs) .

2. Di scussi on

This study relies on a common garden expe
among five black spruce provenances origi
boreal forest of Quebec, Canada. 2We2 1p rtoof i t
assess differencesnviemstfirgmdte ttdleersaincccee san ds
and phenol ogi cal adjust ment in trees. T h e

observed traits among the provenaackser Th

devel opment , | ower growth increments, and
those from southern sites. The | ate frost
phenol ogical adjustment was observed.

2.5Thee size and reproductive maturity

Northern provenances exhibited an earlier
regions. Trees need to reach a specific ag
aligns with eXiOwtinsg Ku®@wWlpoeudgghe cone produ

automatically imply that the seeds are vi
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that the size for reproductive maturity v
attain reproductive maturity at smal | er
sout hern sites. I n particul ar, nortttham n pr

sout hern provenances.

I n trees, the size for reproduction reflec
during the early devel opment al stages to
( Thomas et FRdr. ,c &rOtlali)n coni ferous speci es,
i ndicator of cone(pAnddustiebnathan208@¢ s¥Qe
relationship is |Iikely explained by the f
reso(gbaes et &lonselyzywkh)tdngnawe.,t htime ac ermoel a
tot al hei ght and reproduct ipvreo vneantaunrciet yv amii

i n growth perfor mandcea faeBd ainncdbi weitd uad |. ,f i2t0Onle

Among provenances, the variability in the
probably reflects a divergent | ife histor)
ri sk of mortality and its prediuct albinl iwti y h

spe¢Kezl ows kiForl Xx2a)mpl e, an epaohge krcobyfte
i's an adva(hkagrestusnd r&iCMmhapiurc,h 2C®&)y st e ms,
of a species after rercaplmemt )wildiusuas | i c
i mmedi ate andiviegdrews Dapwsa tuatt maint 2022;
Chapi n, PfOi€ke) seeding species, such as bl
qguickly establish a persistent ¢®€adshanlk
Keel ey., 12 1t4hi s context, the higher wildfi
Cangdais etli&klel,y 20Ilp&d)esents a selective f

maturity of nortthernmghpreadvemamues stasdyhi g
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fferentiation between provenances in rep
n therefore be regarded as a fingerprint
spective native environment. It hs wel

rformance of northern provenances rema

(Savol ainen, Bokma, et .alln, th0@7 cofitlexest

L a

As

Ac

rtain functional traits within a speci
ecautionary strategies, whereby norther
eir |l ife cycle to ensure individual sur

rdiness during the dormant season) and e

5PRenol ogy and frost tolerance

tfeost affected the growth performance bu

emphasi zed in a previous study, norther
ost due to ‘their earlienf Mgrawth . ra¢e¢act.i
cordingly, the extent of damage in nort

ovenances front Muhea <<autatDartn P2Digt@dsngs hi
il stence of a threshold | evel of damage
rticular, individuals from the two nort

d a higher proportion of buds damaged,

owth in the following year.
e Iimpact of a frost on growth performanc
owth. Late frosts occur at the onset of

tree ring width comparable teummer gre

OouUgQRuuadrado et al ., 202HgweW d ro vy €0 ed a
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effects are reportddPrimctpe. sthimhaddyesmRt@ 1y

ob

gr
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r e
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Cca

r

erve that the effects of the | ate frost
wing season. There are several explanat
vious research has demesnsdtnr atweod ntoma th st |
st ( Raatemgarten et al ., 20X%3,ggPpsAndige a g
overy through( Vexnacetr cvo mmesrbs ait@idgi@m ey al
overy <comes at a cost in terms of res
i pul ated growth conseittriucnsurbhbhveashbhotwm
erves are restored rapidly after a di
h°nbeck et al.,. 201B8s Weppores the, eip
bon storage tak8al pareprahyg, b2ek23ymawnh
gin in terms of carbohydrabeotieseorvesl!t
nt s, i n(cHluadiimgetf rélBt eo2®rl,6) shoot i ncre
ermined by the growth units already f ol
environment al conditions dd&caumrinreqn &l
kanen, Coh®G0%)ering that (i) frost damage
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2. Annexes

T a b 12.& EffScts of mean annual temperature of the provenance (Temp), Year and their
interaction TempxYear) on the phenological phases evaluated by ANCOVA models.

Effects
Phase R?
Temp Year Temp x Year

Onset 0.63 302.70*** 978.28*** 2.45**
b?gacljk Ending 0.51 492 .35%** 1182.11*** 3.27*

Duration 0.19 28.95*** 342.17*** 10.01*
Growing | ~tion 0.14 29.31%*  136.82%* 16.88**
season

Onset 0.73 116.41*** 954.77*** 9.92**
Bud set Ending 0.20 97.04*** 276.88*** 13.67*

Duration 0.30 30.89*** 546.35*** 4 52*

*P<0.05;,*P<0.01; *** P<0.001.
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Ta b | 22 Effects of the provenancé(ov), reproductive maturityRepr) and their
interaction Prov x Repi on basal diameter and total height evaluated by ANCOVA
models.

Effects
RZ
Prov Repr Prov x Repr
Diameter 0.17 6.77%*  35.68%* 2.96*
Height  0.19 6.11%*  56.07*** 3.74*

*P<0.05;,*P<0.01; *** P<0.001.
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T a b | 28 Effects of the Yeardamage levellamage)and their interactionYlear x
Damage on the timing of onset and ending for both bud break and bud set evaluated by
ANOVA models.

Effects
Phase R?
Year Damage Year x Damage

Bud ©Onset 0.70 246.34*** 0.96 1.18
N break Ending 0.53 312.93**  0.01 0.19
= gud Onset 0.80 337.50%* 273 0.68

set  Ending 0.15 65.57*** 1.58 1.58

Bug Onset 0.63 192.76%*  7.22 0.83
_ break Ending 0.52 256.75%*  0.04 3.18
<
®  gug Onset 085 352.58** 573 9.75

set  Ending 0.11 44.67%* 0.14 1.17

*P<0.05;,*P<0.01; *** P<0.001.
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3.2 ntroducti on

The Intergovernmental Panel on Climate Change and the United Nations through the
Paris Agreement recognize the role played by forest ecosystems in achieving climate
change mitigation goa($PCC, 2019; United NationsBy covering 31% of the total land
surface(FAO & UNEP, 2020) the forests store 861 + 66 G{Ban et al., 2011and
represent a net c gerleafHarssietralk 2081)Plarts.ude mhist 1 3
of the assimilated carbon for metabolism and structural bio(hstmann et al., 2015)

In trees,the largest part of the biomass accumulated is the result of carbon allocation
during wood formatioriDeslauriers et al., 2018Fonsidering the crucial role of wood in
tackling climate change, it is surging to see that our understanding of its formation is

still largely incomplete.

The need to assess climditiesphere relationships has led to the development of
vegetation models that use physiological and ecological principles to predict changes in
the distribution of plant functional types or forest productivity over {iRrentice et al.,

2007) Models challenge our understanding of the factors influencing plant distribution
or tree growth at regional to global scal@gentice et al., 2007)Several currently
available models still lack an explicit representation of-legel growth processes
(Friend et al., 2019PIlant growth is generally represented as the Net Primary Production
(NPP) and determined as the difference between the Gross Primary Production (GPP) and
the maintenance respiration. The main limitation of this approach is that NPP lacks a
direct quantiication of the timings of carbon allocation into the wood and its
physiological processe¢Cuny et al., 2015) At the intraannual scale, biomass
accumulation in wood occurs after the increase in sten(Gimey et al., 2015)This lag

helps to explain thealifferences observed between net ecosystem productivity and

Gt
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changes in tree size at short time scéfageifel et al., 201Q)But more accurately, this
approach to modelling growth has not been perceived as a problem until r@€aeatiy

et al., 2019)given thewidespread understanding that plant productivity is limited by the
input of Cthrough photosynthesis (i.e., growth is C sotiitéted). However,evidence

that direct restrictions on sink activities and growth processes may occur before those on
photosynthesis suggests the need to build growth modelséh Wie demand for carbon

plays a leading role (i.e., sink limitatio(gorner, 2015)

At the beginning of the growing season, cambial cells divide, and the new cells undergo
differentiation, finally resulting in mature xyle@Rossi et al., 2012)Cells enlarge by
stretching the primary walls, then they produce, thicken and lignify secondary walls, and
ultimately succumb to programmed cell de@ossi et al., 2012)Given the importance

of wood formation in the process of carbon sequestration from the atmosphere to wood
biomass, it is not surprising that climageowth relationships have geid considerable
interest worldwide. Models including xylogenesis are now available and promise to
incorporatethe intraannual dynamics of thsink activity of cambium(Friend et al.,

2019) However, such models still lack data for their calibration and validation.
Xylogenesis provides a picture of wood formation that can be directly used to test
hypotheses or calibrate model parame{@€usny et al., 2013)Modelling xylogenesis
would potentially allow reliable wood formation dynamics to be upscaled freentd

stand and, potentially, to ecosystem or biome. However, such a challenge requires
answering the unsolved question about the variability in xylogenesis among individuals

and the drivers of xylem phenology.
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3.2Waod formati on: standards and | imits

Interest in wood formation dynamics has grown worldwide in the last decades, leading to

a substantial increase of studies available in the liter@edvicco et al., 2019)Some
standards have emerged, and microcoring and pinning have been adopted as sampling
techniqueg Gr i | ar et al ., 2007 ;.MévtressaichgrobDpssgse a ur i
the same criteria to discriminate between phenological phases of the developing xylem
and count cell numbers in conifers or measure the width of the diffgren zones in
broadleavegMartinez del Castillo et al., 2016; Rossi, Deslauriers, et al., 20b@)nks

to these common standards, scientists can obtain comparabléRd#tgeber et al.,

2016) thus encouraging global studies to identify general pattergs Cuny et al., 2015;

Huang et al., 2020; Rossi et al., 2016)

Logistical and technical difficulties related to repeated sampling constrain the number of
trees under investigation. As a result, the sample size for wood formation is based on a
pragmatic decision involving a traa@df among cost, time and convenier{8aitto et al.,

2020) rather than assuring an accurate representation of the process. The variability in
wood phenology among individuals has been well known since the first pioneer studies
(Wodzicki & Zajaczkowski, 1970and demonstrated in many spe¢iés| ar et al . |,
Linares et al., 2009; Lupi et al., 2010; Rathgeber et al., 2011; Rossi et al., 2008; Vieira et
al., 2014) In some cases, this variability has affected the success of some investigations
(e.g., Lupi et al., 2012)Although part of this variability can be related to the genetic
differences among individuals, other factors such as tree size and age, and microsite
conditions might influence xylem phenolog@lupi et al., 2013) This methodological

problem could finally raise doubts over thensistency of the results.
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A preliminary assessment of sample size is a crucial step in statistics. Nowadays, most of
the studies on wood formation use samples from five individDedMicco et al., 2019)
although the overall range is usually comprised between one afideslauriers et al.,

2015) To our knowledge, no paper on wood formation in the literature involves sample

size assessment, thus preventing an accurate generalization of the statistical estimations.

Power analysis is a tool for samydize assessment based on the standard deviation of the
population. If the standard deviation is unknown, researchers can estimate it or rely on
comparable values available in the literature. As an example, accordihg tesults
reported in the literatur€ upi et al., 2010; Rathgeber et al., 201d%e run a power
analysis with standard deviations of between 3 and 12 days for the estimated day of the
year of the occurrence of cell differentiation. To obtain a margerrof of + 1 day with

a standard deviation of 3, the sample size is estimated to be 37 trage §3id). A
standard deviation of 12 requires 200 trees to obtain the same margin of&yuoe (

S3.1). These results are surprisingly high when compared to the sample sizes used in the
literature.

This study explores the variability in xylem phenology among 159 trebalsam fir

(Abies balsame@_.) Mill.) sampled weekly in 2018 in natural stands in boreal forest. We
assess the variability in wood phenology among trees in anagezh population by
testing the spatial distribution of individuals, their size, and the annual xylem production
as explanatory vables for the timings of xylem phenology. We raise the hypothesis that
xylem phenology is (1) affected by tree size; (2) spatially heterogeneous within a
population; and (3) related to the rate of annual cell production. Once variability is

assessed arekplained, we quantify the thresholds of sample sizes that can be used as a



119

guideline for sampling during the assessment of wood phenology in the field, and for

building and calibrating intrannual growth models.
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3. Materials and met hods
3.3SLludy area

The study area is located atthe Fwbt nt mor ency i n Quebec, Can
7 1 A0 8 Wy @ithid the balsam firwhite birch bioclimatic domair(Figure 3.1).
According to the KppenClassification System, the climate type is continental, with a
short growing season characterized by cool temperatures and high hukhégityannual
temperature is 0.4 °C. January is the coldest month with a mean temperat&.8 6C.
July is the warmest month with a mean temperature of 14Méan annual precipitation

is 1422 mm, of which 465 mm falls in the form of sn@verall, the stands are composed
of 80% balsam fir Abies balsamedL.) Mill.), 10% white birch Betula papyrifera
Marsh), and 10% sprucePicea glauca(Moench) Voss andPicea mariana(Mill.)
B.S.P). Thestudy area covers 218 ha tixaissubmitted taclear cutduring19931994.
The actual age of the dominant anddmminant balsam fir stands in this study ranges

between 25 and 30 years.

3.3Sd@mpling and data coll ection

We selected 33 permanent plots of 20 m x 20 nuf€ig.1). In each plot, we chose 4 to
5 dominant balsam firs with upright stems for a total sampling of 159 trees. Trees with
polycormic stems, partially dead crowns, reaction wood or evident damage due to
parasites were avoided. For each tree, we recordedt lagighdiameter at breast height

(i.e., 1.3 m above the ground).

Wood microcores were collected weekly from April to October 2018 on every tree using
a Trephor(Rossi, Anfodillo, et al., 2006)rhe samples included mature and developing

xylem of the current year, the cambial zone and adjacent phloem, and at least one previous



121

complete tree ring. The microcores were dehydrated through successive immersions in
ethanolandd i monene, embedded i n -sectonsaandstaimed c u't
with cresyl violet acetate (0.16 % in watdRossi, Deslauriers, et al., 2008)e
discriminated between developing and mature tracheids under visible and polarized light
at magnifications of x400. Cells were counted across three radial rows and classified as
(1) cambium, (2) enlarging, (3) watliickening and lignifying, or (4) mate(Deslauriers

et al., 2003) (Figre 3.2). Cambial cells were characterized by thin cell walls and small
radial diametersThe enlargement zone was represented by the absence of glistening
under polarized light, which indicates the presence of only primary cell walls. Cells
undergoing secondary cell wall formation glistened under polarized light. Cresyl violet
acetate reactsith lignin, turning from violet to blue in mature cells. Maturation was
reached when the cell walls were entirely blRessi, Deslauriers, et al., 2006) (kg

3.2).
3.3V8&8riability in xylem phenology

The onset and ending of the developmental phases calculated and analysed for each

tree. The onset and the ending of each cell developmental phase were determined as the
date expressed as the day of the year (DOY) calculbyadterpolating two consecutive
observationgDeslauriers et al., 2018Fpecifically, for each phenological phase, we
defined the onset when the first cell was observed, and the ending when we observed the
last cell. The duration of the growing season was calculated as the period between the
onset of enlargement and endingvddll thickening and lignificationCell production,

i.e., the total number of cells in the tree ring at the end of the growing period, was

computed with Gompertz functions using the equatiRwossi et al., 2003)
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[1] w | Q

where y represents the number of weekly cumulative cells (enlaticgening and

lignifying, matureat the timet, represented by a specific day of the year (DOY$, the

upper asymptote repr esent-axsglacenteet parametea,l| c e |
Il is the growth rate. The relationship between duration and timings of xylem formation

and cell production was tested using standardized major axis (SMA) regressions. We used
SMA regression as we cannot state which one of the variables is independeribré&here

the aim is to test the relationship between the variables and estimate the line best

describing the scatter.

The relationship between xylem phenology and tree size (i.e., tree height and diameter at
breast height) was tested using linear regressions. We measured the distance among
experimental plots and individual rdseofees an
the distance to test for the spatial autocorrelation of xylem phenology and tree size at both

plot and tree levels.

3.3The margin of error and minimum sampl e

Bootstrapping was performed 10,000 times, during which the mean and standard
deviation of each phenological phase were repetitively calculated by randomly
resampling theoriginal dataset for sample sizes ranging from 2 to 300 trees. We
calculated the Margin of ErroME), i.e.,the degree of error in results obtained by random

sampling, on the outputs at different confidence levels (CL) according to

2] b0 62°Y0
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Wheret (critical value) represents the tvtailed tvalue for a given confidence level (i.e.,
from 70 to 99%) at a degree of freedomnef, and SD represents the standard deviation

of the bootstrapped mean valydtoore et al., 2012)

The margin of error for a given parameter expresses the maximum expected difference
between the true population and the sample estimate. We obtained the minimum sample
size for each phenological phase for a desired margin of error ebxaysat 70- 99%
confidence levels. We defined the minimum sample size as the minimum number of
sample trees to meet an expected confidence level and margin of error for each
phenological phase. All statistics were performed with R version @gR&Dkvelopmental

Core Tam 2015).



124

3. Resul ts
3.4TLlmings of xylogenesi s

The dormant cambium was composed-&f Barrow cells (Figre3.3). Only cell division
occurred at the onset of the growing season (i.e., beginning of May), and the cambial zone
rapidly increased. The cells produced by the cambium moved into the phase of cell
enlargement at the beginning of June. When the division rate slowed down (i-e., mid
June), the cambial zone began to narrow as the rate of cell differentiation was faster tha
cell division, and the number of enlarging cells increased to 7.5 + 3.7 on Jugiédife

3.3). The first waltthickening cellsvere observed in midune, reaching 10.4 = 4.8 on

July 10" (Figure3.3). The first mature cells were observed at ltleginning of July,
reaching 42.4 + 25.8 mature cells in rR8dptember.

Overall, xylem phenology described the annual pattern represented by three delayed bell
shaped curves (i.e., cambial, enlarging, and wall thickening cells) and a gresiag&d

curve (i.e., mature cellsfigure3.3). These patterns result from the variation in time of
the number of xylem cells passing through each differentiation phase. In contrast, the S

shaped curve is related to the gradual accumulation of mature cells in the tree ring.
3.4Var i aibn Ixytlyem phenol ogy

The onset of enlargement occurred from DOY 133 to 184, with 38% of trees showing at
least one enlarging cell between DOY 160 and IE§ufe 3.4). The onset of wall
thickeningand lignification occurred from DOY 158 to 193. However, 82% of trees
showed at least one cell in secondary wall formation between DOY 160 and@HE/S.
first mature cells were observéidm DOY 165 to 198, 74% occurring between DOY

175 and 185. Compared to the onset, the ending of cell differentiation exhibited a higher
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variability. The enlargement phase ended from DOY 191 to 244, whereas the end of wall

thickening and lignification phase was observed between DOY 205 an&ig66eG.4).

The length of the growing season ranged between 40 and 110 days. Cell production, i.e.,
total number of cells in the tree ring, varied between 12 and 93 cells. The relationships
between cell production and the onset and ending of xylem formation werg highl
significant @ < 0.001), with an Rof 0.26 and 0.22, respectivelfFigure 3.5). The
relationship between cell production and both duration of cell enlargement and cell wall
thickening and lignification produced significant regressidhs 0.001), withan R of

0.29 and 0.41, respectivelligure3.6).
3.4TBee si ze aandabsipattiyal

Stem diameter at breast height ranged between 58 and 194 mm among the 159 sampled
trees (Figire S3.2). Height varied between 4 and 13 m. Both variables had-almgted

distribution Figure S3.2). A total of 61% of trees showed a diameter ranging from 75 to

135 mm, and 68% of trees showed a height ranging from8to 12uméB®j1 ) . Mor an d s
index indicated no spatial autocorrelatiamong experimental plot®or either stem

diameter or tree height, while it was significant for cell production (TaBl&)SThe
Morandos i ndexPw@09l)asnong imdividualktr@gegprodu€ing negative

coefficients for stem diameter, tree height and cell production (T&dleFSgure S3.3).

No significant relationships were detected between stem diameter and xylem phenology.
R? of the regressions were low, between 0.002 and 0.0®550(05) (Table3.1, Figure

S3.4, FigureS3.5). Also, the regressions between height>aridm phenology were nen
significant, with R ranging between 0.001 and 0.027>0.05) Table3.1, Figure 8.4,

Figure 3.5).
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The Morands index calculated for each phe
was not significant, which indicated the absence of spatial autocorrelation in the timings

of the phenological phases (TaBl&, Figure S3.5). When testing for the autocorrelation

among plots, coefficients ranged betwe@®43 and0.014 P > 0.05). The onset of all
developmental phases had coefficients ranging between 0.014 and B.65@.@5).

When testing for the autocorrelation among trees, the coefficients raatyeglen 0.071

and 0.128RF > 0.05, Tables.2).

3.4The margin of error and sample size

Sample sizerequired to estimate parameters of the populatmmmeased at higher
confidence levels and lower margins of error (fFe.7, Figure3.8, Table3.3), allowing

reliable parameters of the population to be estimated. The confidence level refers to the
percentage of samples expected to include the true population parameter. In this study,
considering average values, tharple size ranged from a minimum of 4 trees for a
margin of error of £ 5 days at a 70% CL to ~300 trees for a margin of error of + 1 days at

a 99% CL (Table&.3).

Considering average values for eachrgin of errommong phases at a confidence level

of 95%, the minimum sample size ranged fromrhargin of erroe 5 days) to more than

220 (margin of errort 1 day) trees, with 29 trees being the suitable sample to obtain an
estimation of the population at an accuracy of = 3 daysi(€®)7 and3.8, Table3.3). A

sample of 23 trees reaches a confidence interval of 95% and a margin of error of one week

(margin of error ranging between3 and + 4 days).

The sample size required to assess the endings of both enlargement and lignification is

bigger than that to determine the beginning of the phenological phases3Babl€his
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reflects the abovementioned larger considerable variability among trees observed for the

end of cell enlargement and celall thickening.
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3. 8Discussion

This study investigated the timings of wood formation in 159 balsam firs from 33
permanent plots in Quebec, Canada. We used a large sample size fremgeyastands

to assess the variability among individuals and the factors that could explain this
variahlity. The dynamics of xylem formation have already been described in trees
growing under different climatic conditions or characterized by different ages, sizes, and
vitalites( Gr i | ar et al ., 2009; Linares.201;, al . ,
Rossi et al., 2008; Vieira et al., 20148espite such a vast literatutbe causes of the
observed differences in xylem phenology and length of the growing season remain
partially unresolved. Our findings confirmed that trees of the same age exhibited a wide
variation in the xylem formation timings and growing season duraf@nconfirmed the
hypothesis that in boreal forest cell production is a main factor involved in such

differences.

3.5Dhes tree size shape tree growth dynami

In this study, the relationships between tree size (i.e., diameter or height) and the timings
and duration of xylem formation were not significant. The question of whether size
influences xylem development is a lesgnding issue. As age and size aransically
coupled during tree lifespan, the main problem has historically been how to uncouple
these two factors. An attempt to disentangle the effect of size from that of age was realized
using grafting techniqug®\bdul-Hamid & Mencuccini, 2009; Mencugti et al., 2007;
Mencuccini et al., 200599r reducing population density by thinnifidartinezVilalta et

al., 2007) These manipulations demonstrated that photosynthesis and tree growth decline

at increasing tree siZ@&bdul-Hamid & Mencuccini, 2009; Martine¥ilalta et al., 2007)
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However, while there is a general agreentbat tree size, and in particular tree height,
drives variation of xylemtraitt Kagpar et al ., 2tfrbl®onxyRms el |

phenology remained uncertdin et al., 2019; Rossi et al., 2008)

Rossi et al. (2008pbserved that xylem phenology is not constant throughout the tree
lifespan. Older trees showed shorter periods of cambial activity and xylem cell
differentiation. Nevertheless, the older trees considered in that study were also taller and
larger; thus, th effect of age was not finally disentangled from tree Sa¢hgeber et al.
(2011) investigated xylogenesis in trees with the same age and similar height but
belonging to different social classes. Wood formation started earlier, dtiztpe lasted
longer, and resulted in higher cell productivity in dominant individuals. However, since
dominant trees also showed larger stem diameters and greater annual radial increments,
the question of whether either or both factors affected xyleenglbgy remained
unanswered.i et al. (2013)monitored xylem phenology in two age classes and showed
that xylem differentiation started earlier in young trees, resulting in a longer growing
season. However, older trees were still also taller and latgeg et al. (20183elected

trees according to their size and age, observing that-gmatlg pines exhibited earlier
cambial reactivation and later end of cell differentiation compared t@ldigines.
However, these differences were not confirmed in junipers of diffsizes but similar

ages. Thehypothesis that xylem phenology is sixependent could not be entirely
rejected. Still, results suggested that age plays an important role in the timings and

duration of xylem formation.

Our sample is represented by an eaged population with individuals of different sizes.
No significant effect of stem size was observed on the timings of xylem formation,

suggesting that the differences in dynamics of xylem formation detected in th@uprev
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studies resulted from an age effect or other factors (e.g., genetics, microsite, competition)
not explicitly considered. Our results suggest that tree selection for tree growth dynamics
may ignore the factor size when individuals have the same age andatomi
Senescence, the progressive loss of function accompanied by decreasing fertility and
increasing mortality with advancing agi€irkwood & Austad, 200Q)in the previous
studies emerged as an important factor in xylem phenology. This loss of fuwotidoh

also affect carbon sequestration at the stand level, which is a complex function of tree age
(Kowalski et al., 2004) This forest ecosystem effect results from a less efficient
metabolism in old trees that leads to reduced graBtndLamberty et al., 2004;
Campbell et al., 2004Assuming that the differences in dynamics of xylem formation
detected in the previous studies result from senescence, likely a function of a less efficient
metabolism, it seems worthwhile to further explore the questisalte the chickemegg

dilemma in the relationship between phenological timing and C demand.

r

3.5SBAould we sample closely | ocated trees?”:

Xylem phenology is spatially heterogeneous. The variability has a similar magnitude
within and between plots. Consequently, no spatial autocorrelation was detected by our
analyses. Similar results were observed.imng and Schwartz (2009n the timings of

bud phenology in a similar experimental design. Therefore, our results are not surprising
given the synchronism between primary and secondary gi@utto et al., 2021; Klein

et al., 2016) The spatial variability could reflect genetic differences witnpopulation.

The natural variation in phenology allows a part of the population to endure unfavourable
climatic eventsand increases survival under changing conditi@®sgo et al., 2021,
Silvestro et al., 2019However, variability in phenology is also reported among clones,

i.e., individuals with the same genotyeslauriers et al., 2009Y1oreover, a part of the
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observed variation is the consequence of heterogeneous growth along the circumference

of the sten{Lupi et al., 2013)

Contrary to phenological timings, we highlighted a significant spatial autocorrelation in
the annual cell production. This result suggests that growth rates, and consequently cell
production, are not exclusively dependent on the corresponding wood pheaolbg
growing season length. Indeed, other studies have pointed out the plasticity and the
complex interactions underlying the dynamic of wood formation in response to
temperaturdCuny et al., 2019and water availabilitfPasho et al., 2012jactors tha

could likely play a role also at microsite scale.

The variation among trees is a scale issue in ecology, related to landscape and ecosystem
patterns over time and spagevin, 1992; Wu & Li, 2006)Our results show that while
studying xylem formation dynamics of a population, the variability among trees assumes
a leading role and should be carefully considered. At large scales (e.g., at ecosystem level
or along environmental gradients), the vatigpbwithin the stand seems to be usually
lower than those among standuttd et al., 2019; Guo et al., 202Nevertheless, at
smaller scales (i.e., at population or community level) the variability in phenology among
trees assumes a greater relevance even if it lacks spatial autocorrelation. These scale
dependent phenological behaviours therefore need to ls&deoed when setting up an
experimental design. Our results suggest that sampling for the determination of xylem
formation dynamics may favour trees located in the same plot, given that the variability

among individuals has a similar magnitude when costpaithin and among plots.
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3.518 phenology an issue of carbon sink?

Our results showed that cell production is related to the period of xylogenesis. Trees with
higher cell production start xylem differentiation earlier and end later, thus resulting in a
longer growing season. Moreover, durations of cell enlargement dwdadiehickening

and lignification correlate with cell production. Several authors observed that the larger
the amount of xylem produced, the longer the period of wood forméti@r i | ar et
2009; Rathgeber et al., 2011; ThibeduHlrtel et al., 2008Vieira et al., 2014)Cell
production is composed of successive phases representing longitudinal data, i.e., a chain
of consecutive even{Rossi et al., 2012B5pecifically, the timing of onset and the rate of
cambial division affect the number of cells in the cambial zone which, in turn, influences
the timing of cell differentiatiorfLupi et al., 2010; Rossi et al., 201®) the case of the
occurrence of water deficit during the growing season, individual growth rate assumes a
leading control on the analcell production(Ren et al., 2019)However, if water
availability does not represent a constraint, the larger the number of xylem cells in

differentiation the longer the time needed to complete their maturation.

Xylogenesis is a crucial component of plant metabolism, and it is likely affected by
carbon dynamics at both plant and ecosystem scale. Wall thickening and lignification is
the largest carbon sink in tre@uny et al., 2015)Thus, if the number of cells produced
during cambial activity affects the duration of each cell differentiation phenological
phase, carbon availability could also potentially play a role in defining the duration of
maturation of cell walls. Xylem cellgast differentiation by stretehg their thin primary

walls (Cuny et al., 2015) Most carbon is allocated during calall thickening(Cuny et

al., 2015) The high carbon demand required during formation of the cell walls can
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explain the strong correlation between cell production and the duration of this phase

during cell differentiation.

3.5X¢%l ogenesis: sample size matters

Our results showed that estimates of xylem phenology at a confidence level of 95% with
a margin of error of = 1 day require samples larger than 100 trees, an excessive effort for
a lab. Most studies on wood formation use samples with five indivigDalMicco et

al., 2019) with a broad range of between one and (@eslauriers et al., 2015The
sample size for xylogenesis is closely related to the scaling, i.e., data collected at one
scale and applied at another d&eidl et al., 2013)Data collectiorrequires resources,

and our analyses offer an accurate baseline for upscaling by linking local (i.e., at tree
level) with population scale information (i.e., at the stand levifording to our results,

the range in sample size reported in the literature (i.e., from 5 to 12 individuals) can reach,
at best, a confidence level of 95% with a margin of error of £ 5 days. It is well known
that precision and accuracy are, in part, recfion of sample size, but cost and time to
collect, prepare and analyse wagainples remain a severe constraint in studying wood
formation. Therefore, the question defines a traifi®etween accuracy (i.e., sample size)

and resource investment (i.e., time and costs). According to our results, a sample size of
29 trees may increashe confidence interval substantially at 95% and maintain a low
margin of error ot 3 days However, a more reasonable sample size in terms of efforts
and benefits is a sample of 23 trees reaching a confidence interval of 95% and a margin
of error a wek (margin of error ranging betweerd and + 3 daysthe common sample

time span used for sampling in xylem differentiation assessment.
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Our estimates on the timings of phenological phases demonstrated that the sample size
for spring events is defined by the beginning of cell enlargement, the spring phenological
phase with the widest amottigees variability. And, above all, autumnal evergguire

larger samples than spring events for a given accuracy level. This means that using a
single sample size that results from averaged value among phenological phases, we can
estimate their beginning and the ending with different levels of accuracydiiferent
margins of error at different confidence levels). In temperate and boreal regions, growth
resumption is closely driven by environmental factors, mainly temperature and
photoperiod(Linares et al., 2009; Rossi et al., 201@n the contrary, internal factors,

such as the timings of growth reactivation and amount of cell production, are involved in
the duration of the growing season and the ending of wood formation, as shown by our
findings and previous studidki et al., 2013; Rathgeber et..aR011) The larger the
number of xylem cells produced, the longer the time needed to complete cell
differentiation When precise estimates at tree level have marginal importapcagtical

solution could be that investigation on xylem formation should consider larger sample
sizes for assessing autumnal phenology or gradually increasing the number of samples
during the growing season. Even though further exploration is reqoireahtirm this
proposal, according to our results, it would allow maintgrancomparable margin of

error among the phenological phases.

Estimates of xylem phenology obviously improve with larger sample sizes, as also
demonstrated by our results. The literature indicates that experimental designs with more
modest sample sizes were able to detect differences among ecosystems or speogps or al
climatic gradient§Antonucci et al., 2017; Antonucci et al., 2019; Butto et al., 2019;

Prislan et al., 2016; Rossi et al., 2016; Zhang et al., 26lB8yever, some manipulative
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experiments on xylogenesigiled to find conclusiverelationships between wood
formation dynamics and the environmental factors under investigation. Manipulations
involved rain exclusionBelien et al., 2012; Loic D'Orangeville et al., 2Q18pil
warming and acceleration of snow meltihgpi et al., 2012; Repo et al., 201h)trogen
fertilization (Camargo et al., 2014; L. D'Orangeville et al., 2013; Lupi et al., 200.2)
thinning(Lemay et al., 2017; Primicia et al., 201Bhese studies used betweear® 10

trees per group. The lack of significant results could be caused by the small sample size
accompanied by the high ametrges variability in xylem phenology and the
conservative behavior of wood formation. The variability among trees (i.e., within a
population) can vary according to a number of factors (e.g., species, tree age, the social
status of the trees). For this reason, a preliminary assessment of the variability among
trees can help in improving the accuracy of the results and deepenimpthiedge on

the factors driving the growth dynamics of a population.

This study highlighted the existence of a high variability in the timings of wood formation
among trees within an area of 1 kralthoughthe causes of the observed differences in
xylem phenology still remain partially unresolvddhe correlation between the growing
season length and xylem cell production suggests a close connection between the
processes of wood formation and carbon uptake. A deeper analysis of the relationships
between carbon source and sink processes could progigensights to explain the
variability in growth dynamics among trees aundderstanding of the physiological
processes driving wood productidrhis workpoints out the need to consider sample size
while assessing xylem phenology. Considering the hugeabitity within a population,
increasing the sample size is a crucial step to further explore the reasons underlying this

variability. Moreover, there is an evencreasing interest inmaulation models, developed
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mainly for research purposes in the past, and now applied in forest management planning
and decision support. In this context, finding better ways to incorpeaaiability in
growth dynamics and performance among individuals can help to improve the analysis

of forest productivity and its changes under a warming climate.
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3. MTabl es

Tab3dldi near regression between xylem pheno
height. The AgO0 represent ssitdrei fsil mgpret, rSe&Es
observed.

DBH Hei ght
Phenol ogi c R? q N ¢ R? q N ¢
Onset of er 0.0C-0.011 0.00:-0.11686
ggjefigai‘f"’f 0.0C-0.008 0.01:0.326
First mat ur 0.0C-0.0112 0.02-0.413
Ending of € 0.0:t0.006 0.00¢0.548

Ending of v
thickening 0.0C0.028 0.01¢0. 715

' ignificati
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Tab32Moramn correlation coefficients testing
phenol ogy for experiment al pl ots and i nd
observed (p < 0.05).c¥aftiesientdiantiedt andA

Phenol ogi c Pl ot s Trees
Onset of et 0.054 N 0.099 N
Onset of w¢ 0.057 K 0.109 K
and | ignifi

Mature cell 0.014 N 0.071 N
Ending of ¢ 0.039 N 0.071 N
End of wall 5 5395 § 0.128 N
and | ignifi
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Tab33Mi ni mum samplpehenaleodioadaleaxthase (both onset and end of enl:
l'ignification, and onset of maturation) for each cdnfeirdcemcg N &
2, N 3,aWs)4d., MNor5 alverage assessment, we used 300 when the val uc

Margin of error (N days)
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
CL 70% CL 80% CL 85%

Phenol ogi c

Onset of enl 69 18 8 5 3 10 26 12 7 5 13 33 15 9 6

Onset of wal 5., 44 g 3 2 56 15 7 4 3 71 18 9 5 3

l'ignificatio

First mature 27 7 3 2 2 42 10 5 3 2 52 13 6 4 3

Ending of en 12 32 15 8 8 18 47 22 13 8 23 61 27 16 10

Ending of wa 4 5,9 13 7 5 16 42 19 11 7 20 52 24 14 9

and | ignific

Average amon 73 19 9 5 4 11 28 13 8 5 14 35 16 29 6

CL 90% CL 95 % CL 99%

Onset of enl 16 43 19 11 7 24. 61 27 16 10 >O3' 140 47 27 17

Onset of wal g5 5, 11 6 4 13 33 15 9 6 22 57 26 15 10

l'ignificatio

First mature 67 17 8 5 3 96 24 11 6 4 16 42 18 11 7
. >3 >3 11 >31 19

Ending of en 7, 79 33 20 13 7, o 49 28 19 7/ , 87 48 31

Ending of wa , o g 30 18 11 >3' 96 43 25 16 >3' 16 75 42 23

and lignific 0 0 7

Average amon 17 46 20 12 8 21. 65 29 17 11 25. 11 50 29 19
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Tabl3dM8ran"s correlation coefficients t dsteadtf direi ghe¢ , spaticalhed
pr odufcotri oenx peri ment al plots and individual trees. Valuediicmditc a
resul ts.

Var i abl Pl ot s Trees
DBH 0.031 K 0.006 K
Hei ght 0.031 K 0.007 K
Xyl em cel |
y \ 0.032 K 0.007 N
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Fi gu3edi gmiomfgsxyl em phenology in 159 trees at Mont morency forest.

























































































































































































































































































































































































































































