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RESUME

La croissance radiale est le processus permettant aux arbres de constituer du bois,
ressource renouvelable par excellence, et qui assure par conséquent I'un des services
de séquestration du carbone les plusatfies sur Terre. Dans les biomes tempérés et
boréaux, la croissance radiale se produit périodiqguement. Cette alternance des périodes
d'activité et de dormance donne lieu aux cernes annuels de croissance, dont les
caractéristiques sont le résultat de liattion entre les facteurs climatiques et les
facteurs endog nes qui agissent pendant | a
le développement des plantes, qui integre des facteurs génétiques et des pressions
sélectives des facteurs climatiquesIsuong terme, peut étre surveillé grace a I'étude

de la temporalité des événements saisonniers représentés par la phénologie. Dans cette
perspective, le suivi de la phénologie des bourgeons et du bois fourni des informations
importantes sur la croissac des cernes annuel s ai nsi gue
de développement et climatiques sur les caractéristiques du xyleme, notamment sa
densité. Cette thése a pour but de déméler les composantes développementales et
climatiques expliquant les variatis de densité le long du cerne. Elle étudiera
notamment comment la dynamique de la formation du bois et les facteurs
environnementaux affectent I'anatomie cellulaire, représentée par la taille des traits
cellulaires, c'esé-dire le lumen de la cellule d€paisseur de la paroi cellulaire.
Ensuite, ces information seront utilisées pour tester un model mécaniste largement
utilisé pour modéliser la croissance de cernes et les dynamiques saisonnieres de la
croissance du bois, le modele de VagaSbashkin.

Pour cette étude, nous avons sélectionné cing peuplements d'épinettes noires, I'espéece
dominante de la forét boréale canadienne, situés sur un gradient latitudinal. Sur ces
sites, la xylogenese a été suivie sur 10 individus par site pendant 15 an2(2602

A I'été 2017, des échantillons de bois ont été prélevés pour mesurer les traits cellulaires

et la micredensité. Dans chacun des sites, les variations des facteurs
environnementaux ont été enregistrées par des stations météorologiques in situ. Sur les
cing peuplements, un protocole existant basé sur des indices de télédétection calibrés
avec des observations de terrain a été utilisé pour extrapoler la phénologie des
bourgeons ° partir de | 6indice diff ®renti e
normalized difference vegetation i-ndex) .
Shashkin, la largeur des cernes a été mesuré et le modéle a été calibré pour la période
20022016. La validation du modeéle a été réalisé a travers la comparaison entre les
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prédidions du modelés (croissance interannuelle et dynamiques de formation de la
cerne) et les observations obtenues par le monitorage de xylogenese.

Nos résultats démontrent que le carbone alloué dans les tissus ligneux est indirectement
mais étroitement li@ la dynamique de formation du bois, qui englobe les signaux de
croissance a court et a long terme. Cette stratégie conservatrice, explique la tres large
aire de distribution de I'épinette noire. Les effets des facteurs environnementaux sur
I'anatomie eka micro-densité cellulaires ne sont pas additifs, ce qui soutient I'hypothése
selon laquelle la densité du bois et I'anatomie cellulaire présentent différents patrons
de corrélations écologiques. L'action contrebalancée des différents facteurs
environnemataux explique comment une miedensité similaire peut étre atteinte

avec un rapport paroi/lumen différent. Nous avons observé que dans tous les sites, la
dynamique de la formation du bois s'est ajustée autour d'une température moyenne de
~14 °C, ce quiwsggere des réponses convergentes autours variations de température
pendant la différenciation cellulaire. L'anatomie cellulaire, et indirectement la-micro
densité, ont été modulées par la durée des différentes étapes de la différenciation
cellulaire, qui ot été elleanémes influencées par la phénologie des bourgeons. En
effet, nous avons observé que la formation du bois final se produit aprés la fin de
I'élongation des jeunes pousses, ce qui suggere que les arbres font face a la forte
demande de sucres dales principaux tissus séquestrant du carbone;atist le
bourgeon et le bois, en séparant ces processus dans deux moments différents de la
saison de croissance. Alors que I'élongation des pousses est en cours, la disponibilité
des sucres pour la ésgance secondaire est limitée. En conséquence, les cellules
passeraient proportionnellement plus de temps a s'élargir qu'a déposer leur paroi
secondaire, ce qui donnerait lieu a des cellules de bois initial présentant un diamétre de
lumen important mais ne paroi secondaire mince. Une fois que I'élongation des
pousses est atteinte, les sucres seront massivement utilisés pour la formation du bois
final, ce qui permettra une plus longue durée de dép6t de la paroi secondaire. La
proportion croissante de susrdisponibles a ce stade permet le développement de
parois cellulaires plus épaisses, dont la rigidité limitera la durée de I'allongement des
cellules du xyleme, ce qui se traduira par des cellules plus petites. L'interaction des
phases de différenciati@ur chaque trait cellulaire, et leur dépendance susmentionnée
par rapport aux autres événements survenant au cours de la croissance primaire, sont
probablement & l'origine de la relation non linéaire que nous avons détectée entre la
taille des traits cellaires et leur durée de différenciation. Nous avons en effet observe
que la taille des caracteres cellulaires, @edite le diamétre des cellules et I'épaisseur

de la paroi cellulaire, augmentait proportionnellement a la durée de leurs phases de
différenciation, c'estrdire la durée de I'élargissement, du dépot de la paroi secondaire
et de la lignification, jusqu'a ce qu'ils atteignent un plateau.

La croissance interannuelle simulée avec le modéle de Va@rashkin était trés
corrélée avec celle qui@t ® observ®e dans | es cing si

t e
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peu adapté a modéliser les dynamiques des croissancearintralle de nos sites, en
étant donné que sa paramétrisation a été originairement basé sur de sites froids mais
séches. Cependant, umeilleure adaptation dmodéle dé/aganovShashkin comme

modele prédictif des dynamiques de croissanceammman uel | e de | 6®pi nett
souhaitable afin doextrapol er des i nform
échantillonneretsurlaréppre de | 6 ®pi nette noire aux cha

Ces résultats couvrent d'importantes lacunes quant & nos connaissances sur les relations
de cause a effet qui setendent les variations de miedensité chez les coniferes.

Nous avons démontré que Iéponses a court terme aux variations environnementales
peuvent étre remplacées par des réponses plastiques qui modulent la différenciation
cellulaire, ce qui indique que la dynamique de formation du bois est un puissant
prédicteur de l'allocation de cartomlans les arbres. De plus, en fournissant des
informations basées sur un suivi exceptionnellement long de la xylogenése, ces
résultats constituent une contribution précieuse pour augmenter les performances des
modéles mécanistes existants en termes destele croissance des arbres et en termes

de biomasse produite par I'épinette noire.

Mots clés. Picea mariana(Mill.) B.S.P., croissance secaaide differéntiation
cellulaire déposition de paroi secondaire et lignificationicro-densité, modele de
VaganowShashkin



ABSTRACT

Radial treegrowth is the process whereby trees build new wood, one of the most
important renewable resource, which ensures efficient carbon sequestration services on
Earth. In temperate and boreal climates, radial growth occursdpily, and the
alternation of periods of activity and dormancy results in tree rings, whose features are
the result of the interaction between climatic and endogenous factors. Among the
endogenous factors, plant development, which encompasses getrdtidest and
selective pressures of loitgrm climatic signalling, can be monitored through the study

of the timing of seasonal events represented by plant phenology. In this perspective,
monitoring bud and wood phenology provides important informatiomitaioeering

growth and the way in which developmental and climatic factors affeetitgeell
features and then, wood density. This thesis aims to unravel the developmental and
climatic components of density variations within the trieg, by studyinghow wood
formation dynamics affect wood anatomy, represented by cell traits i.e. cell diameter
and cell wall thickness, which are in turn influenced by the environmental factors. Then,
this information have been used to test a mechanical model widelyousextiel tree

ring growth and seasonal wood growth dynamics, the Vag&haghkin model.

In this study, samples were collected from five sites in the coniferous boreal forest of
Quebec, (Canada) along a latitudinal gradient stretching between 48°N &hdB8°
these sites, xylogenesis was monitored on 10 individuals x site for 15 years (2002
2016), and in the summer of 2017, additional microcores and cores were collected to
measure cell traits i.e. lumen diameter, cell wall thickness; and-eeersity. Wather
information was recorded using weather stations at each site. Normalized Difference
Vegetation Index (NDVI) was used to extrapolate bud phenology from each of the five
sites. For the VaganeShashkin model application, dark circles were measured and
the model was calibrated for the period 2@IA 6. The validation of the model was
carried out through the comparison between the predictions of the model (interannual
growth and dynamics of ring formation) and the observations obtained by the
monitoring d xylogenesis.

Our results demonstrate that carbon allocated into woody tissues is indirectly but
tightly linked to short and lonterm growth signalling, in part explaining black
spruceds conservative growth str@mbofegy
environmental factors on cell traits and miclensity were not additive, supporting the
hypothesis that wood density and cell anatomy display distinct patterns of ecological

and
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correlations. The diverse effects of the environmental factors explainsimoiar
micro-densities can be reached with different wall/lumen ratio. We observed that at all
sites, wood formation dynamics adjusted around a mean temperature of ~14 °C,
suggesting converging responses to temperature signalling during cell diffepentiati
Wood anatomy, and indirectly micatensity, were modulated by the duration of the
different stages of cell differentiation i.e. duration of enlargement and secondary wall
deposition, which were influenced by bud phenology. Indeed, we observed that
latevood formation occurs once shoot elongation has ended, suggesting that trees cope
with the high demand of sugars in the maisi@k tissues i.e. bud and wood by
separating these processes in time. While shoot elongation is ongoing, sugar
availability for condary growth is limited. Accordingly, cells would proportionally
spend more time in enlarging rather than undergoing secondary wall deposition,
resulting in earlywoodells with large diameter but thin secondary wall. Once shoot
elongation is completesugars are massively conveyed into the stem, allowing for
latewood formation. The increasing supply of sugars to the stem during latewood
formation allows for the development of thicker cell walls limiting the capacity of cells
to enlarge, resulting in sr@r cells. The interplay between cell differentiation phases
on each cell trait, and their abexeentioned dependence from the other events
occurring during primary growth, are likely at the origin of the-hnear relationship

we detected between cellaits and their duration of differentiation. Indeed, we
observed that cell wall thickness and cell wall diameter, proportionally increased with
the duration of their differentiation phases, until they reached a plateau.

Predicted inteannual tree ring greth was highly correlated with the simulated time
series from the VaganeShashkin model, but simulations of the irtiranual growth
dynamics highlighted that the model performances are limited in wet climates, given
that its parameterization was originalbased on drier sites. However, a better
adaptation of the Vagandvhashkin model as a predictive model of the tatraual
growth dynamics of black spruce would allow to extrapolate information on more
remote areas and on the growd#isponses of black gpce to climate change.

These results cover important gaps on the causal relationships underlying micro
density variations in conifers. We demonstrated that in species characterized by a wide
geographical distribution, plastic adjustments in wood formatitynamics can
override climate responses. These adjustments are not directly detectable in wood trait
size variations because of their pronounced dependency on developmental control.
Furthermore, by providing information based on an exceptionally lomup&yglesis
monitoring period, these results are a valuable contribution to increase the performance
of the existing mechanistic models in terms of predicting the onset of the growing
season and the amount of biomass stocked in cold environments.
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Keywords. black spruce, secondary growth, cell differentiation, secondary wall
deposition and lignification, micrdensity Vaganovshaskin model



INTRODUCTION

1.1 The boreal forestprovides essential services fdEarth

If during the COVID19 outbreak the definitonrsange of Afessenti a
and goodso has assumed many gradations, th
provides many of them. Boreal forests are indeed source of a multitude of renewable
goods and services, and their existence supports a wideabfugelamental
environmental dynamics (Brandt et al. 2013). The effects of climate change on boreal
forests are already ongoing (Soja et al. 2007); however it is still challenging to make
clearstatemergabout the impacts of climate change on boreasfsrlongterm
survival. Climate change on trees growing in boreal forests might have indeed an
ambivalent effects, abe release of growth restrictions linked to rising temperatures
may be accompanied by sepecific and speciespecific conditions thacould
increase trees mortality or reduce tree grovtb 6 Or angevi | | e et al . 2
2020) In this @ntext, the development of reliable global models to understand and
predict how climatic change could affect forest ecosystems is tightly linked to a deep

knowledge of the processes underlying-geawth.
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The effects of global warming is expected to beshpponounced in Northern
ecosystems relative to other ecosystems of the Boreal Hemisphere, with annual mean
temperature across the north American boreal zone bemgCwarmer by 2100
(Price et al . 2013, ThedareCastadvagions wduld kadéot al
alterations of th&€ cycle and of energy exchange, giving rise to modifications that
will affect the distribution of species, the productivity of boreal forests, finally
affecting the role of the boreal forest as regulator of globaiwey (LIoyd and Bunn
2007) Indeed, boreal forests stock 22% of the total forest carbon on the planet,
(Bradshaw and Warkentin 201Gauthier et al. 2015Pnly in Quebec, carbon forest,
encompassing stem, living biomass and roots, range from 2 to 4 K§(Thurner et
al. 2013). However, these estimations of carbon density are linked to high
uncertainty, probably due to the pooasal resolutions when upscaling biomass
information collected at a regional level (Thurner et al. 2013). Furthermore, carbon
balance in forestry ecosystems is based on seasonal variations, meaning that the
capacity of trees to permanently stock carbotin@ir organs changes during the

growing season (Kuptz et al., 2011).

By studying treggrowth phenology it is possible to investigate the seasonal
patterns underlying all the growtklated physiological processes occurring within
the tree, and that aren@ly-tuned to environmental conditions (Cleland et al., 2007).
Being carbon mainly stocked in the stem (Kuptz et al., 2011), a greater understanding

of radial treegrowth phenology at high temporal and spatial resolution becomes
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necessary to increase aaty in carbon biomass estimation in the boreal forest.
Furthermore, once stem biomass is known, it is possible to estimate root and living
biomass by means of allometric coefficients, adding further precision to carbon

balance within the tree (Ma et &020).

1.2 Looking at the missing link between inter and intra-annual tree-
ring growth

Due to the strong relationship between wood production and carbon
sequestration, there is an increasing interest in-artraial wooegrowth processes
and in their integitgon into larger vegetation mod€glsriend et al. 2019)The
climatic signal captured by treengs has long been used in dendrocimogy to
study how exogenous factors influence tgeewth (Douglass 1919, McLean and
Smith 1973) However, knowledge of the intrinsic mechanisms driving the formation
ofwood, the treedbds pri mar(Yagana et@o2006s i n k ,
Knowledge gaps in owrnderstandingf intra-annual treging growth
dynamics and their drivers prevent frammilding models that can be generalized and
applied at large scalsinceour current modelling framework are based on the
accumulation of empirical experienddatsimulatethe results of the processes,
instead othe process itselfln this context, predictive and explanat@gwerdo not
coexist within the same model, makiting downscalingof informationfrom tree-ring
to cell levelpoorly reliable Many models such as MAIDENiso, TreeRing2000, and

theVaganov Shashkin (VS), can be used to predict tree growth and productivity
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while accounting for the many influential factors that come into play during the life
of a plant(Vaganov et al. 2006, Danis et al. 20I®)egeneralization of their
predictionis tightly linked to the integration of tHfandamentaprocesses that shapes
woody tissues, starting from their cell traits variatamnoss the tree rinGuch
integration is needed to switch from an empirical to a mechanistic view of tree
growth processeg&urthermore, based on the tridadealism, accuracy, generality
the construction of a predictive models requires the implementaticausal
relationships meant to provide a description of-ié@lphenomena, which cannot
disregard experimental data (Hanninen 2016). Unluclalyg chronologies of intra
annual growth observations to validate, build, and improve these modelsrass sca
and timeseries are not always available over large geographical areas, hampering
mechanistic knowledge of the relationship between tree growth and carbon allocation
in the tree tissues.

Wood developmental dynamics has been recognized as deterfaictans
for earlywoodlatewood formation (Cuny et al 2016), arsriy affected bygarbon
allocation(Carteni et al 2018eems promising endogenous factors that could be
integrated in model general frameworks to better explairringegrowth In
conifers carbon storage and allocation patterns during the growing season reflect
multiple tradeoffs between respiration, assimilation, storage, and wood formation
(Skomarkova et al. 2006Buds and wood are strong competing carbon sinks with
their prioritization varying over the course of the growing segSkomarkova et al.

2006, Deslauriers et al. 201&ccording to the pioneer study Gobrdon and Larson
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(1968) a the beginning of the growing season, carbon is primarily allocated to the
buds. All photosynthates of the current year are thus invested in height growth, while
earlywood formation relies on reserves of the previous year. Only once primary
growth has firshed, a greater amount of carbon become available for stem growth,
leading to the formation of latewo@g@ordon and Larson 196&arlywood
latewood transition would then be explain by the modulatory activity of sugars, as
well supported by the mechanistic framework propdse@arteni et al 2018hese
processes underlying modification of the carbon accumulation within the stem,
which is higher in latewood than in earlywoodristructural carbohydrate
availability for radial growth increases once shoot elongat@asesallowing for the
formation of the thickwalled latewood cells by increasing the duration of secondary
wall deposition(Carteni et al. 2018)he different stages of bud and wood growth
occur at diferent times which are reflected by the carbon allocation patterns in the
tree tissues defining different phenological stages of tree gi@wmtbnucci et al.
2015, Deslauriers et al. 2017)

Sugars constitute an endogenous signal that, along with environmental factors
as water, temperature and photoperiod, modulate the different phenological stages of
wood formation, whichg the result of the transition of cells through different
developmental or differentiation stag&avidge 2001, Deslauriers et al. 2Q16&)nce
differentiation begins, the timing oelt differentiation and subsequent residence time
of xylem cells in each developmental zone determines cell size and cell wall

thicknesgDeslauriers et al. 2003)As the growing season progresses, the duration of
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cell enlargement decreases favouring the formation of progressively smaller cells
that, undergoing longer duration s¢écondary wall deposition and lignification, grow
thicker cell walls. Therefore, earlywodatewood transition depends on the interplay
between wood formation dynamics i.e. duration of both enlargement and secondary
wall deposition(Cuny et al. 2014)Cell enlargement and cell wall thickening fulfill
different physiological needs and can be influenced by different environmental
factors(Cuny and Rathgeber 2016, Balducci et al. 20F)r example, during cell
distention, cell enlargement is driven by water, where exponential increases in cell
volume are possible by the filling of the vacu@®erriero et al. 2014)n turn,
secondary wall deposition has been observed to depend mostly on temperature, since
warmer conditions allow for a longer growing season, dushigh trees have more
time to assimilate carbqbeslauriers et al. 2008, Fonti et al. 2013, Castagneri et al.
2017)

Within the treering, the ratio between cell diameter and wall thickness
reflects variations in wood densityhase intraannual pattern is calledicro-density
(Denne 1989, Rathgeber et al. 2Q0Bging the product of carbon allocation for
structural growth, wood density represents the tatibetween mechanical support
i.e. cell wall thickness and water conductiviig. cell diamete(Preston et al. 2006,
Chave et al. 2009WWood density provides thus an assessment of carbon
sequestration that can be transposed over wide areas artdengsolutions to
benefit predictive models at regional scdlégoud et al. 2017)By studying micre

density, it is possible to observe variability in wood density at a high resolution and
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ultimately assess the seasonal variation in carbon seques{i¢icoux et al. 2004,

Rathgeber et al. 2006)

A better understanding of the processes underlying roiensity variatio
within the treering and during wood formation could potentially yield a useful
quantitative relationship and provide insights into modelling carbon sequestration in

forest ecosystems and test existing predictions.

1.3 Objectives and hypothesis

In my thess, | aimed to: 1) assess the relationship between the timing of both bud and
wood formation, and the influence lmbthwood formation dynamicand

environmental factoren cell anatomy and micrdensity variation at the treng

scale and 2) validate thexisting tools to predict tree growth and the irgrenual

wood formation dynamics.

The first objective consisted of three distinct-siims with hypotheses that

corresponded to three different chapters

1.1.Assessing the timing of both bud and wood farorg and comparing their
spatial patterns in relation to annual mean temperature for black spruce across the
coniferous boreal forest in Quebec, Canada. | test the hypothesis of a temporal

separation in carbon allocation between bud and wood formatiais. &wd wood
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represent the main carbon sinks, and a tadtibetween the resources invested in
their growth is expected in order to maintain photosynthetic activity and to fulfil

plant hydraulic and mechanical needs (Chapter 1);

1.2 Determining how the timg of cell enlargement and secondary wall thickness
deposition affect cell diameter and cell wall thickness variation within the tree
ring. | test the hypothesis that there exists a positive linear correlation between
cell traits (i.e. cell diameter anéltwall thickness) and the duration of cell

differentiation (i.e. enlargement and wall formation) (Chapter II);

1.3 Testing a conceptual framework designed to quantify direct and indirect
effects of environmental factors, wood formation dynamics andraéH i.e. cell
diameter, wall thickness on mictensity variations. My hypothesis assumed that
micro-density depends on endogenous and exogenous factors i.e. cell trait
differentiation dynamics, and environmental conditions during cell formation

(Chaper IlI).

For the second objective, one specific aim was developed corresponding to one

last chapter:

2.1 Testing the VaganeShaskin (VS) model predictions with lobgrm

chronologies of black spruce cambial growth. | aim to compare the predicted and
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obseved timing of wood formation at both a traag and xylercell resolution

(Chapter 1V).

1.4 Experimental approach

The study area covers a latitudinal gradient from 48°N to 53°N, representing the
entire closed boreal forest of Quebec, Canada. Five siteselected in eveaged

adult black spruce stands in an effort to encompass a variety of black spruce
populations in Quebec (Figure 1.1). All sites lie in the eastern part of the black spruce
distribution, where black spruce is the dominant species (FigLyeTwo sites (SIM

and BER) are situated in the balsam Aibies balsamea. Mill.) i white birch Betula
papyriferaMarsh.) bioclimatic domain. MIS and DAN lie in the black spiumess
bioclimatic domain. The northernmost site (MIR) is located in thecgpliaghen

domain and is characterized by a lower tree de(Ribgsi et al. 2015) ongterm
temperature and precipitation climate statistics were calculated frorii 2@B® data
using the ANUSPLIN algorithniHutchinson et al. 2009, Hopkinson et al. 2011,
McKenney et al. 2011Average temperatures within the study area range from 1.9 to
-3.4 °C, with the southernmost and nortireost sites being respectively the warmest
and the coldest. Precipitation for all sites ranges betweera@a8®06mm. SIM and

MIR are the wettest and the driest sites along the gradient, respectively.
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The different timing of bud and wood formation wexkéracted by remote
sensing imagery and by field observations (Figure 1.2). For wood formatidn,
yearlong weekly monitoring of xylogenesis (26@R16) was performed across the
gradient, sampling 10 indiduals from each of the five sitédicrocores vere
collected at least 10 cm apart from each other to avoid the development of resin
ducts, (Deslauriers et al., 200B)dividuals for xylogenesis monitoring has been
changed each 5 years in order to avtidss responses linked to a lelagting

weeklysampling

Over20022006 thephotosynthetic and bud formation periods were derived
from NDVI data that was extracted from atmospherically correctelt®ctional
surface reflectance imagery using terra Moderate Resolution Imaging
Spectroradiometer (MO Vegetation Indices (Khare et al., 2019). The different
stages of bud formation were computed using the methodological approach proposed
by Khare et al. (201Qas they corresponded to different proportions oflihgble

logistic curve describing the standardized NDVI pattern.

Wood anatomy was measured by microcore sampling in 10 individuals from each site
on the latitudinal gradient (gure 1.2). From the same individudlspllected 10

woody cores and performedrdy scanning to obtain mici@ensity measurements
(Millier et al. 2006)

Precipitation, temperature, and soil water content at 30 cm soil depth were collected
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by automatic weather stations equipped with CR10X data loggers (Campbell
Scientific Corporation, Canada); these stations were installed in a forest egagh

site and provided hourly measurements.

1.5 Structure of the thesis

This thesis is composed of four chapters, each one corresponding to one of the
abovementioned specific objectives. Each of the four chapters is written as a
scientific paper for subnsgon to a peereviewed journal. A citation for each chapter

will be available upon publication of the respective chapters.



1.6 Figures

0 350, 700 km

- Black spruce - lichen

- Black spruce - feather moss
- Balsam fir - white birch

- Balsam fir - yellow birch

Figure 1.1 Spatial distribution of the five sites across the latituc
gradient (bigger mapand spatial distribution of black spruce in ni
America (inset map modified from U.S. Geological SurveRigital
representation of "Atlas of United States Trees" by Elbert L. Little
The different colours represent the bioclimatic domains agitiedcby
ecological classification of Québec (data downloaded
donneesquebec.ca)

12
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Primary-growth

*Khare et al.; (2019)
® NDVI time-series 2002-2016

Timing of bud phenology *
-Day of the onset and of the ending of photosynthesis
-Day of the onset and of the ending of bud formation

Z -Day of the onset and of the ending of shoot elongation &
7

Secondary-growth

[} Micro_cores **Cuny, 2014 ; Balducci, 2016
a) Wood formation dynamics:
observations of wood phenology (weekly

monitoring yrs 2002-2016) Discriminated by colors:

(i) Enlarging cells
y (ii) Cells undergoing secondary
‘“’ ' ‘ﬂ’ ‘lﬂ. wall deposition and lignification
)| 3 (iii) Mature cells

Timing for cell position and durations of cell differentiation **

Extraction of the day of the onset of each differentiation phase (timing) for each
cell position within the tree ring:
-Timing of enlargement
-Timing of secondary wall deposition and lignification
-Timing of maturation
Computed from timing:
-Duration of enlargement (days)
-Duration of secondary wall
deposition and lignification (days)
b) Wood anatomy
cell traits (sampled in summer 2017)
Variation of cell diameter within the tree-ring
Variation of cell wall thickness within the tree-ring

. Histological section
[ ] Woody cores (sampled in summer 2017) of one black spruce tree-ring used
Micro-density proﬁles for measuring cell traits
Variation of wood density within the tree-ring

X-ray of black spruce
woody cores

Figurel.2 Dataset description with all the variables computedHerfour chapters of this thesi
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2.1 Abstract

Aim: In boreal ecosystems, phenological eveligplayseasonal pattesrio support

the developing tissues during the short time window available for growth in cold
climates.Primary and secondary growth, two expensive processes for plartsemre
expected to be modulated in time to allocate carbaciesitly to bud and woody
tissuesWe aimedo assess the phenology of primary and secondary merjstems
testing theipredictabilityon the base of the mean annual temperature, a widespread

spatial index.

Location: Quebeg Canada

Time period 20022015

Major taxa studied Gymnospermae

Methods We combinedveekly scaledield observations with Moderate Resolution
Imaging Spectroradiometer (MODIS) tirgeries of the Normalized Difference
Vegetation Index (NDVI) to extract timings of photosynthesis and neemigirowth

in five black spruc¢Picea mariangMill.) B.S.P.] standdocatedalong a latitudinal
gradient Using the relationship between meristems growth and mean annual
temperature on the latitudinal gradient, we predicted their timings on a larger study

area, covering the entire black sprstand distribution in Quebec.
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Results Photosynthesistartedat the beginning of May, three weeks before bud
reactivation and thensetof wood growth. Latewood formation started in rdigly,
after shoot elongatiowas completedviean annual temperature was correlated with
the onset of bud and wood phenology in spring, but not with the phenological events
that occur in summer and autumn. Growth dynamics spatialized across the boreal
forest of Quebec varied with thensition between the subarctic and humid

continental climate.

Main conclusions We observed thahoot elongation and latewood formation were
temporally separate@rovidingevidence of a tradeff in structural carbon allocation
between primary and seadary growthWithin a context of climate change, a

warming could advance the onset of photosynthesis and meristem activity, thus
anticipating carbon allocation, but the effects on the phenological events in summer

and autumn could be marginal.

Keywords: black spruce, carbon sequestration, mean annual temperatnstem
activity, NDVI, Picea mariana(Mill.) B.S.P. phenology, photosynthesis, remote

sensingspatial analysis
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2.2 Introduction

The timings of growtkrelated physiological processes occuriiiuging the growing
season of plants are finely tuned to the seasonal patterns of environmental conditions,
which suggest that predicted environmental changes could affect the survival of trees
and forest productivityClelandet al, 2007) In temperate and boreal ecosystems,
temperature is an important driver of bud and wood phenology, and tree growth
responses to temperature variations are raising interest because of the forthcoming
changes linked to global warmiifBossi & Isabel, 2017)n situand comma garden
experiments have both shown that air temperature explains most of the variation in
the phenology of black sprucBi¢ea mariangMiller) B.S.P), one of the most

important species in the boreal foréRbssi & Bousquet, 2014Black spruce grows

from Alaska to Newfoundland and forms closed and dense stands in northeastern
North America, with a distbution that reaches the 58th parallel over different hydric

and thermal condition@Valker & Johnstone, 2014)

During the growing season, the relative growth investment in height and stem volume
must be balanced to sustain all plant proce@S@mceschinet al, 2016) The

seasonal cyclef carbohydrates within the cambium and developing xylem i.e. the
plant vascular tissue originating wood, is linked to wood phendbgglaurierset

al., 2016) In different environmest Carbone et al. (2013hdeed observed that the
concentration of nosoluble carbohydrates increases during xylem differentiation,

peaking when the number of cells in secondary wall formation reaches its maximum.
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Experimental evidence shows that bud burst matches the onseg¢mif xyl
differentiation, which relies, at least in the early growing season, on starch reserves
(Deslaurierset al, 2019; Fajstavet al, 2019) Later in the summer, latewood
formation requires a strong and continuous supply of carbohydrates to the cambium,
which is supposed to occur onceeshelongation is completd€arteniet al, 2018)
However, an improved detection of the chronological sequence of the phenological
events of primary and secondary growth is reqlioe a better understanding of

carbon sequestration in plant tissg&stonucciet al, 2017)

The broad latitudinal distribution of the boreal forest provides a unique opportunity to
study hav environmental conditions influence seasonal carbon allocation to primary
and secondary meristems at wide spatial scale. Changes in plant phenology can be
monitored at varying scales, from single s{f®alzaroloet al, 2016)to largeregions

with the help okatellite datgHmiminaet al, 2013) Spectral vegetation indices

derived from optical remote sensing data are able to provide tines sér

phenological parameters, which can be used to study species or ecosystem growing
season dynamig¥Vhite et al, 2005) The Normalized Difference Vegetation Ixde
(NDVI) is the most used spectral tool in phenological studies as it provides the
contrast between absorption of red light by pigments in the leaf chloroplasts and the
strong scattering of neamfrared radiation due to leaf internal struct(Pégaoet al,

2015)

The aim of our study was to assess the phenology of primary and secondary
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meristems and compare the spatial patterns of the timings of sinks and sources in the
boreal forest. We hypothesized a temporal sejosran carbon allocation between
primary and secondary meristems. Indeed, primary and secondary growth represent
the two main carbon sinks during early summer, and a-tHdeetween the
resources invested by trees is expected in order to maintaintiimalogarbon
balance and architectural development. To test our hypothesis, we assessed primary
meristems phenology, i.e. bud development, using Moderate Resolution Imaging
Spectroradiometer (MODIS) NDVI time series and the protocol propos&tdne et
al. (2019. The phenology of secondary meristems, i.e. wood phenology, was
assessed by monitoring 15 yeafsylogenesis at five permanent plots along a
latitudinal gradient in the coniferous boreal forest. The spatial patterns of
relationships between annual mean temperature and timings of bud and wood
phenology in black spruce were projected on an area covére entire distribution

of the species in Quebec, Canada.
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2.3 Materials and Methods

2.3.1 Study area and site selection

The study area covers nearly 800,00 kifithe northern temperate and boreal zone
of Quebec, Canada (Figure 1). The area belongs to tkallforest with a snowy
climate, with a mean temperature of the warmest month exceeding 10.0° C and a
mean temperature of the coldest month being beld@ Becket al, 2018) The

study area f& in two different climatic regions, humid continental, with mild
summer conditions, and subarctic, with cool sumr(idesket al, 2018) The former

is located in the south and eastern parth@fstudy area, the latter covers the rest
(Figure 1).

Field observations of xylogenesis and air temperature were collected at five
permanent plots along a latitudinal gradient between the 48th and 53rd parallels
north: Simoncouche (abbreviated as SIMgratchez (BER), Mistassibi (MIS),
Camp Daniel (DAN) and Mirage (MIR) (Figure 1). In addition, we selected 5,000
forest polygons extracted from the 1:20k Quebec forest(M&NF, 2015)(Figure

1). Selected polygons corresponded to forest stands dominated by black spruce (black

spruce cover >75%) that had remained undisturbed for the past 30 years.

2.3.2 Wood phenology and xylem cell size

The timings of wood phenology and anatomical attributes were assessed by
microcores sampled on adult trees in the five permanent(Blot® et al, 2019)

Microcores were collected weekly or fortnightly during Agdictober 2002016
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(except at MIR: 2012016) from 10 trees p@ermanent plot using surgical bone
needles or Trephor. Microcores were embedded in paraffin, cut into transversal
sections, and stained with cresyl violet acetate (0.16% in water). Wood phenology
was assessed by classifying xylem cells under visible alagiped light at
magnifications of x 40B00. Xylem cells were classified as (1) enlarging, (2) wall
thickening and lignifying, or (3) matu®eslaurierset al, 2003) The daily sequence
of cell production and maturation was estimated using the protocol propoSechiy
et al. (2013)Accordingly, we fitted generalized additive models (GAM) with splines
over the numberfaells for each sampling day, thus estimating cell production and
the timings of division and differentiation of each cell of the tree ring at daily scale
(Cunyet al, 2013) The timings represented the day of the year (DOY) of entry of the
cells into each phenological evéButto et al, 2019) Wood phenology was
represented by the overall period of xylem cells prado@and maturation.
We determined the earlywoddtewood transition on the tregags and its timings
from anatomical measurements made on additional microcores collected in 2017 on
10 individuals per plot. These samples were prepared using the aboweraenti
procedure, stained in safranin (1% in water) and permanently fixed on slides using
Permount E. We measur e-wallthickmessn(single walhert er and
all sections using Wincell (Regent Instruments, Canada) on images collected by a
cameraiked on an optical microscope at magnifications of x20. Tracheids with

lumen smaller than twice celNall thickness were considered as latewood. We
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matched the anatomical measurements with the estimated daily timings of xylem

formation to estimate the datéearlywoodlatewood transitiorfButto et al, 2019)

2.3.3 NDVI and bud phenology

Timings of photosynthesis and bud phenology were derived from NDVI time series
extracted from the TerraEarthr bi t i ng pl atformés MODI S Veg
(MOD13Q1, version 6). We used 16 dagmporal NDVI composite imagery on

ISIN tiles h13 v03 and h13 v04 with a spatial resolution of 250 m. We used a total of

460 NDVI granules (a granule is a raster image; 230 for each ISIN tile)

(https://earthdata.nasa.ghwWVe extracted mean NDVI values fgich permanent

plot and black spruce polygon for the period 2@098. NDVI was fitted with
doublelogistic curves and the onset and ending of photosynthesis was estimated at
the two inflection point§¢Antonucciet al, 2017) The activity of the primary

meristem was estimated on the same curves based on the thresholds defined in Khare
et al. (2019), thus assessing bud phenology (i.e. the period from reactivation of the
bud until bud segoingthrough winter bud, which is observed once shoot elongation

is finished), and shoot elongation (i.e. the period of apical grdtintet al,

2010)

2.3.4 Temperature data

Hourly temperatures were recorded in the five permanent plots by weather stations
equipped with CR10X dataloggers (Campbell Scientific Corporation, Canada) and

averaged to obtain monthly time s Monthly climate data were extracted for the
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whole study area from Canadian Climate Data Archive of Environment Canada
(Environment Canada, 1994). Temperatures were generated ushpiatiein
smoothing splines to develop elevation dependent spatiadtyncous climate
surfaces from noisy weather station data, as implemented in the ANUSPLIN climate
software(McKenneyet al, 2011)The monthly temperatures recorded by
ANUSPLIN are highly correlated with those measured at the field plots (R=0.99).
Annual temperatures were calculated from the monthly time series for both

permanent plots and the whole study area.

2.3.5 Statistical analysis angpatial patterns

Differences between the timings of phenological events were tested by Kruskal

Wallis test, combined with a Dunn test for multiple comparisons for groups with
unbalanced observations. Dunn test was performed usrigathjaminiHochberg
adjustmentThe timings of phenological events were modelled by fitting general

linear models (GLM) using Day Of the Year (DOY) as a dependent variable and

mean annual temperature as a predictor. The phenological event was used as a
caegorical predictor in interaction with the temperature. Model performance was
tested by comparing predictions and observations using Pearson correlations. Models
displaying coefficient correlations >0.5 between observations and predictions were
applied toassess the spatial patterns of timings of phenological events over the whole

study areaGLM andall statistical analyses were performed i{FRRCore Team,
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2019) KruskalWallis and multiple comparisons tests were performed with the

packag e @Mevik EtalA2D19)
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2.4 Results

2.4.1 Patterns of mean annual tempenate

Across the permanent plots, mean annual temperature rangef6ofC to 2.1 °C,
decreasing with latitude (Figure 2). In the coldest plots, MIR and DAN, mean annual
temperatures during 20016 ranged fror2.0 °C to 0.5 °C and fron2.5 °C to-

1.5°C, respectively. Warmer conditions were recorded in MIS and BER, with mean
annual temperatures in 20@R16 ranging from 0 °C to 0.5 °C. During 202Q216,

mean annual temperature was higher in SIM, the southernmost plot, ranging from 1
°C to 3.5 °C.

Across the whole study area, mean annual temperature range€féof to 4.9 °C,

with the warmer and colder regions being located in the southeastern and north and
northeastern parts, respectively (Figure 2). On average, the temperature decreased by
1 °C per degree of latitude. The warmest temperatures were recorded close to large

water masses.

2.4.2 Phenology across the latitudinal gradient

The different phenological events showed clear and distinct temporal dynamics along
the latitudinal gradient (Figure 3). &KruskatWallis test was significant (p<0.001),

and multiple comparisons revealed different degree of similarity between the
successive phenological events (Table 1). The similarities detected depended on the
dates of different phenological events. Phgtbisesis was the first process detected

on DOY 125 * 10 days, and was different from all the other phenological events. The
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onsets of bud formation (147 + 9 days) and wood phenology (DOY 151 + 7 days)
were similar and were observed within the same weelll¢Th Figure 3). Shoot
elongation lasted 18 days, ranging from fduthe (DOY 174 10 day3 to the
beginning of July (DOY 192 11 day3. Timings of the end of shoot elongation (DOY
192 + 11 days) and start of latewood formation (DOY 48Glay3$ were smilar. The
end of latewood formation (DOY 1968 day3 was similar to the ending of bud
phenology (DOY 254 15 day3$. Photosynthetic activity lasted 172 days, ending in
October (DOY 29% 13 day$ (Figure 3). Like its onset, the ending of photosynthesis

was different from the other phenological events (Table 1).

Timings of photosynthesis and growth showed distinct spatial patterns along the
latitudinal gradient, with an earlier and longer meristem activity in the southernmost
permanent plots. Delay andteipation in onset and ending of phenology,

respectively, were observed in BER, possibly due to effects of the altitude of the site
(Figure 4). SIM and MIS were the earlier permanent plots starting photosynthesis on
DOY 118, and 119, respectively. Photogyesis was resumed one week later in BER,
and two weeks later in DAN and MIR (Figure 4). Bud phenology started earlier in the
southernmost permanent plot (DOY 143 in SIM) and later in the northernmost one
(DOY 154 in MIR), matching with the beginning obad phenology. Shoot

elongation had similar durations along the latitude, ranging from 20 days in BER to

16 days in DAN and MIR, ending when latewood formation started. Winter bud was
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formed earlier in SIM on DOY 247 and later in MIS on DOY 248. Latewood

formation ended at the latest in SIM on DOY 266 (Figure 4).

2.4.3 Phenology vs mean annual temperature

When correlated with mean annual temperature, all phenological events related to
bud and wood phenology showed decreasing and similar slopes. Consequently, a
higher mean annual temperature corresponded to earlier onset of bud and wood
formation, but also to an earlier ending of these processes (Figure 5a). GLM
explained 96% of the variance (Table 2). The most significant amount of variance
was explained by thghenological events and their interaction with mean annual
temperature. As shown by the changing slopes of our regressions, the effect of mean
annual temperature changed according to the phenological event (Figure 5a). The
onset of photosynthesis was wadedicted by annual mean temperature, as shown by
the strong correlations between predictions and observaR@s (0. 5) ( Fi gur e 5
Predictions were also satisfactory for the onset of bud and wood phenology,
indicating that these phenological eventsvaedl represented by the mean annual
temperature of the sites (Figure 5b). The correlation between observations and
predictions was moderatR petween 0.3 and 0.5) for the onset and ending of shoot
elongation. Mean annual temperature was weakly correldtedhe onset of

latewood formation and ending of bud and wood phenology, as indicated by the small

correlation values between predictions and observat®@s (0 . 2 ) .
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MAE for the onset of photosynthesis and bud phenology was 6.1 and 5.8 days,
respectrely, and decreased to 4.4 days for the onset of wood phenology (Figure 5b).
Prediction error for the onset and ending of shoot elongation was 7.1 and 8.1 days,
respectively, increasing to 9.1 and 11.6 days for the ending of wood formation and
ending of lud phenology. Prediction error for the ending of photosynthesis was 10.6
days (Figure 5b). The onset of photosynthesis, bud phenology and wood phenology
were anticipated by 3 days per additional degree Celsius in mean annual temperature,

with regressionst®wing similar slopes (Figure 5b).

The spatial patterns based on the predictions of the GLM models between
temperature and phenological events demonstrated synchronous responses to the
thermal gradients in meristems reactivations across the extendecustadfFigure

6). The spatial patterns in mean annual temperature defined regions with earlier
meristems phenology in the south and southeastern part of the study area, while
colder regions showed proportional delays in meristems reactivation (Figure 2).
Accordingly, the onset of photosynthesis occurred earlier in the southeast (DOY 110)
and later in the north and northeast (DOY 130). Bud phenology started earlier in the
southeast regions (DOY 135) and 20 days later in the north and northeast regions, the
coldest parts of the study area. The onset of bud and wood phenology occurred within
the same week and had the same spatial patterns, with wood phenology starting on

average 3.5 days after bud phenology. An increase of 1 °C in mean annual
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temperature resuliein an anticipation of 3.6 days in the onset of photosynthesis and

3 days in the onset of bud and wood phenology.

2.5 Discussion

In this study, we combined chronologies of xylogenesis with remote sensing data to
extract the phenological timings of primarydasecondary growth along a gradient
covering the latitudinal distribution of black spruce in Quebec, Canada. The timings
of the main phenological events were spatialized across our study area based on their
relationship with mean annual temperature. Qudlifigs provide a clear and
comprehensive description of the phenological synchronisms among meristems
accounting for the different phases of both bud (bud formation, shoot elongation) and
wood (earlywood, latewood formation) phenology. In agreement whir ot
reconstructions of the spatiotemporal patterns of plant phenology performed over
large area¢Piaoet al, 2015) we identified the relationships between onset and

ending of the growing season and mean annual textyses occurring across the

study area. Our results provide a spatial reconstruction at wide scale of the timings of
plant sinks and sources in a boreal species of ecological and commercial importance

for North America.

2.5.1 Synchronism between bud and woodestology

We observed similar spatiotemporal patterns of the onset of bud and wood

phenology, which occurred within the same week, demonstrating the synchronism
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between primary and secondary meristems. Similar results were observed in conifer
species, but isingle plotgFajstavret al, 2019) Within the tree, the balance
between source (canopy assimilation) and sink (growth) lies in the temporal
dynamics of nosstructural carbohydrates, which is related to plant phenology
(Oleksynet al, 2000) During spring, bud and wood growth represent the strongest
sinks in trees, competing for carbon allocati{Deslaurierset al, 2016) At the
beginning of the growing season, xylem production is expected to depend on the
influx of auxin coming from buds primordia and young leaves, where this hormone is
massively poduced to be conveyed into polar auxin transfféchradeset al, 2003)

As shown by experimental evidence, cambial reactivation artifi¢rgggered by

winter warming is not sufficient to push the cambium into vigorous xylem cells
production, which would support the hypothesis of a link between cambial activity
and the supply of auxin from the young leaves and primor@albeet al, 2003)
Activation of the apical meristems would then be necessary for the onset of wood
pherology, which could explain their synchronism.

Our results demonstrate that latewood formation starts when shoot elongation has
ceased, pointing to a temporal segregation of these two important growth processes,
both of them being highly demanding in teraiarbon supply. This temporal
segregation mirrors different investments in carbon allocation between primary and
secondary growth, which is considered crucial for the initiation of latewood
formation. At the beginning of the growing season, the devajdpids are mainly

supported by photosynthates produced by the old needles, while wood formation
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mostly relies on reserves stored in the stem rather than the carbon translocated from
the leavegHansen & Beck, 1990 onsistatly, experimental evidence obtained by
BCOpul se | ab edssimiaies demongtratedithat earlywood contains
carbon assimilated from the previous summer and autumn, while latewood is
prevalently composed of carbon assimilated during the currewirtgy season
(Hansen & Beck, 1990; Kagaved al, 2006) As proposed bZarteni et al. (2018
as long as th early stages of bud formation and shoot elongation are ongoing, a
smaller amount of carbon is available for xylem formation and in particular, for cell
wall thickening, resulting in larger xylem cells with thin cell walls. Later during the
growing seasagrthe end of shoot elongation makes more sugars available for wood
formation, allowing for a greater deposition of secondary wall, which lasts longer
than cell enlargement and entails the formation of smaller cells and thick cell walls
(Carteniet al, 2018) Our results represent suitable bases for ecophysiological
models by providing reliable relationships that combine carbon sinks and sources in
trees based on meristem phenologlich is still poorly integrated into the current
mechanistic framework@riendet al, 2019)

Some tudies have analyzed time series that included f@@ data and phenology
derived from remote sensing imagery in evergreen cor{@asamaet al, 2012;

Kong et al, 2020) During spring, the greenness displays a good synchronism with
carbon dynamics in the canopy, as demonstrated by the comparison between NDVI
and measurements from eddy covariance flux to@érag et al, 2020) However,

estimations of net ecosystem production do not allow to quantify where and how the
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carbon calculated in the total carbon balanaesexi(Lovettet al, 2006) thus
preventing assessntaosf the timings of carbon allocation when using NDVI as an
indicator of carbon phenology. Furthermdf®eng et al. (20Q) have recently
observed that estimations of the carbon patterns inferred from NDVI are less reliable
in autumn compared to spring, due to the mismatch between NDVI index and
photosynthetic capacity occurring at the end of the growing sedstimour results,
we provide a complete framework of the timings of carbon allocation in the main C
sinks of the plants i.e. primary and secondary growth, at a large geographical scale,
improving the carbon patterns inferred from NDVI.
As expected, photosynthesis ace during a longer time window, i.e. several weeks,
than meristem activityThe mismatch between photosynthetic and meristems activity
is linked to the different ecological requiremeotshese process€korner, 2012)
In conifers of cold environments, temperature is a major driver of photosynthesis
downregulationHansen & Beck, 1990Puring winter, photosynthesis can occur
when leaf temperature is above freezing point and water is available in the soil in
liquid form (BlechschmidiSchneider, 1990Even under earlier reactivation,
photosynthesis can stop and reactivate in the case of chamyimgnmental
conditions. According to current knowledge, such a flexibility is prevented for the
growth of buds and cambium in cold climate species, where only one growing season
is actually reported in the literature. Indeed, growth reactivation ofibualack

spruce avoids late frost events as much as possible, explaining the different timings of
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photosynthetic activity and meristems phenol{@yvestroet al, 2019;Marquiset
al., 2020)
Proportional changes in shoot elongation and latewood formation could arise from a
series of interlocking events, linked to the timings of the previous phenological
phases and to endogenous fac{et&nninen, 2016)The steady proportions between
timings of the intermediate stages of bud and xylem formation during the growing
season could then be linked to resource partitioning;twisiinfluenced by
allometric ratios, under which the number of vegetative and reproductive elements
influence phenology and growgleiner, 2004)In plants, the number of buds is pre
established, and has been skdwo interact with carbon allocation and bud
phenology(Fournieret al, 2020) In conifers, it has been observed that the number of
intemodes set during the previous growing season explained the differences in height
growth among regions and provenances better than phen@bgineet al, 2001)
Indeed, Chuine et al. (2001) observed thgteater number of internodes i

correlated with a higher growth rate, which allows for greater heights to be reached.

2.5.2 Mean annual temperature and black spruce phenology

We tested the use of mean annual temperature as an indicator of photosynthesis and
meristems phenology at wide geaphical scale. We observed that it is well

correlated with the phenological events in spring, i.e. onset of photosynthesis, and
bud and xylem reactivation. The onset of bud and wood growth depends on chilling

and forcing requirements: their fulfilmenteases dormandyelpierreet al, 2018)
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Although simple and simplistiecnean annual temperature characterizes a
representative, intuitive and largalged statistic, whose variations daneasily
integrated into spatial model scenarios to assess climate change impacts at the
geographical scale of species distribution. The ability of annual temperature to
describe the patterns of xylem cell production and development was also
demonstratedbr conifer species across the northern hemisp{iossiet al, 2016)
Annual mean temperature is not related to the timings of bud set, suggesting that
other factors are involved in the autumnal processes of meriptenslogy
(Deslauriers & Rossi, 2019)
Phenological events exhibited the same spatial pattern, occurring earlier in the
southern and southeastern regions and later in the northern, aneasigin rgions
of the study area. Regions with earlier phenology were closer to the ocean, suggesting
that the thermal variation along the latitude is not the only factor discriminating
phenology across our study area, which is also influenced by the effect of wate
bodies. The spatial patterns of phenological events in spring matched with the
location of the two different climatic zones of the boreal forest of Quebec described
by Beck et al. (2018and reported in Fig. 1. The humid continental climate in the east
is characterized by warm summers, earlier spring snowmelt and constant
precipitation, which produce favorable conditions for an earlier and faster growth
resumption in springRossiet al, 2011) On the longerm, the date of snowmelt also
affects the duradin of wood formation, with a determinant role on nutrient cycling in

the soil(Rossiet al, 2011) Ona larger scale, it has been observed that precipitation
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regime can change plants thermal sensitivity, with important consequences for spring
phenology(Shenet al, 2015; Duet al, 2019) In wetter areas, the lower risk of
drought triggers a greater temperature sensitivity of the start of the growing season,
allowing plantso maximize thermal benefit, which entails an anticipation of spring

phenology(Shenet al, 2015)
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2.6 Conclusions

In this study, we combined MODIS derived time series of NDVI witkitu
measurements to assess the timings of bud and wood phenology in five permanent
plots distributed across a latitudinal gradient in Quebec, Canada. We assessed the
time windowof carbon allocation in black spruce, here represented by the periods of
activity of the two main sinks, i.e. primary and secondary growth. The beginning of
bud and wood formation, which are the main growth processes in trees, occur within
the same weelhut shoot elongation and latewood formation are temporally
separated. Estimations of the timings of photosynthetic activity and carbon allocation
at the biome level are crucial for understanding the carbon budget of trees and
assessing how they allocatelwan into the canopy (apical growth) and wood (radial
growth). We demonstrate that mean annual temperature can be a good predictor of
phenology at a large scale, but only for spring events. Our results have major
conseguences on the understanding of tfeetsf of climate change on terrestrial
ecosystems. In the boreal forest, where winter chilling requirement is always fulfilled,
warmings occurring in springtime could advance the onset of photosynthesis and
meristem activity, thus anticipating carbon adition in trees. On the other hand,
phenological events occurring in summer and autumn are generally less sensitive to
the temperature because they rely on the interaction with other environmental or
endogenous facto(Sallinatet al, 2015; Cheret al, 2020) As aconsequence, the

effects of a warming on plant phenology during or at the end of the growing season
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could be marginal or less important. Within a scenario of homogenous warming
during the year and an abundant precipitation regime, we can expect a lergytifeni
the growing season for boreal black spruce, which would enable a longer time

window for carbon allocation in the growing tiss€enet al, 2020)
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2.7 Figures
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Figure2.1 Representation of the study area and permigplets. Grey and black dots indicate the
coordinates of the 5,000 polygons extracted from the Quebec Government 1:20k for@giRingy
2015) and the five permanent plots of the latitudinal gradient. Orange and blue background colol
represent the two different climates i.e. humid continental and subarctic according to the-Képpe
Geiger classification identified yeck et al. (2018)
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2.8 Tables

Table 2.1 Average timing and standard deviation of all phenological events across the plots
latitudinal gradient, with multiple comparison results (Dunn test). Events sharing the same letters
significantly different.

Phenological event DOY £ SD Comparison
Onset of photosynthesis 125+ 10 e
Onset of budphenology 147+ 9 a
Onset of woodphenology 151+ 7 a
Onset of shootelongation 174+ 10 b
End of shootelongation 192+ 11 d
Onset of latewoodformation 196+ 8 d
End of bud phenology 254+ 15 c
End of latewoodformation =~ 259+ 12 c

End of photosynthesis 297+ 13 f
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Table 2.2 Results of the generalized linear model (GLM) relating photosynthiesds,(with shoot
elongation) and wood phenology with mean annual temperature (MAT) in the permanent plots
latitudinal gradient from 2002016. Phenological events and mean annual temperature are u:
covariates

Regressors Modd
Source of variation

Type | SS F-value P F-value P R?
Phenological event (PE) 1761357 1831.2 <0.001 871.6 <0.001 0.96
Mean annual temperature (MAT) 3665 35.0 <0.001

Interaction (PE x MAT) 4874 5.1 <0.001
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3.1 Abstract

Background and AimsSecondary growth is a process related to the formation of new
cells that increase in size and wall thickness during xylaen€emporal dynamics
of wood formation influence cell traits, in turn affecting cell patterns across the tree
ring. We verified the hypothesis that cell diameter andwall thickness are positively

correlated with the duration of their differentiatiphases.

Methods Histological sections were produced by microcores to assess the periods of
cell differentiation in black spruceP{cea mariana(Mill.) B.S.P). Samples were
collected weekly between 2002 and 2016 from a total of 50 trees in five sitesaalong
latitudinal gradient in Quebec (Canada). The hammaual temporal dynamics of cell
differentiation were estimated at a daily scale, and the relationships between cell traits
and duration of differentiation were fitted using a modified von Bertalanfyvtip

equation.

ResultsAt all sites, larger cell diameters and e&hll thicknesses were observed in

cells that experienced a longer period of differentiation. The relationship was a
nonlinear, decreasing trend that occasionally resulted in a clear tasgmpverall,
secondary wall deposition lasted longer than cell enlargement. Earlywood cells
underwent an enlargement phase that lasted for 12 days on average, while secondary
wall thickness lasted 15 days. Enlargement in latewood cells averaged 7 days an

secondary wall deposition occurred over an average of 27 days.
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Key MessageCell size across the tree ring is closely connected to the temporal
dynamics of cell formation. Similar relationships were observed among the five study
sites, indicating sharedybem formation dynamics across the entire latitudinal

distribution of the species.

ConclusionsThe duration of cell differentiation is a key factor involved in cell growth
and wall thickening of xylem thereby determining the spatial variation of cel trait

across the tree ring.

Keywords: Cell differentiation, cell diameter, ceNall thickness, cell enlargement,
modelling, growth,Picea mariana temporal dynamics, timing, wall thickening,

xylogenesis
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3.2 Introduction

Secondary growth in trees is at the balskiomass production and forest

productivity. In extratropical ecosystems, tree growth is the result of an annual
process of xylem formation that engenders the production of new cells, and whose
traits influence volume quantity and quality of the resgltvood. In conifers, cell

traits change across the tree ring leading to the formation of largevahied cells,
followed by smaller thickwvalled cells(Schweingruber 2012] his transition can

occur more or less gradually, depending on the species and celdoaigigither
earlywood or latewoo{Denne 1989)Despite this arbitrary and simplistic
categorization, the spatial pattern across the tree ring involves substantial changes in
wood properties and the hydraulic capacity of the ¢Bitsnec and Gartner 2002;
Chaveet al.2009;Fonti et al.2010) The mechanism underlying the gradual
transition between earlywood and latewood can be strongly endogenous, involving

complex developmental dynami@Suny and Rathgeber 2016; Cartenal.2018)

During xylem formation, auxins are a major driver of vessel differentiation
along the tree trunk and across its radial se¢doni and Zimmermann 1983; Aloni
2013) However, reent experimental and modelling studies have questioned the
major role of auxins in earlywoodthtewood transition, as initially hypothesized by
Larson (1960 In these studies, earlywdddtewood transition could not be

explained by major changes in auxin concentrations; the concentrations were less
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than the threshold of detectabilduring latewood formation, and auxins failed to
rebuild the decreasing latewood cell sizes in model simulafidgglaet al.2001;
Hartmannet al.2017; Fajstavet al.2018) Developmental dynamics are thus
suggested as the most direct drivers of changes to tracheid size acrcess ting) tr
whereas auxins maintain a fundamental role in regulating cambial growth and cell

enlargement.

Apart from some recent metaalysegRossiet al.2013; Cunyet al.2014),
there have been few studies investigating changes in theamtraal secondary
growth of a given species across a wide geographical (assiet al.2015) Cell
enlargement and wall thickening, the two main phases of tracheid differentiation,
involve different physiological needs; these nem@sfulfilled by developmental or
environmental factors that change over the growing se@=shurierset al.2016;
Cuny and Rathgeber 2016; Balduetial.2016) The temporal dynamics of these
two phases have long been known to be key factors in xylem forn{Stene 1969;
Denne 1971; Wodzicki 197,1and, more recently, multiple studies have shown that
the duration of these two differentiation phases influencesizelbsross the tree

ring (SeeDeslaurierset al.2017for areview).

Anfodillo et al.(201]) observed a linear relationship between a cell trait and
the duration of cell formation processes by noting that larger initial earlywood cells

along the stem were coupled with a longer duration ofecdgdirgement. Cells
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growing at the base of the stem were larger than ones at the treetop as cells lower in
the stem had a longer duration of formation. In a tiyess study, Cungt al. (2014)
found a linear relationship between the duration of enlargeamehcell diametefor
all cells in a tree ring; however, they did not find any relationship between duration
and celwall thickness. Using a singleell growth model, Cartergt al. (2018)
simulated the relationship between cell traits and the duratitheir differentiation
phases. They modelled a nonlinear trend wheretreglisize increased linearly with
the duration of different phases but then reached a plateau beyond a certain point.
This new insight visxvis the temporal dynamics of céthit development illustrates
that our understanding of wood formation remains incomplete. It also confirms that
xylogenesis is a complex process depending on many factors that may result in
nonlinear patterns, as has been observed for other biological m®s@sshinget al.

2002)

The nonlinear pattern observed by Cartdral. (2018) was, however, limited
to single cellsldeally, confirming this relationship between cell traits and the length
of the differentiation phases requires a large number of observations at an intra
annual resolution. Since the monitoring of xylogenesis requires weekly sampling,
longer time serieare rare and difficult to obtain. Furthermore, a mathematical
relationship explaining univocally the relationship between cell traits (i.e. dimension
of lumen, cell wall, etc.) across the entire tree ring and their temporal dynamics has

never been quantdd. More specifically, the duration of cell enlargement and wall
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formation varies over the growing seagbDeslaurierset al.2003; Rosset al. 2006

Moseret al.2009) yet thisrelationshipremains uncleafCunyet al.2014)

This sty aims to determine the relationship between cell traits and the
duration of their differentiation phases. We test the hypothesis of a positive linear
correlation between cell traits (i.e. cell diameter andwall thickness) and the
duration of cell dferentiation (i.e. enlargement and wall formation). For this, we
monitored xylogenesis in individuals of black sprueeéa marianaMill. B.S.P.)
from20022 016, sampled from five sites | ocated
distribution across @ebec (Canada). To incorporate the complexity of the
xylogenesis and its influence on cell traits, we applied a novel approach to the study
of xylem formation(Cunyet al.2013; Balduccet al.2016) Our unique and laggthy
dataset permits a robust analysis and allows for a deeper understanding of the

influences of temporal dynamics on cell traits.

3.3 Materials and methods

3.3.1 Study sites and tree selection

The study area covers a latitudinal gradient stretching froii688N across the
boreal forest of Quebec, Canada (Tehlg. All sample sites are in evaged,
uniform, adult stands dominated by black spruce. Two sites (SIM and BER) are

located in the balsam fiApies balsamea. Mill.) i white birch Betula papyrifera
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Marsh) bioclimatic domain. Two others (MIS and DAN) lie in the black spiruce
moss bioclimatic domain. The most northern site (MIR) falls in the spiraken
domain and is characterized by a lower tree de(Bibgsiet al.2015) Mean annual
temperature along the gradient ranges between 1.6 and 4.1 °Gesles
progressively cooler moving northward (Table 1). In summer, mean temperatures
range from 11.114.6 °C, with a progressively shorter growing season toward the
most northern site (Tab®1). Annual precipitation decreases northward along the

gradient from 1162 to 827 mr(Rossiet al.2015)

3.3.2 Timing and duration

At each site, we selected ten dominant edominant trees having upright stems and
relatively larger diameters (Tab®el). Trees with polycormic stems, partially dead
crowns, reaction wood or evident damage due to parasites were avoithedlfour
lower latitude sites of the latitudinal gradient, we collected one micrpeoreee
weekly, occasionally fortnightly, from ApfiDctober (20022016). Microcore
sampling was done with surgical bone needles (2B0@7) or Trephor (2062016)
(Rossiet al.2006b) The northernmost site (MIR) was sampled following the same

protocol but was sampled only from 202P16.

To avoid the development of resin ducts, samples were collected at least 10
cm apart from each othéDeslaurierset al.2003) The microcores werdehydrated

through successive series of immersions in ethanol ainddhene. The microcores
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were embedded in paraffin, cut int@ 8 cross sections (i.e. transversal sections) and
stained with cresyl violet acetate (0%6in water)(Rossiet al.2006b) We
discriminated between developing and mature tracheids under visible and polarized
light at magnifications of 40®00x%. Cells were classified as i) enlarging, ii)
thickening and lignifying or iii) mature. Cells were counted across three radial rows
(Deslaurierset al.2003) The enlargement zone was characterized by the absence of
glistening under polarized light; this indicates the presence gfpomhary cell walls.
Cells undergoing secondary celll formation glistened under polarized light.

Cresyl violet acetate reacts with lignin, turning from violet to blue in mature cells.

Maturation was reached when the cell walls were entirely(Btossiet al.2006a)

3.3.3 Xylem-cell anatomy

Two additional microcoreper tree were collected in the summer of 2017. These
samples were prepared following the abaventioned protocol, stained with safranin
(1 % in water) and fixed on slides with a mounting medium. Digital images of the
tree ring cross sections were cotegt using a camera fixed on an optical microscope
at a magnification of 20x. We measured lumen area, lumen diameter anaicell
thickness (single wall) along at least 30 radial cell rows per tree ring using Wincell
(Regent instruments, Canada). Trachéiaging lumen smaller than 2 x celall

thickness were considered as latew{@&ton and Cournoyer 19957 summary of
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the perbrmed measurements for the xylogenesis and wood anatomy datasets is

provided in Table S1.

3.3.4 Statistical analysis

We applied generalized additive models (GAMs) for each site to assess the temporal
dynamics of the differentiation phases and to produce thesidmgramsKigure
supplementaire 3). The assessment of the temporal dynamics was based oreCuny
al. (2014) and Balducat al.(2016). The raw data provided the number of cells
produced at each differentiation phase at the sampling timeg¢RBgpptmentaire

3.1). These data, computed for 10 individuals per site, were averaged by year and by

site before modelling the temporal dynamics.

We fitted GAMs with splines to the xylogenesis data to obtain three curves
that describe the daily sequence of petlduction for the three differentiation phases,
i.e. i) enlargement, ii) secondary wall deposition and iii) maturation. The timing (the
onset for each phase) was extracted from the three curves as the day when each cell
position underwent a differentiatigphase. The duration of enlargement and wall
formation was defined as the difference between the onset of one phase and the onset

of the successive phase (Fig. S1).

The tracheidograms of lumen area, lumen diameter anava#ithickness

were obtained basl on the percentile position of the cells across the tree ring. Using
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the GAMs, we measured cell traits along multiple radial cell rows. We then averaged
the standardized percentiles of their horizontal position to provide average sizes
(Figure supplemeanire 3.). We computed cell diameter as the sum of the lumen

diameter and 2 x single cellall thicknesses.

The relationship between dynamics (duration of enlargement ardgaléll
formation) and cell traits (cell diameter and agdll thickness) was desbed as a
yearly average by applying a modified von Bertalanffy growth equation according to

the formula:

y=ax ( 1G—Tk(xT b))

wherea, k andb represent the asymptote, growth rate and horizontal intercept,
respectively. The fit was validated visually using the distribution of the residuals,
and, when required, parameters were adjusted with lower or upper lioumgsove
the overall fit. Statistics were performed runningrigev(Wood 2017) nls andstats

packages in RR Core Team 2017)
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3.4 Results

3.4.1 Cell traits

GAM s described verwell the changes in anatomical traits across the tree ring,
summarizing the inteannual variability in a single curve per site (g
supplementaire 3.2 The lowest variability was observed at MIR due to fewer years
of sampling Figure supplementaired. Overall, lumen area ranged fromi&21

um?, gradually decreasing in size from 20% of the tree ifiigufe 3.1). The largest
and smallest lumen areas were measured at SIM and BER, the two southernmost
sites. Cell diameter ranged from a minimum ofubi to a maximum of 34 um. Cell
diameter showed a similar pattern to lumen area; at most sites, maximum cell
diameter occurred at ca. one fifth of the way across the tree ringwv@lethickness
increased through the tree ring, starting at an initiaktt@ss of 1.91 pum and

reaching a maximum thickness of 4.73 um at about four fifths of the way across the
tree ring. SIM showed a different pattern, as-e&lll thickness increased gradually

throughout the tree ring.

3.4.2 Timing and duration of xylogenesis

The iming of the onset of the differentiation phases varied along the gradient. The
earliest activities were in the southernmost site although the delays did not follow a

linear pattern along the latitudinal gradient in relation to the latitude of the sample
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sites (Fgure 3.3). The earliest onset of cell enlargement was observed at SIM at the
end of May (DOY 145) and then ten days later in BER, DAN and MIR. At MIS, cells
began enlarging on DOY 153. Similarly, eelall formation began earlier in SIM
(DOY 157)and seven days later in MIR (DOY 164) with DAN being the last site to
begin cellwall deposition (DOY 169). Mature tracheids were also observed earlier in
SIM (DOY 173) compared to DAN (DOY 184), which was the last site to achieve
this stage. Xylem cellsoenpleted their maturation earliest on DOY 231 at MIR and
32 days later at SIM (DOY 263). The percentage of latewood also varied along the
gradient, from 1627 %. The lowest and highest latewood percentages were
calculated for MIR and BER, respectively. Tdharation of cell differentiation
showed a similar pattern between sites, with the exception of MIR (Fig. 3). Cell
enlargement lasted 124 days for the first xylem cells, and it decreased ®dhys
for the final cells of the tree ring. The duration ofa#ggement at MIR was strongly
affected by the smaller period of observation (2@0A6) that amplified the effect of
a different dynamic observed for one year, 2014, for which we had only nine days of
observations. The duration of enlargement in MIR wglstedays for the first cells.
This peaked at 40 % of the tree ring, when cells enlarged for 12 days, then reached
the minimum of four days over the last percentile of the tree ringw@dlliformation
showed an opposite trend; its duration increasedgsad¢h tree ring. The duration of
wall formation varied across the tree ring, starting from a minimum of 17 days in
earlywood and peaking at 32 days in latewood. Minimum and maximum total

duration of xylem formation occurred at 50 % and 100 % of theitrge r
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respectively. The length of xylem formation in MIR was different, however, as the
duration gradually decreased across the tree ringi&ig.3). On average, the length
of the growing season decreased with increasing latitude, ranging from 118 days a

SIM to 76 days at MIR.

3.4.3 Relationship between cell traits and the duration of development

The modified von Bertalanffy equation represented very well the relationship
between cell traits and the duration of cell differentiation at each siteré~84).

The pattern was clear: both cell traits increased along with a longer duration of
development. Decreasing rates of growth were observed, which resulted in an
asymptote. The standardized residuals were symmetrically distributed; this confirmed
the good fitof the regressions. Overall, 97% of the standardized residuals were
located within the2 to 2 range, demonstrating that the model suitably represented the

data Figure supplementaire 3.3

3.4.4 Cell diameter versus the duration of enlargement

The asymptote Aanged from 33.3747.63, with the lowest and highest values being
estimated for MIR and DAN, respectively (Table 2). This last value was slightly
overestimated, as shown by the visual fitting and the larger error of the resulting
parameter (Table 2). Theaywth rate K ranged from 0.09, detected at MIS and DAN,

to 0.19 at MIR. The intercept B ranged frein77 to 1.64, for SIM and BER,



81
respectively (Table 2). Overall, cells enlarged 3 pm?d&arlywood cells averaged
29 pum in diameter; such a size was acbeein 11 days. Latewood cells required six
days to reach a mean diameter of 24 fgyre 34). On average, the enlargement of
earlywood cells required three more days than the enlargement of latewood cells. No
latitudinal pattern was observed in the mstied parameters of the enlargement

phase.

3.4.5 Cell-wall thickness versus the duration of wall formation

The asymptote A ranged from 3.98 for MIR to 4.87 for BER (T8lg This
parameter followed the latitudinal gradient, decreasing toward the north; Bigh, w
showed the highest asymptote, was the exception to this pattern. In general, the
growth rate K was lower than that estimated for cell diameter, with values ranging
between 0.0F detected at BER and SBMand 0.21, calculated for MIR. Compared
to cell dianeter, the horizontal intercept B was higher for-eall thickness, ranging
from 5.78 to 10.40 for BER and MIR, respectively (Te®B®. In the two southern
sites, a cellvall thickness of 2m was reached after 20 days, a longer duration than
in the nathern sites. For MIR, the model was adapted by using a higher limit for A.
This limit improved the fit of the regression, but it generated a modest
underestimation of cellvall thicknesses, as revealed by the residuatpi(e
supplementaire3.2). Earlywood cell walls had an average thickness of 2 um after 15

days, while latewood cell walls averaged 3 um thick after 22 days.
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3.5 Discussion

This study assessed the intnanual dynamics of xylem formation in adult black

spruce trees across a wide latitudinalge. Based on 15 years of observations, our
dataset tested the hypothesis that cell traits are positively and linearly correlated with
the duration of their differentiation phases. The initial hypothesis was only partially
accepted; longer differentiatigghases (i.e. cell enlargement and-eall formation)
resulted in larger sizes (i.e. cell diameter andwall thickness). However, we found

a nonlinear relationship.

3.5.1 The influence of the duration of enlargement on cell size changes across the

tree ring

From the observed nonlinear relationship (i.e. modified von Bertalanffy), our analysis
shows that the maximum size of growing tracheids is limited at longer durations. Until
this study, there was only a partial understanding of the relationship betwlesinece

and duration of cell developmental stages across a radial section of a tree trunk.
Anfodillo et al. (2011) demonstrated that different durations of enlargement could
explain the size decrease of the first earlywood @&ghioduced by cambial
reactivationd downwards along the stem. Indeed, the larger cells located at the base of
the tree stem grew for a longer period than the smaller treetop cells to form a tapering
pattern.In addition, based othreeyears of observatiQiCunyet al. (2014 assessed a

speciesspecific linear relationship between cell size and the duration of their



83
enlargement across the radial pattern. Cells across the tree ring increased linearly in
size as the duration of enlargeméncreased (i.e. a linear relationshiguy et al.

2014. Our dataset, however, that involved cells that were heterogeneous in size
allowed us to better describe this relationship. Indeed, by mogléhiencell growth of

a single cell, Cartergt al. (2018) found a nonlinear relationship over which longer
durations did not necessarily correspond to increasing cell sizes. Therefore, by
considering all the cells that form a tree ring and relying onasdatovering several
years, it was possible to describe a nonlinear relationship between cell diameter and

the duration of enlargement.

Our data shows that cells increase initially in size as the duration of enlargement
IS greater. After a given periocglegrowth gradually slows down and then ceases. Cell
diameter then remains unchanged even if cells could continue to grow. We hypothesize
that cell size growth is constrained by physiological and biomechanical constraints.
Cell enlargement results fromcambination of DNA replication, i.e. endoreplication
and cell expansio(PerrotRechenmann 2010 he latter process occurs when enough
water is absorbed to exceed the wadliding threshold pressu(&enardet al. 2001)
During cell differentiation, the deposition of several layers of secondary walls stiffens
cellwallsanpr ogressi vely reduces (Dlinsegandideine 6 s c ap:
Vehn 2015) The loss of flexibility, due to the deposition of secondary walbpsscell

expansion.
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This ceasing of cell expansion arrives later in earlywood than in latewood,
thereby explaining their different cell sizes (Cartenial. 2018). During the initial
phase of the growing season, the priority of primary (leaf) growth seeondary
(wood) growth along the stem results in a low availability of sugars for the xylogenesis
(Carteniet al. 2018). In our model, cell size increases as the period of differentiation
lengthens; however, secondary walls are deposited slowly, evgrtoastraining cell
enlargement after about 15 days. During the second part of the growing season, the
deposition of secondary walls is faster as there is a higher quantity of sugars available
for radial growth; this results in a more rapid loss of delibility in latewood. For
smaller cell sizes, the growth of the primary wall will constrain size only after five days
of differentiation, resulting in latewood cells that are smaller than the earlywood cells.
According to our model, the maximum durati@incell expansion, which corresponds

to the mean theoretical asymptote, is 35 days (combining all sites together).

The relationship between the duration of enlargement and cell size may also
play an important role in maintaining hydraulic safety. A shqrégiod of enlargement
produces smaller cells that avaavitation more easily. We estimate that a maximum
duration of enlargement of 16 days in black spruce will produce cdll3630m in
diameter. For temperate climates, Cetwal.(2014) calculated tt the largest cells of
Norway spruce, Scots pine and silver fir had diameters of 50 um after an average of 18
days. Therefore, two additional days of cell enlargement for these temperate species

added 20 um in cell diameter relative to our colder siksspeculate that the duration
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of enlargement and the resulting cell diameter is spagesific given that this trait is
highly important in the tradeff between water transport efficiency and hydraulic
safety. Larger conduits have a higher hydraulicigficy, but they are more vulnerable
to cavitation(Pittermanet al. 2006) In cold climates, bubbles generated by freezing
induced embolism are also more difficult to elimaavhen conduits are larger
(Pittermann and Sperry 200&onsequently, as we observed in the boreal forest, early
spring cells grow for less time thamlls growing in a temperate climate, thereby
avoiding the increased risk of cavitation linked to larger cell sizes. The smaller early
spring cells of the cooler boreal forest are also less prone to damage fronttisaeze

events.

In our study, we assessadelationship that fully represents the dynamics of
both earlywood and latewood cells and that applies to a wide geographical area.
Nevertheless, the latitudinal gradient did not appear to affect the distribution of cell
sizes. Indeed, even if the nonthmost site had the lowest asymptote along the
latitudinal gradient (33 um at MIR), the other sites showed similar asymptotic values
(42 um on average). Water availability should drive directly cell enlargement, but it
affects cell growth significantly oplwhen water becomes a limiting fac{@uny and
Rathgeber 2016; Rtanet al.2018) We may not have observed climatic determinism
in cell enl argement as water i's not a
gradient (Table 1). However, evidence provided by rain exclusion experiments

performed at our study sitésxcept MIR) highlight a limited influence of water stress
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on black spruce growth and tracheid anatdBslien et al. 2012) When comparing
xylogenesis in black spruce growing in parcels having or lacking Bahenet al.
(2012) observed that timing and xylem growth were not affected by induced water
stress; this stress produced only slightly smaller cells. The high resilience of this cell
trait is caused by adjustments in the duration and rate of celjeniant and secondary
wall deposition and lignification that mostly counterbalances any effect of water stress

(Balducciet al.2016).

The relationship we observed confirms many previous findings related to the
qguantitative aspects of xylogenesis in corsfein Scots pine, the duration of
enlargement was estimated at 21 days for the initialringecells, decreasing to 10
days for the final cells (Wodzicki 1971). Deslaurietsal. (2003) observed that cell
enlargement in balsam fir lasted less than akweeearlywood cells, whereas it was
more than a week for latewood cells. In three European species of the alpine timberline,
European larch, stone pine and Norway spruce, Rasal. (2006)a found that cell
enlargement occurred over an average of 20s day the first earlywood cells,
decreasing to a few days for the final latewood cells. More recently, a model of Carteni
et al. (2018p calibrated using stone pine, Norway spruce, European larch and black
sprucé estimated an average duration of 18.8 daydHe first earlywood cells and

5.9 days for the final latewood cells.
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3.5.2 Cell-wall size is linked to the duration of celall deposition

In general, cellvall deposition depends linearly on the duration of earlywood
formation. However, during latewood cdtirmation, celwall thickness does not
increase proportionally with duration. Across our latitudinal gradient, latewood cell
differentiation begins when celall deposition reaches P80 daysUgglaet al.(2007)
observed that in latewood, cell formation was tightly linked to a longer period of wall
material deposition, not its rate. Since carbohydrate availability did not change
significantly duringhe growing seasokjgglaet al.(2001) deduced that this could not

be a trigger for latewood formation and proposed that latewood formation was unde
developmental control. Further studies found that the increase iwalelihickness

was synchronous with the increasing availability of polysaccharides over the growing
season, reassessing the role of sugars in the earlylat®dood transition
(Deslaurierset al. 2016; Carteniet al. 2018) In our results, the duration of wall
formation severely affects celall thickness in the first part of the tree ring. This
influence decreases asmothe tree ring, where other factors slow down-wall

thickness deposition until bringing it to a complete halt.

The more abrupt decrease in eglll thickness at longer durations could be
linked to cell maturation and cell deatBroover and Jones (199mhdicate that cell
death is activated when a critical amount of secondary watkisedl. The joint action
of secondarywall precursors and protease induces calcium accumulation within a cell

and generates vacuole collapse, occurring after aboy38dover and Jones 1999)
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As secondary celivall formation exerts a control on cell death, the deposition of cell
wall material abruptly slows down at longer durations. Interestingly, the maximum
duration of secondary celal formation predicted by our model averaged 45 days, a
value that was always observed along our latitudinal gradient. We thus propose that
programmed cell death is involved in the faster attainment of the asymptote, contrary

to cell enlargement, whereist reached more slowly.

We observed that maximum celiall thickness, which is reached in latewood,
follows a temperature gradient. Latewood cells, generally constituting the final portion
of the annual tree ring, are more sensitive to temperature tHgwead cells(Cuny
and Rathgeber 2016)Varmer conditions induce a thicker cell wall because they are
linked to a longer growing season during which trees have more time to assimilate
carbon Fonti et al. 2013. Furthermore, warmer temperatures correspond to larger
earlywood cells that allow a ltet assimilation of carbon due to their higher hydraulic
efficiency (Fonti et al.2013) Evidence of the link beteen temperature and cell traits
was also found bpeslaurierset al (2008)who observed that the high temperatures
experienced by trees at treeline in 2003 induced a longer period of secwadlary
deposition, which resulted in thicker cell walls. In our results, the values achieved by
the asymptote suggest that the maximum eethll thickness reached at each site
followed the latitudinal gradient. Trees growing at the southern sites produced thicker

cell walls in latewood than trees growing at the more northern sites.
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The observed duration for cefllall deposition in our study also agrees with
previous estimates for boreal species, with latewood requiring a longer period of cell
wall formation than earlywoo@Wodzicki 1971; Deslaurierst al. 2008; Lupiet al.
2011) In three conifer species in France, the duration of secomagyformation
increased from 20 to 55 days across the tree ring (€tuy. 2014). Compared to
earlywood, Deslaurierst al. (2003) observed that the time required by balsartofi
complete celwall formation was 1015 days longer in latewood. Cartextial. (2018)
estimated an average duration of wedlll formation ranging from I&5 days,
depending on the position of the cell within the tree ring. The duration of wall format
increases during the growing season with the final latewood cells requiring up to 40

days to complete this differentiation ph¢Beslaurierset al.2008; Lupiet al.2011)

3.6 Conclusions

In this study, we demonstrated the relationship between temporal dynamics of cell
differentiation and cell traits. We tested and confirmed jipotinesis that the intra
annual growth in cell traits increases in a nonlinear fashion with the duration of
differentiation. Despite the wide geographical scale analysed, involving the broad
latitudinal distribution of black spruce in Quebec, Canada, we algle to assess a
general pattern that occurs independently of the variable site conditions. We found
that cell growth and ceilvall thickening reach a plateau, beyond which cell traits

remain stable, independent of the duration of differentiation. Evba existence of
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this nonlinear pattern confirms the complexity of xylogenesis, we found a
relationship that emphasizes the different biological mechanisms between earlywood
and latewood cells. These findings provide a more integrated knowledge of
xylogenesis and its developmental dynamics. In particular, we demonstrated that
duration of cell differentiation is a key factor that has a major role in establishing the

final traits of xylem cells.



3.7 Tables

Table3.1 Location, environmental conditions and average characteristics of the sampled trees at the five study sites, sitesevrde@datitude

Altitude T
. . . Annual Mayi Tree Tree DBH Annl_JqI .
Site Latitude Longitude September . precipitation
temperature height (m) (cm)
(m asl) temperature (mm)
SIM 48A13 71A15N 338 1.9 13.3 16. 1 [204+24 1162
BER 48A51 70A20N 611 0.2 11.4 17.3 [21.1+37 1109
MIS 49A43 71A56N 342 0.7 12.8 18. 3 [19.6+28 1009
DAN 50A41 72A11N 487 T1.2 11.0 16.6 [185+29 1006
MIR 53A47 72A52N 384 1.6 11.1 13.1 [196+3.0 827

DBH: diameter at breast héig



Table3.2 Parameters of the von Bertalanffyodified equation for cell diameter versus duration of ¢
enlargement and celall thickness vesus duration of wall formation. The parametarsk and b
represent the asymptote, growth rate and horizontal intercept, respectively

Cell traits Sites a k b
SIM 42.36 + 4.28 0.11+0.03 -1.77 £ 0.94
Cell diameter BER 37.18 £3.79 0.17 £0.05 1.64 + 0.65
MIS 4258 +9.78 0.09 +0.05 -0.99 £ 1.57
DAN 47.63+11.81 0.09 +£0.05 0.37+1.03
MIR 33.37 £ 2.45 0.19 + 0.07 -1.43+1.34
SIM 4.85+0.38 0.07 £ 0.01 6.08 + 1.59
BER 4.87 +0.43 0.07 £0.02 5.78 +1.88
Cell-wall
MIS 4.02+0.17 0.17 £ 0.05 10.16 + 1.64
thickness
DAN 3.84+£0.15 0.15+0.03 8.01+1.25

MIR 3.98 +0.61 0.21+£0.10 10.40 +0.82
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Supplementary tabl8.1 Summary of the xylogenesis and wood anatomy mreasents with their
respective years of sampling at each site. The average number of sampling weeks as well as thi
number of microcores sampled by year constituting the dataset was calculated. With this nur
microcore samples each year, the alative number of cells for each differentiation phase was cou
annually. Fewer cells in the enlargement phase (i) are usually computed because of the early
enlargement activity that occurs at the beginning of the growing season when the cedistiafve not
yet been produced. In the dataset for cell anatomy, the average number of cells measured auto
ranged between 6/1000 and 13/1000 of all measured cells

Xylogenesis Wood anatomy
Site Years of Avg. # Avg. # of Cumulated Avg. # of cells Avg. # cells
sampling Sampled microcores  manually computed in the measured/year
weeks sampled differentiation phase/week
i ii iii
SIM 20022016 23 230 63 215 627 13900
BER 20022016 19 190 33 256 1135 12290
MIS 20022016 20 200 82 92 532 7270
DAN 20022016 19 190 25 116 598 6090

MIR 20122016 20 200 61 107 832 13190
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3.8 Figures
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Figure3.1 Tracheidograms of black spruce from five sites distributed along a latitudinal gradient
across the closed beal forest of Quebec, Canada. Each tracheidogram represents the average il
annual variation of cell traits over the years of study for each site as described in Table 1.
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Figure 3.2 Cell-trait timingsacross the tree rings of black spruce collected from five sites distrit
along a latitudinal gradient through the closed boreal forest of Quebec, Canada. Timings repre
day (dayof-year, DOY) at which a certain percentile of the tree ring wadargng (light grey) or
forming secondary walls (dark grey). The dashed line marks the percentage of latewood at eact
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Figure 3.3 Variationin the duration of the various cell differentiation phasesssca black spruce tre
ring at five sites along a latitudinal gradient in Quebec, Canada. The modelling protocol propc
Cunyet al. (2014 and Balducckt al (2016) was used to assess the duratioeach differentiation
phase.
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2
2) Cell number acc lation and pr lon’

The maximum cell production (N across the tree ring is fixed as the
maximal value reached by the accumulation of the number of cells in the
three differentiation phases (each horizontal row represents a cell).

The chronclogical sequence of the three differentiation phases for each
cell for each cell, based on its relative position along the tree ring, is
computed from the progressive accumulation of the number of cells in
each differentiation phase.

3) Timing for cell position and durations *

We obtain the day of the onset of each differentiation phase (timing) for
each cell position across the tree ring. The duration of enlargement (di)
and secondary wall depasition and lignification (dii} are computed as:
di= Timing ii - Timing |
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*Cuny, 2014 ; Balducci, 2016

Standardization of the horizontal position for all
the tree-rings
a) Cell-trait size (lumen diameter in the example) and cell horizontal
position across the tree ring are computed automatically by WinCELL.
b) The standard horizontal pesition is obtained by dividing the variation of
the measured horizontal position in intervals ranging from 1 to 100 and
then computing as percentiles.
Each interval is a position across the tree ring and is computed in
percentiles by the formula*:
Qilp) = (1 =)z + 950 *
GAMs application and cut into (V) groups or position
1 horizontal [uﬂlﬁb c) The average cell-trait size is obtained by the values predicted by the
v GAMs model with splines fitted on measured cell-traits versus their
standardized horizontal position.
The maximum cell number ¢y) predicted at the step 2} of the
xylogenesis analysis is used to divide the whole distribution in gy)groups
by their standardized horizontal position as suggested by Vaganov,
(2001) and the values belonging to each groups are averaged to
achieve a unique value
o)We obtain the average cell-trait size versus actual cell position and
standardized horizontal position in percentiles.
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Horizontal position (distance from the >

bottom-right of the picture in pm)

Cell group ( position ) N 10
|

.

Tracheidograms

Lumen diameter (pm) o

—

-

*R Core Team [2018). R: A language and environment for statistical computing. R
Faundation fer Statistical Cemputing, Vienna, Austria. URL https:/fvww.R-

Cell position 10 project.org/.

Lumen diameter (pm) g

1 Standardizi orizontal position 100 1

Supplementary figurd.1 Schematiarawing summarizing the statistical analysisfprmed on the two datasets (xylogenesis and wood anatom'
the example, the observations from a single tree ring are processed and modelled to obtain the temporal dynamics &f aglbgasesidogram:
of the cell traits. In this example, we hypesize a monitoring of xylogenesis over a growing season lasting 14 weeks after which time we

measurements of wood anatomy
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Supplementary figurs.2 Tracheidograms of black sprucefn five sites distributed along a latitudini
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Supplementary figure3.3 Distribution of residuals obtained by the fitting of the modifieon
Bertalanffyequaion. Cell traitsversustheir differentiation phases are represented for each of the
sites along a latitudinal gradient across the closed boreal forest of Quebec, Canada
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4.1 Abstract

1 Wood density is the product of carbon allocation for structural growth and
reflects the tradeff between mechanical support and water conductivity. We
tested a conceptual framework based on the assumption thatdaitsity
depends owlirect and indirect relationships with endogenous and exogenous

factors.

1 The dynamics of wood formation, including timings and rates of cell division,
cell enlargement, and secondary wall deposition, were assessed from
microcores collected weekly betweeb02 and 2016 from five black spruce
stands located along a latitudinal gradient in Quebec, Canada. Cell anatomy
and micredensity were recorded by anatomical analyses aralyX

measurements.

7 Our structural equation model explained 80% of mieasity varation
withinthetreer i ng wi th direct effects of wall
di ameter (0 = 1T0.51), and photoperiod (
had an indirect effect on miciensity. Micredensity increased under longer

periods of cell waltleposition and shorter durations of enlargement.
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1 Our results fill a critical gap in understanding the relationships underlying

micro-density variation in conifers. We demonstrated that sieont
responses to environmental variations could be overriddgtabyic
responses that modulate cell differentiation. Our results point to wood

formation dynamics as a reliable predictor of carbon allocation in trees.

Keywords: cell diameter, cell wall thickness, cell enlargement, photoperiod,
secondary wall depositig soil water content, structural equation modelling,
temperature



11z
4.2 Introduction

The boreal forest biome stocks 22% of the total global forest cévadshaw &
Warkentin, 2015)As they cover a large area of the Northern Hemisphere, boreal
ecosystems play an important role in regulating atePanet al, 2011; Gauthieet

al., 2015) Models of future carbon sequestration within boreal ecosysteins stil
present a high level of uncertainty because of a lack of observations required to
validate estimates of carbon balance and a poor understanding of the processes
underlying carbon sinks in northern regi¢Bsudreatet al, 2008; Hayeet al,

2012; Thurneet al, 2014) In areas outside of the tropitcsy ees 6 car bon bal a
subjected to seasonal variations, which affect the capzfditees to permanently

stock carbon in the woody tissue, the main carbon sink of (iKegsz et al, 2011)
Simulations of vegetation productivity at a large scale would benefit from a better
understanding of the carbon sink processes in trees, which includes incorporating the
effects of growth dynamics in wood and wood propertiegendet al, 2019)

Therefore, wood density, &k factor for carbon sequestration, becomes a variable of
interest in the perspective of improving model predictions of carbon sequestration at

various spatial and temporal resolutig¢@sroudet al, 2017)

Wood density is the product of carbon allocation for structural growth, and its
variability within the tree reflects the tradé betweenmechanical support,

represented by cell wall thickness, and water conductivityesented by cell
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diameter(Prestoret al, 2006; Chavet al, 2009) Despite the importance of wood

density for carbon sequestration and tree hydraulics, little is known about the factors
controlling variations in wood density across the tieg,n.e. micredensity, at the
intra-annual scal¢Balducciet al, 2013, 2015)Indeed, woodlensity can be

measured at two levels. The first is at the-tiag level by recording values such as
the minimum, mean, and maximum tnéeg wood density. The second is at the
micro-density level, integrating density measurements at specific locatitine &

tree ring.The responsiveness of wood density to variations in environmental factors
has long been exploited by dendroclimatologists to detect regional climatic signals
(Wimmer & Grabner, 2000; Gagex al, 2006; Drewet al, 2013)and to assess the
effects of climate change along elevational gradiRtzenberget al, 2020) These
dendrochronological studies have unravelled complex response patterns at
interannual scales. Nonetheless, given the procefsasbmn sequestration operating
at a finer scale, micrdensity seems more suitable for the study of carbon allocation

and sequestration during the growing sedgopacet al, 2018)

In conifers, treging micro-density is highly correlated with xylem cell anatomy, in
particular with cell diameter and cellall thicknesgRathgebeket al, 2006)
Variations in the ratio of cell diameter to cell walldkmess affect xylem density,
which peaks during latewood formation when the greatest amount of cell wall is

associated with a smaller cell diamgiarnett & Jeronimidis, 2003; Caét al,



11t
2006; Bjorklundet al, 2017) Cell anatomy is shaped by the dynamics of wood

formation; its intraannual variability results in diffent rates of cell division and
duration of differentiation. Differentiation occurs through the phases of cell
enlargement and secondary wall deposition and lignificg@amyet al, 2014;

Rathgebeet al, 2017; Buttcet al, 2019)

In temperate and boreal ecosystems, a reduced cell diameter across the tree ring is
related to a shorter duration of enlargement, generally associated with asénicre

cell wall thickening, which is linked to a longer duration of wall deposition and
lignification (Deslaurierset al, 2003; Rosset al, 2006a; Buttcet al, 2019)

However the processes of cell enlargement and cell wall deposition interact to define
cell size. Enlargement is eventually constrained by the stiffening of the cell wall
because athe deposition and lignification of the secondary Rlinser & Kleine

Vehn, 2015; Carterat al, 2018) At the same time, an increase in surface area,
linked to a longer duration of cell expansion, affects cell thidkness by linting

the deposition of the secondary wdlhus, wood formation dynamics, via their
influence on cell anatomy, are indirectly linked to midemnsity, as wood production
and xylem anatomical features are linked to the timing of cell differentigRiossiet

al., 2015)

Variations in temperature, water availability, and photoperiod during wood formation

affect micredensity. This strong environmental influence permits determining the
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relationship between environmentattors and carbon sequestration over a year.

Increased temperatures and water content during wood formation both increase wood
density in gymnosperms, whereas the role of photoperiod on wood density remains
unclear(Roderick & Berry, 2002; Way & Montgomery, 201Bhotoperiodllows

plants to percee the progression of the seasons, and its timing differs between
latitudes but remains unchanged between years for a given lofatayn&

Montgomery, 2015)During the early spring, growth reactivation is synchronized
with a longer photoperiod, which provides the tree with a less variable signal for
spring than the signal of daily temperat(iKérner, 2012) In cold climates, trees
synchronize their cambial activity with dayleng#md peaks in wood production

have been observed around the summer solRiossiet al, 2006b) Along with
photoperiod, temperature is considered as the driving factor for trethgrocold

limited climates; warmer conditions trigger additive effects during xylem formation
by increasing cell production and cell diamé@eslauriers & Morin, 2005; Fonét

al., 2013) Larger cells dbw increased hydraulic conductivity, which, during cell
differentiation, positively affects cell wall depositi¢fronti et al, 2013) During cell
enlargement, water allows cells to extend their primary wall and increase in size.
Water also enhances nutrient transport across the stem and, in turn, cellulose
productionwithin cell walls(Ericssonret al, 1996; Guerrier@t al, 2014; Deslauries

et al, 2016) Warmer temperatures directly promote cell division and cell wall
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thickening by increasing microfibril depositigDeslaurierset al, 2008; Rossgt al,

2008; Cuny & Rathgeber, 2016)

The scarce availability of lontgrm records of xylogenesis precludes a full
understanding of the interactions of environmental factors and wood formation
dynamics orxylem anatomy and micrdensity. The main objective of this paper is to
test a conceptual framework designed to quantify direct and indirect effects of
environmental factors, cell differentiation temporal dynamics, and cell anatomy, i.e.
cell diameter angvall thickness, on micrdensity.Our hypothesis holds that miero
density depends on endogenous and exogenous signals linked to wood formation
dynamics and environmental factors during cell differentiatféa.tested our
hypothesis by measuring cell sizedamicradensity within chronologies of wood
formation collected overSlyears (20022016) from black spruceRicea mariana

Mill. B.S.P.) found witlin five permanent plots distributedong a wide latitudinal

gradient

4.3 Material and methods

4.3.1 Study areand tree selection

The study area covers a latitudinal gradient from 48°N to 53°N, representing the
entire closed boreal forest of Quebec, Canada. Five sites were selectedageden

and mature black spruce stands to represent the entire latituderat exblack
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spruce populations in Quebec (Table 1, Figure S1). All sites lie in the eastern part of

the black spruce distribution, where black spruce is the dominant species (Figure S1).

Two sites (SIM and BER) are situated in the balsanitig€s balsamal. Mill.) i

white birch Betula papyriferavarsh.) bioclimatic domain. MIS and DAN lie in the

black sprucemoss bioclimatic domain. The northernmost site (MIR) is located in the

black sprucdichen domain and is characterized by a lower tree defiRaysiet al,

2015) All stands are of natural origin and are characterized by similar ages,

approximately 100 years, with the exception of SIM, which is 80 yearfRokkiet

al.,2015) Average temperatures across the stud
with the southernmost and northernmost sites being respectively the warmest and the

coldest (Figure S1). Annual precipitation for all sites ranges between 626 (MIR) and

906 (SIM) mm Figure S1).

4.3.2 Xylem formation

Ten dominant or caominant trees were selected at each site, and we avoided
sampling individuals having polycormic stems, evident parasite damage, reaction
wood, or partially dead crowns (Table 1). Small microcores walected with a
surgical bone needle (2002007) or Trephor (2002016)(Rossiet al, 2006c¢)rom

10 individuals per site. Sampling occurred weekly or fortnightly from April to
October 20022016, except at MIR, which was sampled at the same frequency from

2012 to 2016. During sampling, the devel@mnof resin ducts was avoided by
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collecting microcores 16m from each othgiDeslaurierset al, 2003) Microcores

were dehydrated in dDmonene, embedded in paraffin, cut in transversal sections
with a rotary microtomeand stained with cresyl violet acetate (0.16% in water). The
sections were observed at 4600x magnification under visible and polarized light.
Glistening and coloration discriminated between (i) cell enlargement, (ii) cell wall
deposition and lignification, and (iii) mature cel3eslaurierset al, 2003, Figure 1)

In each tree ring, cells were counted along three radial rows and classified as
enlargirg when no glistening was deteaedue to only the presence of a primary
wall. Cells undergoing secondary wall deposition glistened under polarized light,
while the beginning of lignification was marked by a different coloration with the
cresyl turning fronviolet to blue(Rossiet al., 2006a) Mature cells exhibited blue

cell walls.

4.3.3 Wood anatomy and micrdensity

In summer 2017, we collected additional microcores from 10 individuals per site for
measuring wood anatomy characteristics. These samples weresdrapiag the

abovementioned procedures but were stained in safranin (1% in water) and
permanently fixed on slides using Permount
sections using a camera fixed on an optical microscope at 20x magnification (Figure

1). Lumen diameter, cell diameter, and cell wall thickness (single wall) were

measured on all sections using Wincell (Regent Instruments, Canada). We also



12C
collected woody cores from the same trees for measuringHaérrsity; the samples

were dried to 42% moistue content and cut intom-thick sectiongPolge &

Nicholls, 1972; Millieret al, 2006) The samples were-Kayed on three cellulose
acetate films with a calibration wedge containing 12 grey levels; this calibration
wedge allowed us to convert theages into optical density values. Theay films
were scanned at 1000 dpi, pro\Milekietg a
al., 2006, Figure 1)We used WinDendrRegent Instruments, Canada) to measure

intraaannual density profiles and tre@g widths

4.3.4 Assessing the dynamics of xylem formation

We assessed the dynamics of xylem formation following Gtraly (2013) and
Balducciet al. (2016). The rate of cell division and the daily sequence of cell
enlargement and cell wall thickening was estimated by fitting additive models
(GAM) with splines over the number of cells counted for each sampling day. This
procedure assessed the daily rate of cell production and the timing and duration of
differentiation for each cell making up part of the tree ring. Timing represented the
DOY of entry of each cell into a differentiation ph&Seinyet al, 2014) The

position of each measured variable along the tree ring, i.e.téersity, cell

diameter, and cell wall thickness, were divided into percentiles to study their
variation against a relative tremg position (expresed in %). Therefore, for each

site and year of sampling, we computed profiles of cell diameter, cell wall thickness,

me as



121
and micredensity on the basis of their relative position within the tree ring by fitting

a GAM (see Buttcet al.(2019) for further details)

4.3.5 Weather measurements during cell differentiation

Temperature and soil water content atcB® depth were obtained from automatic
weather stations equipped with CR10X dataloggers (Campbell Saentifi

Corporation, Canada) and installed in a forest gap at each site. Data were collected
hourly, and daily averages were calculated for the time windows corresponding to the
timing of wood formation dynamics (i.e. beginning and end) of cell enlargement and
cell wall formation for each relative treeng position, estimated by the abeve
mentioned procedures. Photoperiod was calculated as the difference between daily

sunset and sunrise times, computed as proposé&ddiyg (2008

4.3.6 Statistical analysis

We ran principal component analysis (PCA) to investigatealaéionships between
environmental parameters (photoperiod, mean temperature, soil water content), wood
formation dynamics (rate of cell division, duration of enlargerauntation of

secondary wall deposition and lignification), cell anatomy, and raterwsity for

each treging percentile. Then, we used a structural equation model (SEM) to test the

following framework based on our hypothesis (Figure 2):
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I.  Micro-density vaiation depends directly on both cell anatomy and

environmental factors;

II. Micro-density variation depends indirectly on wood formation dynamics, i.e.
rate of cell division, duration of enlargement, and duration of secondary wall
deposition and lignificatiofhenceforth labelled as secondary wall

deposition).

Because of the strong relationship between cell anatomy and wood formation
dynamics, micradensity depends indirectly on the duration of both cell enlargement
and secondary wall deposition (Figure 2).répresent the dichotomy between
endogenous (cell differentiation) and exogenous (weather) factors, we treated wood
formation dynamics and environmental variables as independent causal variables in
our model. To eliminate the effect of the environmentabfgcon wood formation
dynamics, we used residual distributions, which were obtained by regressing the rate
of cell division, the duration of enlargement, and the duration of secondary wall
deposition with their respective most correlated environmenteblar(Figure 2,

Table S1).

The degree of multicollinearity between all variables selected for the model was
assessed by the computation of the variance inflation factor (VIF). We adopted a VIF
threshold value of <5 for variable selection, which excludegbssibility of

estimating coefficients having a sign and strength that do not match those of their
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respective correlation@uuret al, 2010) For analysis of the SEM, we used lavaan

r6s p@aoskeal,2@12yunning 10000 bootstrapped resamples with confidence
intervals andP-values as determined using the BdllStine bootstrapping method
(Beaujean, 2014Models were accepted when the BaillStine bootstrappeB-value

was >0.05. Finally, we used both a comparative fit index (CFI) score of >0.95 and a
standardized root mean squaesidual (SRMR) score of <0.09 to confirm the

goodness of fif(Hu & Bentler, 1999; Hoopest al., 2008)

4.4 Results

44.1 Timings of cell differentiation and climate

Xylem differentiation began earlier at SIM, at the end of May (DOY 144) (Figure 3).
At the other sites, xylem differentiatidoegan in the first week of June, from DOY
152 at MIS to DOY 157 at MIR. Xylem completed its maturation earliest at MIR
(DOY 253) and ten days later at SIM (DOY 269). Xylem differentiation lasted the
longest at SIM (124 days) and the shortest at MIR é38) The average temperature
during xylem differentiation was 14#4.11°C; MIR and SIM were the coldest and
the warmest sites, respectively (Figure 4). Soil water content during xylem
differentiation was 0.2en*>-m3, ranging from 0.17 fam3 at DAN to Q41 n?-m3 at

BER, the site located at the highest elevation (Figure 4, Table 1).
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4.4.2 Micro-density, cell anatomy, and wood dynamics
Mean density showed values of 500 kg-at the southernmost sites of the gradient
(SIM, BER, MIS), dropping to 45@t70 kg-m3at the northernmost sites (DAN, MIR,
Figure 5). The micralensity profiles gradually increased from 40618 kg-nv,

with a maximum value recorded at 80% of the-tiag width.

In earlywood, intreannual density varied between sites (385 kg-n) without
showing a clear climatic influence. Differences in midemsity between sites
became more evident starting from 60% of the-tneg width when the latewood at

the southernmost sites became 150 kyjdmnser than that at the northernmost sites.

Mean cell diameter varied along the | atitu
were produced at SIM and MIR, and the smal
DAN (Figure 5). All sites attained a maximum cell diameter (3.5 &trd(0% of

thetreer i ng wi dt h. I n general, cell wall thicl
variability of cell wall thickness was observed at SIM. Cell wall thickness increased

across the treeringandwas 120 00 e m for the first cell s

cum nati ng at v alil0g% of ihd treeing wWidh (EBigme &t 80

On average, the highest rate of cell division was observed at the southernmost site,
SIM (0.3 cell-dayt) and the lowest at the northernmost site, MIR (0.2 celffay

Rates of céldivision during cell differentiation followed a bedhaped pattern, with
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values ranging from 0.15 to 0.30 cell dayvhile the first percentile of the tree ring

was developing. At the beginning of the growing season, cell division increased,
culminatirg at 40% of the tree ring (except for MIR, where the culmination was
reached at 20% of the tree ring), and dropped during latewood formation. The highest
cell production rate corresponded to increased cell production across all sites of the
latitudinal gralient, where average cell production varied from 30 (SIM) to 15 (DAN)

cells per year (Figure S2).

The duration of enlargement of a xylem cell lasted on avefié@days. Longer cell
enlargement (1214 days) was observed for the first cells and decreaseddgs for

the final cells of the tree ring. The wide interannual variation observed at MIR,
coupled with the shorter observation period (Z@L6), may be at the origin of the
different patterns detected at this site. The duration of secondary wadiititapo

ranged from 22 days at SIM and BER to 19 days at MIR. Secondary wall deposition
lasted 15 days for the initial cells of the tree ring and lengthened across the tree ring
with different rates among sites. The final cells of latewood completed thation

of the secondary cell wall formation in 35 days, except at MIR where it lasted 23 days

(Figure 5).



4.4.3 Micro-density variation, wood formation, and environment e

The first two principal components of the PCA explained respectively 50.5% and

15.1% ofthe intraring variability of our variables (Figure 6). Data points were not

clustered, indicating no sHgpecific responses in our variables (Figure 6). Micro

density, cell anatomy, and photoperiod were strongly correlated with principal

component 1 (P&1), whereas the rate of cell division, mean temperature, and soil

water content were strongly correlated with principal component 2 {REiure 6,

Table 2). Larger cells were produced with a longer photoperiod and duration of

enlargement; these celllsa had a positive and strong correlation with RQA

. 0.8) . I n contrast, the |l onger duration of
conditions resulted in smaller cells and a higher rd@osity, corresponding to a

strong and negative correlaton wRICAL1(r< T 0. 8) . Rates of cell ¢
the highest correlation with PGAr = 0.74), with faster dividing cells associated with

warmer and wetter environmental conditions (Table 2). When cambial cells divided

faster, differentiating cells experiegwt a longer duration of enlargement and a shorter

duration of secondary wall deposition, which resulted in a low cell wall thickness and

low micro-density (Figure 6).

Mean temperature and soil water content during cell differentiation were most
correlatedvith PCA (having respective correlation coefficients of 0.64 and 0.53).

Therefore, larger cells were produced with longer photoperiods, longer durations of
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enlargement, and when the soil was wetter. In contrast, smaller cells and a higher

micro-density wee observed when the duration of secondary wall deposition was

longer and conditions were warm and wet.

To constrain multicollinearity between variables within a reasonable threshold

(maximum VIF <5), the rate of cell division was removed from the SEM intide

also being the endogenous variable least correlated with-ohéersity in our data set

(r= 1T0. 32, Ta b listindb8gtstrappervalueBEauld hot reject the

proposed SEM modeP(= 0.9), and CFl and SRMR showed values of 1 and 0.003,
respectively. Our model explained 80% of midensity R =0.8) variation and 70%

of cell diameteand wall thickness variations across the tree fitig=0.7). Cell wall

thickness was the most important factor that directly explained +damsity, having

a standard coefficient (0) equal to 0.61 (
effects orncell wall thickness contributed strongly to increasing mabeasity. The

direct effect of cell diameter was-1low and
density decreased slightly with an increase in cell diameter. However, cell wall
thicknesswat ar gely and negatively affected by c
effect of cell diameter on micrdensity, which we observed in the PCA, was

therefore indirect and mediated by wall thickness.

Cell diameter was linked directly with wood formatioyndmics, proportionally

i ncreasing with the duration of enl ar gemen
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duration of secondar ynconrast, wallhekmess i t i on (0 =

i ncreased with a shorter dur atduatonodf enl ar
secondary wall deposition (0 = 0.13). Wood
indirect effects on micralensity via cell anatomy. When the duration of cell

enlargement was longer, secondary wall deposition was shorter. This produced larger
cellscharacterized by a thinner wall, which led to a low midensity. In contrast,

when the duration of enlargement was shorter and secondary wall deposition was

longer, cells were smaller and showed a greater wall thickness. This produced a high

micro-densiy.

Environmental factors during cell differentiation had a direct effect on rdiensity

and an indirect effect through cell anatomy (Table 3, Figure 7). Miensity was

directly and negatively affect-@dedsiiyby phot op
values occurred at shorter photoperiods. In contrast, the direct effects of mean

temperature and soil water content were both positive, each having a similar influence

(4G = 0.10, G = 0.09, respectively). Enviro
formation also directly influenced the anatomy of xylem. Cell wall thickness
decreased with a |l onger photoperiod (0 = 1
higher soil water content (0 = 1T0.03). Cel

temperatures; howevear,bhe ef fect was | imited (0 = 0.09
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increased with a longer photoperiod (G = 0

and, marginally, a higher mean temperature

Among the environmental factors, onliggioperiod was strongly correlated with

wood formation dynamics, i.e. the duration of enlargentent(.64) and the duration

of secondary wall deposition€ 1 0. 62) (Table S1). The resi
wood formation dynamics used in the SEM wertaoted through the regression of

the duration of enlargement (or the duration of secondary wall deposition) and

photoperiod only (Figure 7).

4.5 Discussion

4.5.1 Effect of wood formation dynamics on micrdensity

Across the tree ring, the increasing proportion difwall per cell diameter describes
the general pattern of tremg density, which culminates in latewo(®restoret al,

2006; Bjorklundet al, 2017) A higher micredensity, produced from an increasing
wall/lumen ratio, mirrors changes in the proportion of carbon invested, on the one
hand, to promote cell enlargement and primary wall expansion and, on the other, to
synthesize secondary wall compongiisslaurierset al, 2016; Lemayet al, 2017)
During tracheid diferentiation, carbon is required primarily to sustain cell expansion,
preventing cell lysis through the deposition of an extensible primary wall, which is

able to contain the high amount of water needed to maintain turgor pressure for
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enlargemen(Steppeet al, 2015; Zarraet al, 2019) A higher amount of carbon is

required for secondary wall formation (cellulose, hesllulose, and lignin), which
results in thickesvalled cells that will diectly and strongly influence wood miero
density(Balducciet al, 2015; Traversaet al, 2018) the smalr the cell diameter,
the thicker the walls, thus reducing the lumen. As the diameter of a cell greatly
influences the thickness of the cell wall, the direct variability explained by cell
diameter on micralensity is low; however, cell diameter influenoeisro-density

indirectly by affecting the cell wall/lumen ratio.

Wood formation dynamics, i.e. the duration of cell enlargement and cell wall
thickening, indirectly affect micrdensity by modulating cell anatomy over the
course of the growing seas(Butto et al, 2019; Ziaco, 2020; Vieirat al, 2020) In
turn, wood formatin dynamics are affected by many signals at the endogenous level,
i.e. hormonegHartmannet al, 2017; Buttcet al, 2020) transcriptiongCatoet al,
2006) and carboriDeslaurierset al, 2016; Cartenét al, 2018) and at exogenous
level, i.e. watefCabonet al, 2020; see the following sections on environmental
factors) In agreement with previous studi@sfodillo et al, 2011; Cunyet al,

2014) we observed thahe duration of cell enlargement positively influences cell
diameter, underlying the strong effect of the endogenous factors that control cell
enlargement. A longer duration of enlargement can be promoted by kighetels,

which causes the release of protons into the apoplast and a lowering of extracellular



131
pH (Butto et al, 2020) Acid extracellular conditions lead to the activation of pH

dependent proteins that increasall loosening and promote cell enlargemn(ere
Majda & Robert (2018) for a reviewht the beginning of the growing seastme
high levels of auxin produced by the young leaves, along with higher water
availability, may then induce a longer cell enlargement duration, thereby forming

larger xylem cell§Hackeet al, 2017; Buttcet al,, 2020; Caboret al, 2020)

Numerous studies of black spruce and other conifer sp@atset al, 2006;
Balducciet al, 2016; Cunyet al, 2019; Vieiraet al, 2020)have shown that cell wall
thickness increases with the duration of cell wall deposition, a situthtat enables a
longer time window for carbon allocation into cell wdBeslaurierset al, 2016)
Contrary to cell enlargement, wall thickening and secondary wall deposition are
highly demanding processes in terms of resources, regulated mainly by C supply
(Deslaurieretal, 2008, 2 0 dtaél,2018)éAs foranicrbdensity, the
duration of cell deposition peaked during latewood formation, when carbon
availability for secondary growth is highest because of the cessation of shoot
elongaton, which implies a resource trad# between primary and secondary
growth(Carteniet al, 2018) Accordingly, it has been observed that black spruce
radial growth is strongly depdent on phot@ssimilates of the current year; the
sugars from the cambium and developing xylem are more important for sustaining

wood growth than sugars from the inner part of the wood (Deslaetiats 2016).
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Starch reserves are mainly related toahetic function and frost hardiness

(Delpierreet al,, 2019). When exposed to chilling temperatures, starch is indeed
transformed into soluble sugars, which remain at a high concentration until spring

dehardening and have metabolic and cryoprotectantifunsctDelpierreet al.,2019).

Because wood growth relies on current year photosynthates, the carbon pools
available for wood formation can be markedly reduced if a stress were to occur, as
observed in the case of defoliation by spruce budworm, one ofahredisturbances
occurring within Canadian boreal stands (Deslaugeg.,2019). Defoliated black

spruce trees are characterized by a decreased cell production and a lower amount of
secondary wall deposed during latewood formation, which leads twreaded wood
density (Paixaet al.,2019). According t®eslaurierset al, (2019), underlying this
reduction of carbon allocation to wood formation is the prioritization of primary

growth by means of an anticipation of bud phenology. These phenoldyits| s
observed in balsam fir and black spruce, allow the tree to avoid a phenological
synchrony between bud formation and spruce budworm emergence (Deskturiers

al., 2019). Therefore, it is likely that, rather than adopting an active defensive strategy
to develop resistance to stress events, black spruce decrease carbon availability for
secondary growth without any further investment of carbon into defence, as has been

observed in balsam fir (Deslauriersagt 2015).
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Our results indicate that cell ttmexperience the joint action of enlargement and

secondary wall deposition in shaping the irdgranual patterns of tree rings. During

the growing season, the amount of carbon allocated to wood formation largely
influences the duration of cell differertian, thus modulating cell diameter and cell

wall thicknesgCarteniet al, 2018; Traversaet al, 2018) During earlywood

formation, larger cells are formed because reduced carbon availability for stem
growth in the spring allows for a longer duration of cell enlargement before the onset
of secondary wall depositiqiCarteniet al, 2018) In turn, as indicated by our

results, a longer duration of enlargement negatively affects cell wall thickness by
increasing the area that must be covered by secondary wall once enlargement is
achieved, ltereby reducing cell wall thicknegSunyet al, 2014) During latewood
formation, carbon can be transferred massively into secondary wall depbstren

a period lasting up to 40 daysand allows trees tiple their micredensity

(Deslaurierset al, 2003; Balduccet al, 2015) At this stage, carbohydrate

metabolism is highly related to the carbon requirements of the maturing xylem cells;
this indicates a high investment of carbon allocatmwards secondary growth
(Traversarket al, 2018) The high amount of carbon available for wood growth
constrains tracheid enlargement by cell wall stiffening, thereby affetttenglasticity

of the cell wall and the capacity of cells to increase in size. The result is smaller cells

(Dlnser & KleineVehn, 2015)
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In agreement with Catet al.,2006, we observed a negative relationship between the

rate of cell division and wood density, that mirrors a negative correlation between
radial growth rate and the duration of secondary wall deposition. Cambium and
developing xylem are both carbon sinks, and their-atmraual patterns affect sugar
availability for secondary wall deposition (Cartenial, 2018). The residence time of
cdls in the different developmental zones is then affected by cambium activity (Cuny
et al, 2013). Nevertheless, in environments where water is not a limiting factor, cell
wall thickening requires more carbon than cell division and cell enlargement
(Deslauierset al. 2016), as the deposition of secondary wall is responsible for 90%
of biomass accumulation in conifers (Cuatyal, 2015). Hence the modest effect of

the rate of cell division on micrdensity variation across the tree ring< 0.3, Table

S1).

4.5.2 Direct and indirect effects of environmental factors on miedensity

Several studies have found that shorter photoperiods affect carbon partitioning in sink
tissues, especially by promoting sucrose allocation to active sinks, such as growing
stems. Ths allocation of sucrose increases both plant productivity and biomass
accumulation(Kuhn & Grof, 2010; Khadilkaet al, 2016) At shorter photoperiods, a
developmental switch in carbon allocation is operated by the expression of sucrose
transporter (SUT) genes, which encode plasmalemma proteins. These proteins are

sucrose carriers that are directly involved inogimh loading and unloading processes
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(Kihn, 2003; Payyavulat al, 2011; Chincinskat al, 2013) In smaller plants,

daylight affects carbon partitioning in plants, which under a decreakotggeriod

results in a greater investment of sugars in the @Bamdeviset al, 2014) The

intensified activity of sucrose transporter genes, combined with an increased
availability of carbohydrates for secondary wall deposi({@eslaurierst al, 2016;
Carteniet al, 2018) results in an increase in cell wall thickness and raitaosity

under conditios of shorter days. In turn, high concentrations of sugars enhance lignin
production to cause the #pgulation of lignin content with shorter days and thus

further increasing micralensity(Rogerset al, 2005; Deslaurierst al, 2016)

Photoperiod had both a direct effect on midemsity and an indirect effect through a
positive correlation withite duration of enlargement and cell diameter. Recently,
photoperiod has been shown to influence cell wall extensibilikov et al., 2017)
Accordingly, longer days would favour cell wall extensibility by promoting the
expression of several expansins that control cell wall loosening via a circadian clock
signalling(lvakov et al, 2017) Therefore, an increase in day length positively
influences cell diameter, not only because of an increase in the duration of cell
enlargemen(Anfodillo et al, 2011; Cunyet al, 2014; Balduccet al, 2016)but also
because longer days enhance cell wall loosening. Cell expansion is indeed driven by
changes in cell wall properties that allow for vacuole expansion while water uptake is

in progresgCosgrove, 2016)This turgordriven cell expansion occurs mostly at
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night when water transpirationlimited, and it also relies on sugar accumulation

(glucose, fructose), which attracts water molecules to inside the vacuole. This sugar

accumulation occurs during the d@ulpiceet al, 2014; Steppet al, 2015)

Temperature during wood formation had a positive and direct influence on cell
diameter, cell walthickness, and micrdensity. Warmer temperatures (when falling
within the optimal temperature range for the species) enhance photosynthesis and
promote carbon assimilation by increasing the rate of carboxylation of Rubisco and
electron transpofWay & Sage, 2008; Way & Oren, 201Qhis intensified activity

has different effects on the cambium depending on the moment of the growing
season. Early in the growing season, by inducing an earlier snow meltingingar
temperatures cause snow to melt and thereby increase water and nutrient availability
for roots, leading to the onset of stem rehydrafiurcotteet al, 2009) The

increased supply of sugars linked to these warmer temperatures promotes water
conductiam by increasing the number and size of earlywood traclieati et al,

2013; Castagnest al, 2017) Later during the growing season, the enhancement of
carbon capacityniduced by early warming, can have a canvgr effect on the radial
growth of trees because of increased carbon assimilation during latewood formation
(Fontiet al, 2013) By favouring carbon assimilation, warm temperatures increase
cell wall thickness and wood density during latewood formdtfmardet al,,

2013)
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We observed that regardless of latitude, mean temperature during the period of wood

formation was stable at approximately 14°C, where adjustments in the timing of
wood formation allowed for a f@er growing season in the southernmost sites, i.e.
trees in the southernmost sites began wood formation earlier and ended wood
formation later. In black spruce, a mean temperature of 14°C has been identified as
the optimal temperature for photosynthé€&suldenet al, 1997) It is therefore

likely that the period of wood formation is centred around 14°@ptomize wood

growth processes with photosynthesis.

The positive effect of soil water content on miciensity and cell diameter has
different ecological explanations linked to tree physiological needs during cell
enlargement but also the modulatory rnoleyed by water in regard to sugar
allocation and biomass production in black spriizeslaurierset al 2016). The
positive influence of soil water content on cell diameter can be explained by the
demand of water during cell enlargement, which makegl@atieter strongly
dependent on water availabilif€osgrove, 1997; Deslauriegs al, 2016; Castagneri
et al, 2017) Accordingly, during eaywood formation, Bjorklunaet al. (2017)
observed increased sensitivity of cell diameter to water availability or precipitation,
which makes this factor particularly important earlier in the growing season. As for
micro-density, longterm experiments hawhown that in cold environments it is

positively affected by irrigatiofNilsson, 1997; Bergkt al, 1999) Greater water
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availability in the soil also increasesuytake and, consequently, the dry mass and

retention of needles, increasing their photosynthetic effy and carbon
sequestration, which results in higher wood der{sitisson, 1997) Experiments
coupling irrigation and MNertilization have demonstrated that the positive effect of
wateravailability during the growing season on mean density is enhanced by soil
fertilization because of the limiting nature of N in cold environm@rits et al,

2015)

4.5.3 High plasticity in wood formation dynamics modulates wood traits as a
conservative strategy

We found that the average irtaanu# patterns across the tree ring, calculated for 15
years, were independent of latituddis pattern suggesasconservative strategy for
xylem traits across latitudes. At each site, however, we observed large variability in
these patterns, which may reftdoth genotypic and micrsite variability in terms of
mean temperature and soil water content during cell differentiation. We propose that
black spruce trees, regardless of latitude, are capable of showing a highly plastic
response and can promptly mdate cell differentiation at an inti@nnual scale
(Balzanoet al, 2019)to adapt to variations in photoperiod, temperature, and soil

water cotent.
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Under both controlled and natural conditions, a little variability has been observed in

the xylemrelated traits in black spruce wood. Relative to other species, black spruce
adopts a very conservative growth strategy, resulting in an unexpeetia in wood
anatomy visavis induced or natural environmental chaBelienet al, 2012;
Balducciet al, 2016; Sniderhast al, 2018) Chenet al.,(2019) observed a reduced
responsiveness by black spruce to variations iir@mwental factorsin this taxon,
adaptive responses reflect a sigmwth strategy, which is poorly suited to

responding to shoterm environmental change. By counterbalancing the duration
and rate of cell differentiation, black spruce trees respoeduimonmental

variations, such as water stress or temperature increase, and adjust their cell anatomy
across the tree rin@alducciet al, 2016) The poor correlations between wood
formation dynamics and environmental factors. i.e. soil water content and
temperaturevariations during cell differentiation may thus be a consequence of the
compensation effect of wood formation dynamics, which are finely tuned to long
periods of climatic signalling. Consistent with this assumption, investigations
covering longer periodd 943 2010) at our sites demonstrated a deadsfgendent

tree growth response of black spruce to temperature and precip{Rudicimet al,

2019) It is thus likely that only the effect of persistent drought induced by high
temperatures and low precipitation would trigger substantial changes in wood
formation dynamics, thereby modifying cell anato(Ruchiet al, 2019) To a

certain extent, these responses can be related to the-tengemechanismef
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evolutionary adaptation, which in this study encompasses part of thérager

variation at both intrasite and intersite scales and ensure black spruce resilience in

under very different growing conditions.

4.6 Conclusion

We disentangled the effects of @wmental factors, dynamics of cell formation, and
xylem cell traits on wood density by relying on one of the longest chronologies of
weekly xylem formation currently available. Such a framework provides a greater
understanding of the growitnvironment elationships in species characterized by a
wide geographical distribution, where plastic adjustments in wood formation
dynamics can override climate responses. These adjustments are not directly
detectable in wood trait size variations because of themopireced dependency on
developmental controRAccordingly, black spruce shows a slgnowth strategy,

which makeshis speciesnoderately sensitive to shadgrm environmental

variations; this qualityherebyfavours longeiterm adaptive respons@Rossi, 2015;

Martin et al, 2020)

Cell trait size and, indirectly, micrdensity across the tree ring were shaped by the
interplay of the cell trait differentiation phases; their combined actions drive the
extension of the cell wall and its thickening during cell developntetatiestingly,

the effects obnvironmental factoren cell anatomy and micrdensity were not
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additive, in agreement witRrestoret al. (2009, who observed that wood density

and cell anatomy display distinct patterns of ecological correlatges.

demonstrated that the carbon allocated to wood is indirectly but tightly linked to
wood formation dynamics, which occurs for both shanid longterm growth

signalling and has a great predictive power of wood density variation across the tree

ring.
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4.7 Tables

Table4.1 Geographical coordinates, elevation, climatic conditions, and charactesfdiceamariara
treesfor the study sites. Annual statistics for temperature and precipitation were calculated usinc
2016 climate data with the ANUSPLIN algorithm to obtain ldegn means downscaled to our sit
(McKenneyet al, 2011).

Site Latitude Longitude Altitude Mean Total annual DBH Tree
(N) (W) (m annual precipitation (cm) height
a.s.l.) temperature (mm) (m)
(°C)
SIM 48A1:71A15 338 1.9 909 204+24 16. 1
BER 48A5:70A20 611 0.2 890 21.1+37 17. 3
MIS 49°4Nj 7 1A56 342 0.3 758 19.6+28 18. 3
DAN 50A4:72A11 487 -1.2 736 185+29 16. 6
MIR 53A4° 72A52 384 -3.3 627 196+£30 13. 1

DBH, diameter at breast height, mean + standard deviation for DBH and tree height



Table 4.2 Correlation between axes of the principal component analysis éR€C PG) and-4ie
environmental factors, the wood formation dynamics, cell anatomy and-deasity measured iRicea

mariang used in the PCA with thecontribution to the axis definition (%). Only significant correlatio
(P < 0.05) are presented.

PCA Variable Correlation Contribution
Photoperiod 0.89 18.16
Environmental
Mean temperature 10.06 0.07
factors
Soil water content 0.05 0.06
Wood Duration of enlargement 0.76 13.30
PCA: formation
. Duration of secondary wall depositic  10.74 12.51
dynamics
Cell diameter 0.91 18.88
Cell anatomy
Cell wall thickness 10.92 19.21
Micro-density  Micro-density 10.88 17.81
Environmental Mean temperature 0.90 76.50
factors Soil water content 0.39 14.16
Wood Duration of enlargement 10.14 1.90
PCA, formation
. Duration of secondary wall depositic  10.19 3.38
dynamics
Cell anatomy  Cell diameter 0.15 202
Micro-density  Micro-density 0.15 2.03




Table 4.3 Parameters defining the structural equation model (SEM) with standardizddtbs
coefficients (i), the standardized estimate coefficient ertberfor), zvalue, andP-value for all SEM
regressions (micrdensity, cell diameter, and cell wall thickness measur&icea mariany.

Regression Regressors ¥ a error z-value P(>[2)
Cell diameter -0.06  0.013 15.14 <0.001
Wall thickness 0.61 0.011 56.725 <0.001

Micro -density Soil water content 0.09 0.006 13.304 <0.001
Mean temperature 0.10 0.006 15.384 <0.001
Photoperiod -0.26  0.011 123.383 <0.001
Duration of 0.17 0.009 23.514 <0.001

enlargement

Duration of cell -0.10 0.009 114.86 <0.001

wall deposition
Cell diameter

Soil water content 0.20 0.007 29.421 <0.001
Mean temperature 0.05 0.007 6.814 <0.001
Photoperiod 0.81 0.007 56.344 <0.001
Duration of cell 0.13 0.009 17.881 <0.001

wall deposition

Duration of -0.11 0.1 114.453 <0.001
enlargement

Wall thickness  Cell diameter -0.51 0.013 137.21 <0.001
Soil water content -0.03  0.007 14.391 <0.001
Mean temperature 0.09 0.007 11.802 <0.001

Photoperiod -0.32 0.013 19.382 <0.001




4.8 Figures

a) Wood formation b) Cell anatomy
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Figure 4.1 Wood formation, cell anatomy and miedensity measurements in tree ringsRi€ea
marianaa) Transverse section of a weekly sampled microcore, observed at 400x magnificati
counting the developing cells; b) transverse section of a fully fortresdl ring observed at 20:
magnification with the measured anatomical parameters; c) variability ofitiggevidth across the

latitudinal gradient for the 2012 tree ring; dyrXy of a sample with the calibration wedge and mic
density profile.
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4.12 Supplementary materials

Fig. S1Left side: Spatial distribution of the five study sites along a latitudinal gradient. The inset
map represents the spatial distribution of black spruce in North America (inset map modified from
from (Little, 1999).Right side Walter & Lieth diagrans representing the average climatic
conditions at each site. Climate statistics for temperature and precipitation were calculated using
1950 2016 data and the ANUSPLIN algorithm to obtain the {terghn mean (Hutchinson et al.,
2009; Hopkinson et al., 201McKenney et al., 2011)
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Fig. S2Average and the interannual variability of the number of celRigea mariandree rings
measured in thetudysites along the latitudinal gradient over the period 2200P6, except for

MIR (2012-2016). Black diemonds represent mean values, lower and upper box limits represent
the first and third quartiles, vertical bars represent 1.5x the interquartile range, and black dots

represent outliers.
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Table S1Pearson correlation matrix of the endogenous angenous factors involved in micro
density variations foPicea mariana

1 Micro -density -0.74 0.85 -0.32 -0.61 0.55

2 Cell diameter -0.77 0.55 0.64 -0.57

3 Wall thickness -0.77 -0.34 -0.63 0.6

4 Rate of cell division 0.55 -0.34 0.12 -0.24

5 Duration of enlargement 0.64 -0.63 0.12 -0.44

6 Duration of secondary wall deposition -0.57 0.6 -0.24 -0.44

7 Photoperiod 0.79 -0.72 0.37 0.64 -0.62

8 Mean temperature 0.11 0 0.24 -0.06 -0.11

=
[EEN

9 Soil water content -0.04 0.21 0.02 0.04
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5.1 Abstract

New insights into the intrannual dynamics of treeng formation can improve our
understanding of tregrowth response to environmental conditions at-hegolution

time scales. Obtaining this informaiti requires, however, a weekly monitoring of

wood formation, sampling that is extremely timéesnsive and scarcely feasible over
vast areas. Estimating the timing of cambial and xylem differentiation by modeling
thus represents an interesting alternafioreobtaining this important information by

other means. Temporal dynamics of cambial divisions can be extracted from the daily
treering growth rate computed by the Vagan8hashkin (VS) simulation model,
assuming that cell production is tightly linkedtteering growth. Nonetheless, these
predictions have yet to be compared with direct observations of wood development,
i.e., via microcoring, over a long time span. We tested the performance of the VS
model by comparing the observed and predicted timingood formation in black

spruce [Picea mariana (Mill.)]. We obtained microcores over 15 years at 5 sites along
a latitudinal gradient in Quebec (Canada). The measured variables included cell size
and the timing of cell production and differentiation. Védéilrated the VS model

using daily temperature and precipitation recorded by weather stations located on
each site. The predicted and observed timing of cambial and enlarging cells were
highly correlated (R2 = 0.8); nonetheless, we detected a systematastimation in

the predicted timing of cambial cells, with predictions delayedil2p Hays



compared with observations. The growth rate of cell diameter was correlated with the
predicted growth rate assigned to each cambial cell, confirming that ceitdiam
developmental dynamics have the potential to be inferred by therigegrowth

curve of the VS model. Model performances decrease substantially in estimating the
end of wood formation. The systematic errors suggest that the actual relationships
implemented in the model are unable to explain the phenological events in autumn.
The mismatch between the observed and predicted timing of wood formation in black
spruce within our study area can be reduced by better adapting the VS model to wet

sites, a comxt for which this model has been rarely used.

Keywords: modeling; xylogenesis; cell diameter; timings; cambial cells; black

spruce; boreal forest; growth rate



5.1 Introduction

Modeling permits the description of complex biogeochemical processes thatroccur i
nature(Danis et al., 2012particularly as a suite of factors drive trg®wth response

to climate. Tools such asMDENIiso, TreeRing2000, and the Vagai®hashkin

(VS) model are mechanistic models for predicting tree growth that account for the
endogenous and exogenous factors shaping tree growth and prod{¢aginov et

al., 2006; Danis et al., 20123mong these models, the VS model requires the
smallest number of inputs. Furthermore, these inputs include data that are widely
used anckasily available, such as traag width chronologies and daily mean
precipitation and temperature. The availability of these data has led to an increased
use of the VS model, which can now be parameterized using-frieselty interface,

the VSoscilloxope(Shishov et al., 201&r new MATLAB version of the model
(Anchukaitis et al., 2020)Nonetheless, the int@nnual predictions of the VS model
continue to lack validation with loaggrm field observations that, unlike treag

chronologies, are scarce.

The main prediction of the VS model is the daibgetring growth rate, which is

obtained by integrating three partial growth rates based ctedgth (photoperiod),
temperature, and soil water content. The variation of these environmental factors over
the entire year, including the growing season, #&feglem cell production and

development to result finally in different wood incremgiMaganov et al., 2006;



Balducci et al., 2016)The VS model has been applied to simulate-keng climate
responses based on the variation of-trieg width chronologies at a regional scale;

study bcations include the southeastern United S{@&ashukaitis et al., 2006;

Evans et al., 200@nd the Tibetan Platedde et al., 2017; Yang et al., 2017)
Parameterization of the model is necessary towatt for the endogenous

components of tregrowth response and represents a critical but necessary step of the
modeling process, a step that can provide important information about tree growth at

the local scal¢Evans et al., 2018; Tychkov et al., 2019)

The core of treging growth is cambial activity, and the VS model has been
developed to establish not only the start and end of the growing season but also the
timing of xylem cell production and the final size of these q@ltgpkova et al.,

2018) This particular aspect of the VS model has heightenecdesittin its

application with the abundance of literature discussing-emraual treging

dynamics within the cambial zone and xylem; these dynamics are related to both
endogenous (developmental patterns and hormones) and exogenous (weather and
seasonaly) factors(Butto et al., 2019a)The variation of xylem cell traits, i.e., cell
diameter and cell wall thickness, provides important information about theaifade
between hydraulic safety and efficiency, a factor that allglassts to adapt and

survive in a changing environmgfitacke et al., 2017Cell traits depend on the
temporal dynamics (duration, rate) of their differentiation phases, and environmental

factors, i.e., tempetare and precipitation, all of which have an influence that varies



over the growing seasdRonti et al., 2010; Cuny et al., 2018y disentangling the
effects of environmental factoos treering development at a daily scale, the VS
model may have the potential to simulate xylem cell differentiation, even though the

existing version of the model focuses mainly on cambial cell production.

The dynamics of cell developméntomputed via tl treering growth rate curves of

the VS modé are emergent properties that must be validated via observations of
xylem formation. The interpretation of these emergent properties of the models
should benefit from the observatiof@ook and Péerson, 2013)however, unlike the
traditional interannual treging widths, long intreannual chronologies of secondary
growth are rare and data sets that are limited to a couple of years of observation do
not ensure a complete picture of tggewth response to environmental factors as

these responses are often nonli@assi, 2015)Apart from the study oPopkova et

al. (2019, which was based on three years of observatiavood formation, to our
knowledge no study has compared the timing of cell development simulated by a VS
model with data obtained directly through repeated observations of xylogenesis using

microcores.

To validate the VS model predictions with obseiwagi we used ouexistingl5-
year, weekly scaled chronologies of wood formation from across the boreal forest of
Quebec, Canada. We aimed to comphepredicted and observed timing of wood

growth at both a treeng and xylemcell resolution by using miocorescollected



from black spruceRicea marianaMill.). Black spruce is the dominant species in the
Canadian boreal forest and it grows within a great diversity of stand structures, from
Alaska to Newfoundland. In Quebehge distribution of this spe@eextends to 58°N

and forms extensive, closed forests in northeastern North America, including some of
the wettest and coldest boreal forest stands ubluity of black spruce leads to a

very diversified treggrowth response to climate, reflecting théerof various local

environmental driveréWalker and Johnstone, 2014; Nicault et al., 2015)

For model calibration at the tremg scale, we relied on the existing literature and
field information to assess the performance of the VS model for pregtbe

variability of factors and parameters that affect black spruce growth. Then, we used
observations of xylogenesis to validate the timing of wood formation at the tracheid
scale, i.e., cell scalér whichvariability is well represented by our lotighe series

of observations

5.2 Methods

5.2.1 Study sites and tree selection

Samples were collected from five sites in the coniferous boreal forest of Quebec
(Canada) along a latitudinal gradient stretching between 48°N and 53°N (Table 1).
The sites Simoncouchel{®) and Bernatchez (BER) are located in the balsam fir

[Abies balsamea (L.) Mill.)]white birch (Betula papyrifera Marsh.) bioclimatic



domain, while Mistassibi (MIS) and Camp Daniel (DAN) lie in the black spruce
moss bioclimatic domain. Mirage (MIR), thenthernmost site, lies in the black
sprucélichen domain and is characterized by a lower tree density and growth than
the more southern sites. Mean annual temperature ranges be3wkeand 1.9 °C,

with the southernmost and northernmost sites being thmegsh and the coldest,
respectively (Table 1). Precipitation ranges from 626 to 906 mm along the latitudinal
gradient with drier conditions toward the north (Table 1). At each site, we selected
ten dominant or calominant trees, avoiding individuals havipglycormic stems,

evident parasite damage, reaction wood, or partially dead crowns (Table 1).

5.2.2 Climate measurements

Precipitation, temperature, and soil water content at 30 cm soil depth were collected
by automatic weather stations equipped with CR10X ldagtgers (Campbell

Scientific Corporation, Canada); these stations were installed in a forest gap within
each site. We averaged hourly measurements to obtain daily time series. We filled
any minor data gaps caused by sttertn technical problems using tA&lJUSPLIN

model (Hutchinson et al., 2009; Hopkinson et al., 2011; McKenney et al., 2011).

5.2.3 Xylem formation dynamics

Microcores were collected weekly or fortnightly between April and October (2002

2016) from 10 individuals per site. Sampling was performawjus surgical bone



needle (20022007) or Trephor (20G2016). Sampling at MIR took place from 2012

to 2016. Microcores were dehydrated through successive series of immersions in
ethanol and Bimonene. The microcores were embedded in paraffin, cut ipta 8
transversal sections, and stained with cresyl violet acetate (0.16% in water). Xylem
cell development was detected by counting the number of cells undergoing each stage
of cell differentiation. We counted cambial and xylem cells along three radial lines
and identified the differentiation stages of (I) enlargement, (1) cell wall thickening
and lignification and (l1) mature tracheids. During wood formation, cambial
derivatives start dividing and differentiating in xylem and phloem cells by increasing
in size. The maturation of the xylem cells is achieved once secondary wall deposition
and lignification are completed (Plomion et al., 2001). Cells undergoing different
differentiation stages are identified by their different shape, size, color and glistening
under polarized light. Cambial cells are irregularly shaped and smaller than xylem
cells (Skene, 1969). Due to the different reactions of the components of cell walls to
cresyl violet acetate, enlarging cells show pinkish coloration while cells undergoing
secondary wall deposition are stained in violet, turning blue when mature

(Deslauriers et al., 2003). Mature cells glisten under polarized light.

We estimated the daily sequence of dividing, differentiating, and maturating cells by
fitting generalized adtive models (GAM) with splines to the number of cells
counted for each sampling day, thereby assessing cell production and the timing of

division and differentiation of each tremg cell at a daily scale (Cuny et al., 2013).



Timing represented the daythe year (DOY) when each cell entered into a new
developmental stage (Butto et al., 2019b). Accordingly, we estimated the DOY in
which each cambial cell stopped dividing and differentiated into an enlarging xylem
cell i.e. timing of enlargement, and tB®Y in which each cell stopped enlarging and
started cell wall deposition i.e. timing of secondary wall deposition and lignification.
The duration of enlargement was computed as the difference between the timing of
secondary wall deposition and the timwfgenlargement for each cell. The period
considered as wood formation spanned from the DOY when the number of cambial
cells increased in spring to the DOY when the last formed tracheids in thengee

was fully mature.

5.2.4 Wood anatomy

In summer 2017, we delcted additional microcores from 10 individuals per site

(Rossi et al., 2006). We prepared these microcores using the abovementioned

procedure, stained them in safranin (1 % in water), and permanently fixed the

sampl es on sl i des u =®dpictreshkthe nansverdalfSectiotie o bt a
using a camera fixed on an optical microscope at a magnification of 20x. Radial

lumen diameter and cell wall thickness (single wall) were measured for all the study

years (15 for all sites except for MIR, for whicke wad 5 years of observation) using

WInCELL (Regent Instruments, Canada). We calculated the tracheidograms of cell

diameter, relying on their relative position across the tree ring, and fit our results with



GAMs to obtain values representative of eachasiie year, accounting for cell

production as assessed by xylogenesis monitoring (Butto et al., 2019b). We assessed
the growth rates of cells as a ratio between cell diameter and the duration of
enlargement; the value was scaled between 0 and 1 to be edmyptr the

nondimensional treeng growth rate computed by the VS model (Table 2).

5.2.5 Treering time-series analysis

We measured treeng width using WIinCELL (Regent Instruments Inc., Canada) on
histological samples obtained from ten microcores colledtatl five sample sites.

To compare trees with different growth rates, we detrended the chronologies,
removing the effects of tree age, genetic growth potential, microsite characteristics,
and stand history (Cook et al., 1990). We applied 67% cubic sphittesa 1/2 cuoff
time-series length to detrend and produce standardized chronologies for thie 2002
2016 period using th@etrendandchronfunctions of the dpIR package in R (Bunn,

2008).

5.2.6 VS Model calibration and validation

We used standardized traag width series to calibrate the VS model for 202216
using the VSoscilloscopgShishov et al., 2016)We performd parameterization to
avoid any contradictions with field observations and available information for the

sites(Tychkov et al., 2019)Accordingly, the calibration of the environmental



parameters in the VS oscilloscope, was perfornoegidering the measures of our
weather stations during the different moments of the growing season, that we
identified by means of the xylogenesisis monitoring.-Sjtecific parameters were
calibrated considering site features, while for parameters litakblhck spruce
ecology, like root deepness, we relied on literature references to check if the values
we established were realist®imulations of daily soil water content were improved
by activating the soil melting block in the M3cilloscope, a panaeter that was
designed originally to include permafrost melt{&pishov et al., 2016 As we were
dealing with we sites, we used this block to consider the marked amount of water
released by snowmelt at the start of the growing season. Nonetheless, the current
version of VS model does not estimate soil thawing and soil moisture for the

dormancy, because these valaes assumed to be constant.

For each site, we evaluated the effect of the environmental factors omgegowth
via graphical interpretation of the partial growth rates patterns provided by the VS
model simulationgVaganov et al., 2006 he graphicatepresentation of the daily
average partial growth rates simulated by the VS model allows to determinate the
most limiting factor to growth at daily scale, which corresponds to factors linked to
the lowest growth ratéShishov et al., 2016)ndeed, treging growth rate is a

function of three partial growth rates that depend on daily temperature, soil water
content,and photoperiod; these factors are integrated into theitrggrowth rate

and represent an important result of the model simulations (Table 2). The start of the



growing season as predicted by the model depends on the crossing of a critical
threshold forall three partial growth rates; this occurs when each environmental
factor activates or permits tremg growth(Vaganov et al., 2006)n addition to the
minimum temperature for growth to start«d), the sum of temperature for growth
initiation (Theg can be parameterized, in order to consider the forcing needed for
cambial resumption. In the current version of-¥&illoscope, the end of growth

occurs when the integral growth rate of the tree ring falls below a critical threshold
(critical growth ratevcer) (Tychkov et al., 2019)We obtained the general pattern of

the partial growth rates using the default arguments of the function geom_spline from

t he ROs pack &KgpanandRyuing 20204 | a o

We computed the cambial cell growth rate, i.e., the average growth rate
corresponding to cambial cells produced each year, and then determined their timing
of division and enlargement followirigpopkova et al. (2038 Table 2). The protocol
proposed by Popkova et al. (2018) extrapolates the timing of cell divisibn an
enlargement by the traeng growth rate, assuming that the production of a new
cambial cell occurs only once the previous cells have left the cambial zone. Cell
production would indeed occur without overlapping. The observed number of cells
produced edtyear is necessary to calculate temporal dynamics of cell production,

which we obtained through our observations of the microcores.



We assessed the robustness of the VS model simulations using the actual and

predicted treging width indices; we relied otthe Pearson correlation (R) and root

mean square error (RMSE). We retained only models showing a significant R (p <

0.05), producing the smallest RMSE to minimize the variance of simulated indices

and to select the simulation with the smallest averaghqti@n error(James et al.,

2013) The model validation involved compar.i:
datad) with our results from the microcore
correlations and linear regressions served to compare the predictelsanged data.

We transformed the data when necessary to meet the assumption of normality, and

we fit LOESS functions (span = 0.7) to compare the general patterns visually.

5.3 Results

5.3.1Climate along the latitudinal gradient

For the 200R2016, our weathestations recorded warmer monthly mean annual
temperatures than the lotgrm average (Table 1, Table 3). For this same period, mean
annual precipitation was higher in the north (A, MIR) and lower in the south
(622mm, SIM), with a greater northwanater-annual and daily intrannual variability
during wood formation (Table 3). However, mean annual and mean daily soil water
content decreased from south to north, spanning from\0M§ at MIR to 0.36V/Vs

at SIM over the year (Table 3). Daily soil watontent during wood formation ranged

from 0.17 to 0.42//Vs at DAN and BER, respectively.



5.3.2Duration and rate of xylem growth
For all sites, correlations between the observed and predictednigesidth indices
were positive and highly significa(8IM and MIS:P < 0.05,N = 15; BER, DAN:P <
0.01, N = 15; MIR: P < 0.01,N = 5) andR-values ranged from 0.54 to 0.90
(Supplementary Figure S1). RMSE ranged between 0.06 (DAN) and 0.1 (MIR), staying
below the RMSE threshold of 0.3 and attesting to twdit between the indices and
the simulated results (Supplementary Figure S1). Fixed parameters of temperature for
tree growth ranged from 4 to 2@, showing a 15 °C difference depending on the site
(Supplementary Table S1). Minimum and maximum soiistooe levels were similar
along the entire latitudinal gradient, although MIR had the lowest maximum soil

moisture (Supplementary Table S1).

Partial growth rates showed marked irt@nual variability, in particular for
temperature growth rate (Figure I).general, the temperature growth rate peaked at
the end of August (DOY 240), while the photoperiod growth rate peaked around the
summer solstice (DOY 170) (Figure 1). The maximum temperature growth rate was
highest at SIM, where it reached 0.8 relativ@its, and decreased to 0.62 at the
northernmost site, MIR. The water growth rate reached 1, the maximum value, at SIM,
MIS, and DAN, around the middle of July (DOY 200) for SIM and MIS and 20 days
later at DAN. At MIR, the water growth rate peaked arod@ly 240, although it

never attained the maximal value (Figure 1).



From the partial growth rate patterns (Figure 1), wood formation started when
temperatures were suitable for the resumption of cambial activity, which according to
predictions, occurred beegn the end of May and the onset of June. Cambial activation
was earliest at the southernmost site (SIM, DOY 143) and latest in northernmost site
(MIR, DOY 157) (Figure 2, Table 4). The predicted start of wood formation occurred
41 13 days after the obsenystart (Figure 2, Table 4). The linear relationships between
the predicted and observed start of the wood formation prodRfeedues that ranged

from 0.4 (MIR) to 0.5 (DAN) and showed a systematic overestimation for the start of
wood formation (Figure 2 The end of wood formati@hoccurring when the
photoperiod was the most limiting facdowas predicted latest for the southernmost
site (SIM, on average DOY 267) and earliest for the northernmost site (MIR, on
average DOY 255, Table 4). The predicted ehdvood formation was generally
overestimated with wood formation lastingl® days longer than observed (Table 4).
The observed end of wood formation showed a higheramteual variation of up to 2
weeks, whereas the predicted end of the growing seasmu\on average 6 days over

the years (Table 4). The simulated and observed ends of wood formation showed a

weak relationship, having? values of only 0.02 (DAN) to 0.3 (MIS) (Figure 2).

5.3.3 Model parameters and environmental properties
Pearson correteons between the predicted and observed daily soil water content
ranged between 1 artl (Supplementary Table S2). During dormancy, an average 16%

of the simulated years produced a strong correlafon Q.4) between the predicted



and observed daily soNater content (Supplementary Table S2). MIS showed the best
performances, where 33% of the years showed a strong and positive correlation
between the predictions and observations. We observed the lowest correlations at SIM,
where the predicted and obsehs®il water content correlated strongly in only 7% of

the years (Supplementary Table S2). The model simulations for winter resulted in a
constant soil water content that was either an underestimate or overestimate depending

on the year and site (Figure 3)

The observed soil water content showed a large-artraual variation, in particular at

the more southern sites (Figure 3). At SIM and BER, soil water content varied in winter
between 0.2 and OM/Vs, culminating at the end of April (DOY 121, Figure Bjom

the beginning of May, increased variability in soil water content mirrored a decrease in
the observed soil water content, which dropped fromrVO/s at SIM and 0.6//Vs at

BER to 0.3V/Vs at both sites during the first week of October (Figure 3)irdguhe
second half of October, soil water content for these sites began to increase slightly and
produced a smaller peak in miibvember. The soil water content at MIS and DAN
varied little, peaking on DOY 121, although at a much lower intensity thathet

sites; MIS and DAN soil water content varied between 0.2 and/Fy)Sand 0.1V and
0.2V/Vs, respectively (Figure 3). In contrast, the predicted soil water content at all
sites remained constant until DOY 162, generally underestimated at the saititber

(SIM, BER, and MIS), and overestimated at DAN (Figure 3).



During wood formation, we noted a strong correlation between the observed and
predicted soil water content, with 32% of years having a correlRt#0.4, whereas

MIS only showed 7% of theyears above this strong correlation threshold
(Supplementary Table S2). We observed the best performances at MIR and BER where
correlations between the predicted and observed summer soil water content were 60%,
and 80%, respectively (Supplementary Tablg. $2 most years, the predicted soll
water content was overestimated at DAN and underestimated at SIM and BER (Figure
3). At MIS and MIR, the predicted vs. observed data points fell on the 1:1 intercept,

although we also observed a marked variability (Fed3).

5.3.4Variation in the timing of wood formation along the latitudinal

gradient

For all sampled years, the predicted and observed timing of cell division and cell
enlargement were highly correlatdd ¥ 0.9, Supplementary Table S2). On average,

the general pattern of the predicted timing of cell division showed a constant trend for
cell positions 19 to 2 for DAN and MIR, respectively (Figure 4). Nevertheless, the
predicted and observed timing for cambial cells demonstrated a strong linear

relationshipandR? values between 0.8 and 0.9 (Figure 4).

We obtained similar strong correlations and relationships for the predicted and
observed timings of cell enlargement (Supplementary Table S2, Figure 5); at the

beginning of the growing season, however, theetbhces between the observed and



predicted timings of cell enlargement were initially quite sénélbm 1 to 2 days
depending on the sideand increased consistently with cell position, attaining a

difference of 40 DOY (Figure 5).

The relationship betweenguicted cambial cell growth rate and observed cell growth
rate for all five sites showe? values of 0.4 at MIR, DAN, and SIM to 0.3 at MIS
(Figure 6). The predicted cambial cell and observed cell growth rates were highly
correlated for 89% of the yeafSupplementary Table S2). Contrary to what we
observed at the other sites, the correlation values at MIR varied considerably and were
occasionally strongly negative (2015) (Supplementary Table S2). On average, the
cambial cell growth rate was highest foetfirst cells of the tree ring, being 0.5 at all
site®) except at SIM where it was @6and decreased to 0.1 for the final cells (Figure

6). The difference between the predicted cambial cell growth rate and the observed cell
growth rates ranged between OQBER) and 0.4 (DAN), having a systematic
overestimation of the predicted values. The overestimation of the cell growth rates
occurred for the first cells at all the sites in particular and became smaller when cell
growth slowed (Figure 6). Inteannual vaiations of the model predictions were similar

to those of our observations (Figure 6). Accordingly, a greater variation of the intra
annual growth rate predicted in MIR matched with a greater variation in observed
values (Figure 6). Regardless, the grea&eiability in growth rates in MIR could also

be linked to the reduced number of availadibservations for this last site.



5.4 Discussion

Understanding the effect of the environmental drivers on black spruce growth is
crucial for predicting how environmentzathange will affect wood formation for this
economically and ecologically important species. In Canada, correlations between
treering growth and the temperature and precipitation follow two different gradients,
unraveling complex patterns in black sprgecewth responses to these environmental
factors(Nicault et al., 2015)Correlation with temperature is strongest in the North,
whereas tree growth is most correlated with precipitation in the Western Canada
(Huang et al., 2010; ker and Johnstone, 201Qorrelations of tree growth with
temperature and precipitation have also been confirmed by dandtomical

analyses at the cellular scale and have demonstrated that environmental factors affect
xylem conductivity and longem patterns of intr@nnual cell trait¢§Puchi et al.,

2019) According to the existing literature, the correlatimtween temperature and
treering growth is positive when temperature represents the most limiting factor and
IS negative in response to warming during the previous growing season and the
current sprin§ probably reflecting drought stre@isuang et al., 2010; Walker and
Johnstone, 2014; Nicault et al., 2015; Puchi et al., 2@®&yelation with

precipitation, when significant, is always positiW#alker and Johnstone, 2014;

Girardin et al., 2016; Puchi et al., 2019)



The variation in the local responses to environmental factors might indicate-a long
term effect of the environmental factors, which is consistéhttive conservative

black spruce growth strateg@hen et al., 2019)n this sense, VS model simulations
improvements targeted on black spruce and VS model application on a larger territory
could disentangle the common drivers of black spruce adaptation to environmental
factors and their effect on treimg growth and wood formation at local scale.

According to Vaganov et al. (2006), the algorithms underlying the VS model are
based on the assiptions that intreseasonal dynamics are the result of current
environments, while the variability in cell production is determined by-teng
conditions experienced by the trees, which
parameterization. The effeaf previous years conditions on growth is thus implicit,

but the model has never been formulated to split the carryover effect of the

environmental factors from the effect of the current environmental conditions.

The partial growth rates for the threeimanvironmental factors predicted by the VS
model revealed that different limiting factors shape-tieg production irblack

spruce. At the beginning of the growing season, which is predicted by VS model for
the end of May, temperature is the most lingtfactor at all the sites. In cold
environments, temperature is the major limiting factor of tree growth. Mean air
temperature thresholds during xylogenesis range between 6 an@R8s€ et al.,

2007) Accordingly, the average temperature of the lower range of optimal

temperatures for ouwsites Topts, Tmin), asestimated by the parameters, was between 6



and 7.6 °C (Supplementary Table S1). The predicted end of the growing season
occurred around the middle of September when photoperiod became the most
limiting factor. In boreal and tempeesforests, short days induce cambium dormancy
by triggering the physiological mechanisms that lead to growth ces¢Btitto et al.,
2019a) At high latitudes, the shortening of day length also allows trees to anticipate

lowertemperatures and induces cold acclimation respdigegler, 2015)

The growth rate determined by water, i.e., water growth rate, was never a limiting
factor along the gradieditexcept at BER where the predicted soil water content was
heavily underestimated. This réisconfirms both field and greenhouse observations
that the cell production and cell trait sizes of black spruce in eastern Canada do not
change significantly with changes in soil moist(Belien et al., 2012; Balducci et

al., 2016) In contrastGirardin et al. (201pobserved that stands growing in western
Canadian ecoregions are very respoaso/variations in soil water availability; this
affects tree productivity by reducing the capacity of black spruce to fix carbon
(Girardin et al., 2016)Thus, the lack of response of black spruce growth to variations
in soil moisture must be ascribed to site conditions, which were well reprddgnt

the water growth rate of the VS model.

5.4.1 Site conditions

The best model performances in terms of prediction ofrtnggwidth, soil water

content, as well as the onset and end of the growing season were obtained at the



northernmost site (MIR),ree of the driest sites along the gradient. These results
confirm that the VS model parameter specification is based mainly on sites
characterized by very cold conditions, such as in Siberia or on the Tibetan Plateau
(Vaganov et al., 2011; He et al., 20Bnd semarid or arid conditions, such as those

in the southwestern US or northern Afr(€&vans et al., 2006; Touchan et 2D,12)
Therefore, the VS model ensures better simulations in dry environments, where it has
been successfully applied to the study of the {tamg response of tree growth to
climate(Anchukaitis et al., 2006; Touchan et al., 2012; Zhang et al., 2016; Yang et

al., 2017) However, our application of the VS model also providgesful guidance

for improving model parameterization and its performance for wetter sites by
involving the boreal forest characteristics of soil water balance and soil properties.
According to the assumptions of the VS model, soil water cahtéeémed athe

water available for tree growdhdepends on precipitation, snowmelt, evaporation,

and runoff(Vaganov et al., 2011)n the Canadian boreal forest, however, soil water
balance and, in general, water and nutrigstridution within the soil horizons, are
correlated strongly with organic layer composition and thickhésseal soils can

reach a depth of 156m (Simard et al., 2007; Laamrani et al., 20I®)e forest floor

of black spruce stands is composed generally of mosses and lichens, which modify
the soil thermatonductivity and water conteitO6 Donn e | | .Deettoital . , 2009
thickness and speciaspecific composition, the forest floor pnotes water retention

in the surface soil, thereby acting as a thermal buffer between the atmosphere and soil

to decrease thermal conductiv(fyharratt, 1997; Turetsky et al., 2010)



Accumulation on the forest floor entails a drop in soil temperature, and as such the
decomposition rate of theganic matter slows; these conditions result in decreased

tree growth(Fenton et al., 2005; Lavoie et al., 2005)

All soils at our study sites are podzols, although they differ in terms of depth to
bedrock, soil thickness, and species composition on the forest floor. These
peculiarities likely explain the mismatch betweg®acipitation and soil water content
that we observed along the gradient between 2002 and 2016. Despite receiving less
precipitation, the southernmost sites of BER and SIM remained the wettest of the
gradient. SIM is characterized by a thin organic lagéf Z0 cm thick) and a very
shallow bedrocKRossi et al., 2016)As mentioned previously, the soil orgalager

can negatively affect tree growth in boreal forest stands. However, the thickness of
the organic layer at SIM was too thin to affect tree product{ii@yoie et al., 2007)

thus, the site at SIM is particularly favorable tadk spruce growth. The other sites

had deeper soils, 280 cm in depth, and differed in their forest floor characteristics
(Rossi et al., 2016)The presence of mosses and a deeper soil at MIS and DAN foster
a greater soil retention in the upper layer of the soil. In contrast, MIR has a forest
floor dominated by lichens and contains a very thin soil dep#isetproperties favor

the establishment of a thinner and drier forest f(¥daldron et al., 2013)

In this study, predictions of soil water content have improved via the activation of the

Asoil mel ti ng bl oc komodute ofthe modal that comsidlezsl

a



the contribution of snowmelt to soil moisture at the beginning of the growing season
(Shishov et al., 2016Rossi et al. (2011) had previously highlighted importance

of snowmelt at our sites by observing the effects of snowmelt on the duration of
xylogenesis and cell production. The presence of accumulated snow prevents soll
warming in the spring, and these colder temperatures inhibit root reactivation,
delaying spring rehydration and, in turn, cambial reactivdfiomcotte et al., 2009)

A later snowmelt corresponds to delays in soil warming, cambium activation, and cell
production(Vaganov et al., 1999 hus, the date of snowmelt influences tharngn

of wood formation and may explain some of the difference between the observed and

the predicted onset of the growing season.

5.4.2 Timing of cell division and differentiation

Compared to the observed data, the predicted timings of cell division and

enlargemat were delayed from a few days to two weeks. This overestimation was

more constant for the timings of cell division, and gradually higher across the tree

ring for the timings of cell enlargement. For this, we advance the hypothesis that the
upward shift dthe predicted timings of cell division relative to observations can be
improved by a more precise prediction of the start of the growing season. The
increased mismatch between the predicted and observed timing of enlargement can be
reduced further by inading some informatiorRPopkova et al. (2038llustrate that

the time that dividing cellspend in the cambial zone can be determined by splitting

the predicted growing season into a number of periods equal to cell production. To



leave the cambium, each cell must attain an average growth rate computed by the
ratio between the cumulative sumtbé daily growth rate obtained by VS model and

cell production. However, to obtain a more reliable reconstruction of the temporal
dynamics of cell division, a new assumption can be added to the model, one that
considers the natural variation of cell protloic rates over the growing season.
Furthermore, an accurate estimate of the number and order of cells entering the xylem
should account for the number of cells that will never differentiate, i.e., the number of
dormant cambial cells that constitute thetheo cells and the cambial cells that

undergo phloem differentiatiai?lomion et al., 2001)

Cell production rates, depending by cambial activity, irttenath the residence time

of each cell within the differentiation zones. Variations in these cell production rates
stem from the complex seasonal patterns that occur durirgrigeormation(Cuny

et al., 2013; Balducci et al., 201&n improved performance of the VS model timing
procedure can be achieved by considering the specific pattern of the cell production
seasonal rate. Cell productiomte is characterized by a behaped curve, with the

peak and following decrease being in response to-sg@aonal dynamics and

internal factorgDeslauriers and Morin, 2005)he peak in the cambial growth rate

i.e. the number of cells produced per time units, matches a peak of auxin, the main
hormone promoting cell division, and occurs during earlywood forméfatio et

al., 2019a)At the same time, soil water content and temperature affect cambial

growth rate and cell production, the first prevailing in dry environments and the



second in boreal climatéBeslauriers et al., 2008; Ziaco et al., 2018; Ren et al.,

2019)

5.4.3 VS treering growth rate and cell differentiation

We compared cell growth rates with the cambial cell growth rates predicted by the
protocol ofPopkova et al. (2038In particular, we tested the possibility of inferring

the cell growth rate from the tregng growth curve obtained by the VS model by
adjusting the procedure Bopkova et al. (2038y focusing on the differentiation

zones rather than the cambial zone. Once cell production is kkP@pkova et al.

(2018 infer the cambial cell growth rate using the curve of-tireg growth rateand
perform the most suitable regression between cambial cell growth rates and the
measured cell diameters from actual tracheidograms. With the coefficients from the
abovementioned regressidtppkova et al. (2038hen obtain those parameters

useful for producing synthetic tracheidograms. However, cell diameter can be
computed without using obsrations by integrating the relationship between cell

traits and their temporal dynamics of differentiat{Quny et al., 2014; Butto et al.,
2019b) The timings of enlargement computed by the protocol proposed by Popkova
et al.(2018), identify the strt of cell differentiation i.e. the timings of cell

enlargement, which is the day in which a cell starts increasing in size (table 2). Xylem
cell differentiation temporal dynamics assessment requires the computation of the
timings of secondary wall depdisin and cell maturation to estimate the duration of

cell enlargement and the duration of secondary wall deposition. The duration of these



differentiation phases depends on exogenous factors i.e. photoperiod, soil water
content and temperature, which aheeady included in the model, and on endogenous
factors i.e. hormonal signaling, sugars concentrgiRathgeber, 2017; Carteni et al.,
2018; Butto et al., 2019aJhen, a new framework that considers the nonlinear
relationship between the duration of cell enlargement and cell diameter can be
implemented, whichlso includes the effect of the secondary wall on the process of
cell expansior{Butto et al., 2019b)During cell differentiation, secondary wall
deposition influences cell diameter by altering the plastic properties of cell walls. Cell
wall thickening, which occurs during cell trait differentiation, constrains cell
expansion, especialijuring latewood formation when cell deposition lasts longer

than during earlywood formatidi€arteni et al., 2018 hese new findings that

assess the quantitative relationships between ced,tcivelopmental temporal
dynamics, and environmental factors should be implemented into the next versions of

the VS model to improve simulatio(Biaco, 2020)

5.4.4 The end of the growing season

The end of growth was orwé the most critical portions for our comparisons, and in a
wider sense, for studies of both xylem and bud phendiGgllinat et al., 2015)At

our sites, the end of wood formation occurred latest at the southernmost sites and
showed a clear latitudinal patte Among the climatic factors, photoperiod and
temperature are the main known drivers of the end of the wood formation, and the

end of growth occurred earliest at the northernmost @Ressi et al., 2014; Cuny et



al., 2019) However, other factors may also affect the end of the growing season,
including cell production and sugar availatyil the latter being crucial for cell wall
deposition. Cell wall thickening at the end of the growing season lastf 8ays

after the last cell is differentiated and drives the timing of latewood formation
(Deslauriers et al., 2016; Carteni et al., 20C2l production, which is the result of
cambial activity, also influences the kinetics of wood formation, since competition for
resources inceeses with the number of cells, and sugar availability shapes cell traits
by modifying their differentiation phaséSarteni et al., 2018 he end of the

growing season can be parameterized dwiBignodel calibration thought the critical
growth rate, a coefficient representing the threshold under which the integral growth
rate of the VS model does not allow wood formation anymore. Being based on the
integration of the three partial growth rateéd to the environmental factors, the
critical growth rate may not be sufficient for establishing a realistic end of the
growing season, a moment that is not highly dependent on weather conditions, unlike

at the start of the growing seag@tossi et al., 2012)

5.5 Conclusions

In this study, we compared the predictions of Hanaual treeing formation
dynamics estimated by the Vagar®kashkin (VS) model with field observations

based on a 15 yealsng monitoring of xylogenesis across a latitudinal gradient. Our



results show that the model successfully describes the influence of climate variables
on black spruce treeng growth. However, algorithms can still be improved to

ensure a more reliable estiteaf the timing of wood formation. Considering that the
model has been tested for the first time on the Canadian boreal forest, it is difficult to
relate the mismatch between predictions and observations to issues linked to the use
of the model on wet eimonments or to the underlying algorithms computing the
development timings. \VMEhodel parameterization is indeed based on-sBidry or
permafrost environments, which better support the assumptions of a constant soll
water content during dormancy andaotloser relationship between tree growth and
water availability at growth resumption. In our case, we tested the model on wet sites,
and observed a low representativeness of the soil water content in spring, leading to
cumulative errors in soil water @sgtion during the growing season. A recalibration

of the model on other wet sites could provide more robust elements to improve the
performance in terms of predicted water content and partial growth rate. Moreover,
the algorithms computing the timingsa#ll production should consider that the

cambial growth rate varies during the growing season with consequent effects on the
residence time of each cell within the cambial zone. The development of a new
procedure must involve phenology and dynamics of ealtlduring development,

based on the underlying biological processes. As a consequence of cell differentiation
dynamics, the computation of the cell traits, i.e. diameter and cell wall thickness,

should be included in form of new module of the VS modskEll on larger datasets,



encompassing species from different environments to obtain more extensive and

exhaustive growth simulations.



5.6 Tables

Table5.1 Location, climatic conditions, and tree characteristics atitieestudy sitesordered in terms of latitud®BH: diameter at breast heigh
Annual statistics for temperature and precipitation were calculated froni 2@80datausing the ANUSPLIN algorithniMcKenney et al., 2011)

Site Latitude Longitude Altitude Annual Annual DBH (cm)  Height (m)
(N) (W) (m asl) temperature precipitation
(°C) (mm)
SIM 48A13 71A15N;338 1.9 906 204+24 16. 1
BER 48A51 70A20N;j611 0.1 886 21.1+37 17.3 ¥
MIS 49A43 71A56Nj342 0.3 755 19.6+28 18. 3 f
DAN 50A41 72A11N;487 -1.3 735 185+29 16. 6 f

MIR 53A47 72A52Nj384 -34 626 196+30 13N11.




Table5.2 Glossary of all terms linked to tree growth and cell temporal dynan

ID Description Units

Timing of cell division Day of the year in which a cell starts dividing DOY

(Julian days)

Timing of cell enlargement Day of the year in which a cell starts enlarging DOY

(Julian days)

Cell growth rate Growth rate of cell diameter pum per day
Partial growth rate Growth rate linked to environmaitfactors; their Nondimensional
(photoperiod, water, integration produces the treig growth rate (min 0, max 1)

temperature growth rates)

Tree-ring growth rate The main output of the VBiodel and represents tt Nondimensional
daily treering growth rate (min 0, max 1)
Cambial cell growth rate Growth rate corresponding to the production o Nondimensional

new cambial cell (min O,max 1)




Table5.3 Average weather conditions and soil water content (with standard deviation) f612PA62as recorded liieweather stationastablished
at the study sites; data for Middvers2012 2016. Wood formatiomccurredfrom May to Septembegrlthough specific dates varied betwesites
and yeas (see Table 4 for details). SWC = soil water content.

During the year During wood formation
Site  Mean temperature Mean SWC Mean daily Mean daily precipitation Daily SWC
(°C) precipitation temperature (°C) (mm)
(mm) (VIVs)
(VIVs)
SIM 21+0.8 622 + 106 033 + 145+44 245+5.2 0.33+£0.05
0.04
BER 0.4+0.9 704 + D5 0.36 = 13.5+4.0 2.93+5.8 0.42 +0.08
0.07
MIS 1.0+0.9 794 + 145 025 + 146+3.9 3.33+£6.5 0.26 £ 0.07
0.06
DAN 1 1.0NK 1.0 708+221 0.18 =+ 13.4+3.8 3.36 £6.5 0.17 £ 0.04
0.03
MIR -26+0.7 715+ 126 0.17 + 13.1+4.0 3.79+6.0 0.21 £ 0.05

0.02




Table5.4 Start and end of wood formation (DOY) including intamud variation asdeterminedby observations okylogenesis anthatsimulated
by the VS model.

Start End
Site Observed Predicted Observed Predicted
SIM 143 +6.1 147 + 9.7 267 +12.2 283 +6.7
BER 154 + 6.6 157 + 8.6 262 +13.6 275+5.7
MIS 151+6.4 158 £+ 9.6 256 + 13.6 275+6.8
DAN 153+ 7.6 162 +10.1 257 +10.7 267 +5.8

MIR 157 £ 3.9 170+ 8.6 255+ 19.7 264 +4.8
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Supplementary tablg 1 Estimated VS model parameters for the five chronologies of the five sites along thenatiguddient.

Parameter Description (units) SIM BER MIS DAN MIR

T min Minimum temperature for tre 4 4 5 4 4
growth (°C)

Topt1 Lower end of the optima 8 7 8 9 11
temperature range (°C)

Topt2 Upper end of the optima 17 15 13 15 17
temperature range (°C)

T max Maximum temperature for tre 27 24 25 29 26
growth

W min Minimum soil moisture for tree 0.0025 0.135 0.0125 0.0225 0.005
growth (V/Vs)

Wopt Lower end of the range of th 0.175 0.25 0.125 0.15 0.15
optimal soil moisturgV/Vs)

Woptz Upper end ofthe optimal soil 0.459 0.3 0.375 0.45 0.325
moisture rangéV/Vs)

W max Growth is stopped at this so 0.525 0.675 0.6 0.6 0.45
moisture(V/Vs)

Wo Initial soil moisture(V/Vs) 0.4 0.3 0.14 0.2 0.25

Theg Sum of temperature at the st¢ 115 105 125 120 130
growth (°C)

Ir Depth of the root system (mm) 150 200 150 200 200




Prmax Maximum daily precipitation for ¢ 24 46 22 24 35
saturated soil (mm/day)

Ci Fraction of precipitation penetratin 0.06 0.17 0.14 0.15 0.17
the soil (not captured by the canog

C: First coefficient for calculating 0.0725 0.14 0.0925 0.12 0.125
transpiration (mm/day)

Cs Second coefficient for calculatin 0.09 0.12 0.13 0.115 0.145
transpiration (mm/day)
Coefficient for water drainage fror 0.001 0.006 0.008 0.005 0.008
the soil (rel. unit)

Tsm Snowmelt sum of temperatures 30 30 30 30 30

Sm First coefficient for snowmelt 12 9 8 10 13

Sme Second coefficient for snowmelt 0.0125  0.155 0.0065 0.012 0.0045

Ver Critical growth rate 0.15 0.12 0.03 0.16 0.07




Supplementary tablB.2 Intra-annual correlation between the predicted and observed variables for soil water content during danchamoyd
formation and the timing of both cell division and enlargement. Growth rate correlation was performed between the eticteded growth
rate and the observed cell growth rate

Site r correlation 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

SIM 027 -0.37 0 061 -013 -049 -09 033 002 -024 -008 042 -035 -043 046

BER 02 043 012 02 047 -033 -005 068 -03 03l 03 011 -023 -002 045
Soil water

MIS  contentduring 0.01 028 -0.87 -0.82 064 -066 086 -052 051 026 062 -053 -059 -0.76 055
dormancy

DAN 048 052 068 -024 -016 -024 -088 -004 -014 -012 -019 -011 038 03 016

MIR 046 006 -06 07 -059

SIM 073 063 014 066 058 -011 -008 016 058 -024 056 038 069 051 071

BER 055 -004 073 089 082 026 08 042 093 092 086 055 093 058 086
Soil water

MIS Conts\:‘;gj d””“g 004 -064 051 -049 043 041 001 -073 017 -0.39 -008 -045 035 -058 045
formation

DAN 008 021 -026 014 025 035 002 -001 -024 -021 -01 -057 02 007 038

MIR 064 -011 031 064 032

SIM 0.96 0.99 0.99 0.99 0.99 1 0.98 0.96 1 0.97 0.99 1 0.99 0.97 0.95




BER 0.97 0.99 0.98 0.96 0.99 0.99 0.93 0.99 0.98 0.96 0.94 0.99 0.99 0.98 0.93
Timing of cell
division

MIS 0.96 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.99 1 0.99 1 0.99 1 0.99
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GENERAL CONCLUSIONS

To study the intraannual patterns of treeng formation and their influence on tree
ring featurescell traits and micralensity were measured along with their underlying
bud and wood formation dynamics through the observation of bud and wood
phenology.The mainobjectivesof this thesisvere 1) to investigae how bud and
wood formation dynamicdepad onthe timing of carbon allocation patterns within
trees, and how this timing affects cell anatomy and rdenasity variations within

the treering, in addition to environmental factors influencing cell differentiation; 2)
comparing wood formation dynacs and cell trait patterns observed in the field and
as predicted by available modelling tadltie results of this thesis provide new
insights on seasonal carbon allocation patterns within tbi@k3responsible of
structural growthand on their inflance on wood formation and treag features

over a wide geographical scale. These results rely on an exceptionally long
xylogenesis monitoring period (15 years) performed on black sfiRicea mariana

Mill. B.S.P.), a species dfiuge economic interest North AmericaRossi 2015)



6.1 Timing of bud and wood formation jointly modulate tree-ring
intra -annual development

Through NDVI timeseries and field observations of xylogenesis monitoring, we
assessed the timing of photosynthetic and meristem activity. We observedagtime
between the different phenological events, mirroring the diffenaet periods for

carbon allocation to bud and woody tissgeswvth (Chapter 1).The onset of
photosynthetic activity was estimated at the beginning of May, three weeks thefore
onset of bud developmerit order to avoir early frorts, black spruce delays

meristems resumptiafbilvestro et al., 2019; Marquis et al., 2020), at the same time
cumulating starch reseaves that will be used during bud (biestrich et al.,2015)
During spring the increasing temperatugahanceindeedthe use otarbonreserves

in plants and a doseéependent response modulate bud phenology according to
carbon availabilitDhuli et al., 2014Deslauriers et al.,20)2atewood formation
started in July, when shoot elongation was complete. Mean annual temperature was
correlated wh the onset of bud and wood phenology, but no correlation was
observed with the phenological events in summer and autumn. In agreement with our
hypothesis, shoot elongation and latewood formation occurred at different times
during the growing season, tkéy resulting in a delay between the onset of the

photosynthetic activity anthe peakof biomass allocation to the stem.



These results have important implications for carbon sequestration models that assess
carbon storage in terrestrial ecosystems. Kedge about the separation of the

carbon fraction allocated into the canopy and into the stem are very important to
estimate carbon storage and carbon-twrer in forest ecosysteniBriend et al.

2019) Furthermore, according to my results, it would be possible to estimate wood
formation dynamics by observing bud phenology, since the first stage of bud
development matches with the enhsf earlywood formatiarThe ending of shoot
elongation matches the start of latewdonation, whith large impacts on wood

quality and carbon sequestration of the tree at that time of the year.

6.2 Wood formation dynamicsare key drivers of the treering
features

Carbon signalling is a modulator of wofmmation, whose dynamics affect the tree

ring cellsd spati al pat t-latewood transiter e by | eadi
(Deslauriers et al. 2016, Gani et al. 2018, Butto et al. 201@ur results

demonstrated that longer durations of cell enlargement and secondary wall deposition
determine or influence cell traits in a nlimear fashionButto et al. 2019§Chapter

). Cell diameter and cell wall thickness linearly increase wighduration of their

differentiation until reaching a plateau, after which they remain unchanged

regardless of the duration of enlargement and cell wall thické€Bumgo et al. 2019)



Similar relationships between cell trait and their duration of differentiation were
observed among thevé study sites, indicating shared xylem formation dynamics
across the entire latitudinal distribution of the species. The conservative nature of the
relationship between traéng features and wood formation dynamics suggests that
cell anatomy i.e. cell lmen and cell wall thickness could be more reliably predicted

by their developmental dynamics than by their relationship with environmental

factors.

The effects of environmental stimuli on tree growth andtireg featuresare usually
studiedat themargirs of a species rangen sitescharacterized by extreme climatic
conditions,where climatic signal is enphatized. Ofgyv have studied sites located
within the core of a species distributif@ricar & al. 2015) where endogenous

signalling could prevail the influence of external factors. Black spruce is a
widespread species in North America, whose growth responses are characterized by
complex patterns engendered by converging responses to envirahvagiatbles,

thereby allowing this species to grow in different locatig®assi 2015) The

reliability of predictions about growth and wood production in black spruce could
then greatly benefit from these results, and wood formation dynamics could be

studied in other regions of Canada to map wood phenology in order to obtain a more



complee understanding of the mechanisms underlying wood production for this

important species in the boreal forest.

6.3 Towards predictive and explanatory models of black spruce tree
ring growth

Our results point to endogenous sigresndispensable tools to éaim both cell
production and cell trait variation across the black spruceitige Under both

controlled and natural conditions, we obserli@ variability in the xylemrelated

traits in black spruce wood. Relative to other species, black sprapesadvery
conservative growth strategy, resulting in an unexpected inertia in wood anatemy vis
avis induced or natural environmental chaiiBelien et al. 2012; Rossi et al., 2015;
Balducci et al., 2016). However, in black spruce saplings growing aodémwolled
condition, Balducci et al., 2016 demonstrated that the lack of change in-gglem
traitsafter an imposed water stress was due to a counterbalancing effect between the
duration and rate of cell differentiatioWhen exposed to treatments ofterastress

or temperature increase, black spruce saplings has been obsarwedterbalancing

the duration and rate of cell differentiatjdmally resulting in similar anatomical
features than contr¢Balducciet al, 2016) We propose that black spruce trees,
regardless of latitude, are capable of showing a highly pldstielopmental

responsgachieving conservative cell traits pypomptly modulang cell



differentiation at the intr@annual scal¢Chapter Ill).By means of our analytical
approach, we found thaticro-density and cell traits display distinctive ecological
correlations, furthering our understanding of the complex network underlying wood
trait variation within the treeing (Chapter Ill).Black sprucenicro-density was

directly influenced by cellrmatomy, especially cell wall thickness. Within the tree

ring, the increasing proportion of cell wall thickness over cell diameter determines the
general pattern of treeng density that culminates in latewo(Rreston et al. 2006,
Bjorklund et al. 2017) Wood formation dynamics, i.e. the duration of cell

enlargement and cell wall thickening, directly influence cell anat@nito et al.

2019, Ziaco 2020Q)and thus indirectly influence micaensity. Endogenousnd

exogenous signals explain the spatial pattern of cell anatomy within thenggee

leading to differences in micrdensity(Rathgeber @17) The effects of

environmental factors on cell anatomy and midemsity were not additive, in

agreement wittiPrestoret al. (2006. This observation supportise assumption that

wood density and cell anatomy display distinct patterns of ecological correlations,
which explairs how similar densities can be reached with differeatAumen rati.

Based on a complete and detailed framework, we demonstrated the diverse effects of
environmental factors on the xylem eghits and micradensity, that were so far only
described on the basis of fragmented experimental appro@jbeadund et al. 2017,

Rathgeber 2017)We observed that during wood formation, decreasing photoperiod



entails increasing micrdensity, which was in turn positively affected by soil water
content and temperati All correlations between micaensity, cell anatomy and
environmental factors have their specific ecological meaning, by influencing different

aspects of cell differentiation, cell wall biosynthesis and metabolic activities (Chapter

.

6.4 Persectivedor VS model as a predictive model of black spruce
intra -annual growth dynamics

The opportunity to disentangle the effects of the main environmental factors on black
spruce treging growth makes very attractive the use of Vagasdashkin (VS)

model Nonethelessthe results of this thesis demonstrate thatistic predictions of
black spruce treeing growthdynamicsentailthe integration of endogenous

signalling in the modé&hg framework(Chapter I,11,111). Such integratiors not

obvious when we atsider thaall algorithms underlyiny S model are thbased on

the assumption thattra-annual growth dynamics are the result of the current
environmental condition@/aganov, 2006). Furthermore, the mistmétetween
simulatedand observedoil water cotent(Chapter IV)indicates that VS model
parameterizatiopoorly suits thevet sitesof the eastern Canadahen a massive

quantive of water is release@dspringdue to snow melting (Rossi et al 2011).



We observed that simulated and observedrregchronologies were well
correlated, indicating that VS model could be usegr¢éalictblack spruceell
production(Chapter 1V) Being treering width andnumber of tracheids functionally
correlated (Camarero et al 1998he application of the recent plementation of the
cambial model block (Vaganov et al , 2011), recently proposed by Anchukaitis et al,
(2020) could provide useful insights about climate change impacts on black spruce

cell production.

6.5 Limits and perspectives of the thesis

With this thesis, | aimed to assess the general patterns of cell traits and wood density
variation within the treging under developmental and environmental coniroése
results strongly suggest that the integration of endogenous signals i.e. sugars
allocation (Carni et al 2018), and wood formation developmental dynamics are
needed not only teeconstrucealywoodlatewood dynamics (Cuny et @22016), but

also to simulate changes in wood dengtgrt of the variability in cell production and
cell traits is indeethdependentrom environmental conditions, but dependsaon
foundamental signal that could be catched by integrating the basic physiological and
development processes occurring within the tr@eding this basic growth signal is
necessary to obtamechaistic treegrowth modelghat could bdind a more general

applicability.



Further studies are needed to investigate how the amieual variability, i.e.
between treeings, of these variables affect cell traits and mabeasity patterns.
Indeed, | chaacterized black spruce wood formation dynamics in the eastern part of
Canada, but there are elements suggesting that these responses could be different in
western Canada. Indeed, wood formation dynamics in western regions are prone to
the effect of droughtas suggested lyirardin et al. (2016)possiblyentiling
differentresponses and sensitivity to climate change in the future. Further studies are
needed to map wood formation dynamics over the entire latitudinal and longitudinal
distribution of black spruce, potentially providing new and reliablestiogbredict

present and future growth responses of this very important species.

Moreover, due to our experimental desig
environment relationships are limited to the sténekl scale, preventing any
interpretatiorof the importancef within or betweenndividual variability. Indeed,
trees sampled during thié& years of xylogenesis monitoring changed, on average,
each 5 years, in order to prevent trees damages linked to a long time period for

sampling.
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