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FOREWORD 

Trees in boreal forests are experiencing increased stress and altered growth dynamics due to rising 

temperatures and changing precipitation patterns driven by climate change. Understanding the 

physiological aspects of tree growth, wood formation dynamics, and its ability to acclimate to 

environmental constraints is crucial for predicting future changes in vegetation in this vast region. Stable 

isotope analysis combines precise and accurate dating with the sensitivity of isotope ratios to various 

physiological processes and environmental factors. Despite significant advancements in intra-annual 

stable isotope analyses, a suitable non-lethal method for real-time monitoring of seasonal carbon and 

oxygen isotopic fractionation in tree rings remains lacking. Developing such a method would enhance our 

understanding of post-photosynthetic processes and their interactions with isotopic signals, as well as the 

leaf-level physiological factors regulating wood formation dynamics during the growing season. This 

knowledge gap introduces uncertainties about the processes influencing isotopic signals, increasing the 

risk of misinterpretations in dendroclimatological studies.  

This thesis aims to monitor weekly variations of carbon (δ¹³C) and oxygen (δ¹⁸O) stable isotopes in the 

growing cambium-xylem continuum of black spruce [Picea mariana (Mill.) BSP.] in the North American 

boreal forest. To achieve this, a suitable non-lethal sampling method is developed, and weekly δ¹³C and 

δ¹⁸O series are analysed. Wood formation dynamics are investigated by collecting microcores to track 

xylogenesis and cell traits during the growing season. The findings provide novel insights into carbon 

source-sink dynamics, plant hydrodynamics, and the primary factors constraining wood formation 

dynamics during the growing season in boreal forest ecosystems. 
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RÉSUMÉ 

Les analyses intra-annuelles des isotopes stables δ¹³C et δ¹⁸O dans différents compartiments de l’arbre 
sont des outils puissants pour étudier le stockage du carbone et les dynamiques hydriques à des échelles 
temporelles fines. Dans la tige, le continuum cambium-xylème constitue un site critique pour l’étude des 
dynamiques des isotopes stables. Cependant, les processus post-photosynthétiques peuvent introduire 
des différences entre la composition isotopique de ces deux tissus, en raison de l’utilisation de glucides 
stockés comme substrat pour la croissance, avec des signatures en δ¹³C distinctes. De plus, la formation 
du bois peut dépendre de différentes sources d’eau au cours de la saison de croissance, modifiant ainsi les 
signaux en δ¹⁸O provenant du niveau foliaire. Les avancées récentes dans l’analyse intra-annuelle du δ¹³C 
et du δ¹⁸O dans les cernes des arbres ont amélioré notre compréhension des cycles du carbone et de l’eau 
dans la tige des arbres. Toutefois, un cadre global permettant de suivre les isotopes stables tout au long 
de la saison de croissance fait encore défaut. Cette lacune limite notre compréhension du stockage du 
carbone et de l’oxygène dans les cernes des arbres à des échelles temporelles fines et contraint l’utilisation 
des données de δ¹³C et δ¹⁸O comme proxys fiables dans les études dendroclimatologiques. De plus, le suivi 
des valeurs des isotopes du carbone au cours de la saison de croissance offre une opportunité d’analyser 
l’efficacité intrinsèque d’utilisation de l’eau (intrinsic Water Use Efficiency, iWUE) chez les arbres. Cela 
permet d’obtenir des informations sur les processus physiologiques au niveau foliaire et les facteurs 
environnementaux qui régulent la formation du bois durant le développement du cerne annuel. Cette 
thèse vise à élucider comment les processus post-photosynthétiques influencent les signaux en δ¹³C et 
δ¹⁸O dans le continuum cambium-xylème de l’épinette noire (Picea mariana) dans la forêt boréale 
d’Amérique du Nord. Pour ce faire, une méthode non destructive a été développée afin de suivre le 
fractionnement cumulatif des isotopes du carbone et de l’oxygène au cours de la saison de croissance. 
L’étude vise également à identifier les principaux facteurs déterminant la dynamique de formation du bois, 
en mettant l’accent sur l’interaction entre la cinétique de formation des cellules et l’iWUE à des échelles 
saisonnières. 
 
L’étude a été réalisée dans deux sites, Simoncouche (SIM) et Bernatchez (BER), tous deux situés dans la 
forêt boréale du Québec, au Canada. Les observations ont été menées au cours des saisons de croissance 
de 2019 à 2021 pour SIM et de 2020 à 2021 pour BER. Sur chaque site, cinq épinettes noires matures ont 
été sélectionnées chaque année. De la fin avril à octobre, des échantillons de bandes de bois rectangulaires 
ont été prélevés chaque semaine sur la tige des arbres afin de suivre la discrimination des isotopes du 
carbone et de l’oxygène dans le continuum cambium-xylème en croissance. Simultanément, des 
microcarottes ont été extraites de la zone d’échantillonnage pour surveiller la xylogenèse. Afin d’analyser 
les traits cellulaires, deux microcarottes supplémentaires ont été prélevées sur chaque arbre à la fin de la 
saison de croissance (mi-octobre), lorsque le cerne était complètement formé.  
 
Cette étude a permis de développer une méthode innovante pour suivre le fractionnement hebdomadaire 
du δ¹³C et du δ¹⁸O dans le continuum cambium-xylème en croissance de l’épinette noire. Des profils 
hebdomadaires ont été établis pour les isotopes stables du carbone et de l’oxygène dans la région 
cambiale (δ¹³Ccam et δ¹⁸Ocam) et dans le cerne en formation (δ¹³Cxc et δ¹⁸Oxc). Les résultats suggèrent qu’un 
apport constant d’assimilats frais au continuum cambium-xylème est le principal moteur de la croissance 
secondaire sur les deux sites d’étude. Toutefois, le δ¹³Ccam et le δ¹³Cxc ont été peu influencés par la 
variabilité climatique, ce qui indique que les variations intra-annuelles de ces profils reflètent 
probablement des changements dans les stratégies d’allocation du carbone. Ces changements pourraient 
améliorer la résistance au gel et réduire l’absorption d’eau aux stades tardifs de la croissance, et sont 
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possiblement liés à la diminution saisonnière du rayonnement photosynthétiquement actif. La 
conductance stomatique a été identifiée comme le principal facteur physiologique influençant le 
fractionnement saisonnier du δ¹³Ccam et du δ¹⁸Ocam. Cependant, les échanges proportionnels entre l’eau du 
xylème et les sucres au site de synthèse de la cellulose (effet Pex) ont masqué les tendances du δ¹⁸Ocam. 
Cette découverte suggère que les signaux du δ¹⁸Oxc diffèrent de ceux d’origine dans le puits cambial initial. 
Alors que le cambium utilise principalement l’eau issue des feuilles, la cellulose du xylème en formation 
puise à la fois dans l’eau foliaire et dans l’eau du xylème provenant des racines durant la saison de 
croissance. Des liens négatifs forts entre la cinétique de formation cellulaire (taux d’élargissement des 
cellules et taux de dépôt pariétal) et l’iWUE suggèrent que les processus physiologiques au niveau foliaire 
régulent la formation du bois. Une photopériode plus longue et des niveaux de stress hydrique plus faibles 
ont favorisé des taux élevés d’élargissement cellulaire et de dépôt pariétal. En revanche, les taux de 
production cellulaire sont davantage influencés par la température et le déficit de pression de vapeur 
(VPD), avec une augmentation des taux de production cellulaire en réponse à des températures et à un 
VPD plus élevés dans notre région d’étude. Les résultats ont mis en évidence un découplage entre la 
dynamique de production cellulaire et l’iWUE chez l’épinette noire durant la saison de croissance, tout en 
soulignant le lien entre les processus physiologiques foliaires et les contraintes climatiques, telles que la 
disponibilité en eau du sol.  

Les conclusions de cette étude apportent de nouvelles perspectives sur la dynamique saisonnière du 
carbone et de l’oxygène ainsi que sur les contraintes de croissance secondaire de l’épinette noire dans les 
écosystèmes de la forêt boréale. En introduisant une approche méthodologique novatrice pour le suivi des 
signaux isotopiques à des échelles temporelles fines, ce travail comble des lacunes essentielles dans la 
compréhension des processus d’allocation du carbone et de leurs déterminants environnementaux. Ces 
résultats mettent en évidence la nécessité d’interpréter avec précaution les signaux isotopiques afin 
d’éviter toute mauvaise représentation dans les études dendroclimatologiques. De plus, l’étude éclaire les 
facteurs environnementaux et physiologiques foliaires influençant la dynamique de formation du bois, 
fournissant ainsi des informations précieuses sur les réponses des arbres aux changements climatiques 
futurs. 

Mots-clés: carbone, oxygène, iWUE, analyse hebdomadaire, forêt boréale 
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ABSTRACT 

Intra-annual analyses of δ13С and δ18O stable isotopes in different tree compartments are powerful tools 
for studying carbon sequestration and water dynamics at finer temporal scales. In the stem, the cambium-
xylem continuum serves as a critical site for investigating the dynamics of stable isotopes. However, post-
photosynthetic processes can introduce temporal discrepancies, due to the utilization of stored 
carbohydrates as building blocks, with different δ13С signatures. Additionally, wood formation may rely on 
different water sources throughout the growing season, altering δ18O signals originating at the leaf level. 
Recent advancements in intra-annual δ13С and δ18O analysis in tree rings have enhanced our understanding 
of carbon and water cycles within tree stems. However, a comprehensive framework to track stable 
isotopes throughout the growing season remains lacking. This gap limits our understanding of carbon and 
oxygen sequestration in tree rings at finer temporal scales and constrains the use of δ13С and δ18O data as 
reliable proxies in dendroclimatological studies. Additionally, monitoring carbon isotopes values during 
the growing season provides an opportunity to analyse intrinsic water use efficiency (iWUE) in trees. This 
offers insights into the leaf-level physiological processes and environmental factors that regulate wood 
formation during tree ring development. This thesis aims to elucidate how post-photosynthetic processes 
influence δ13С and δ18O signals in the cambium-xylem continuum of black spruce in North America’s boreal 
forest. To achieve this, a non-destructive method was developed to monitor cumulative carbon and 
oxygen isotope fractionation during the growing season. The study also aims to identify the primary drivers 
of wood formation dynamics, focusing on the interplay between cell formation kinetics and iWUE at 
seasonal scales.  
 
The study was conducted at two sites, Simoncouche (SIM) and Bernatchez (BER), both located within the 
boreal forest of Quebec, Canada. Observations were conducted during the growing seasons of 2019-2021 
for SIM and 2020-2021 for BER. At each site, five mature black spruce trees were selected annually. From 
late April to October, rectangular wood strip samples were collected from tree stem weekly to track carbon 
and oxygen isotope discrimination in the growing cambium-xylem continuum. Simultaneously, microcores 
were extracted from the sampling area to monitor xylogenesis. To analyze cell traits, two extra microcores 
were extracted from each tree sample at the end of the growing season (mid-October), when the tree ring 
was fully formed. 
 
This study developed a novel method to track weekly δ13С and δ18O fractionation in the growing cambium-
xylem continuum of black spruce. Weekly profiles were created for carbon and oxygen stable isotopes in 
the cambial region (δ13Сcam and δ18Ocam) and forming tree ring (i.e., developing xylem cellulose; δ13Сxc and 
δ18Oxc). Results suggest that a constant supply of fresh assimilates to the cambium-xylem continuum drives 
secondary growth in both study sites. However, δ13Сcam and δ13Сxc were minimally influenced by climate 
variability, indicating that intra-annual variations in these profiles likely reflect shifts in carbon allocation 
strategies. These shifts may enhance frost resistance and reduce water uptake in late growth stages and 
are possibly linked to seasonal decreases in photosynthetically active radiation. Stomatal conductance was 
identified as the dominant physiological factor influencing seasonal fractionation of δ13Ccam and δ18Ocam. 
However, proportional exchanges between xylem water and sugars at the sites of cellulose synthesis (i.e., 
Pex effect) obscured δ18Ocam trends. This finding suggests that δ18Oxc signals differ from those originating in 
the earlier cambium sink. While the cambium predominantly uses water sourced from leaves, developing 
xylem cellulose accesses both leaf water and root-sourced xylem water during the growing season. Strong 
negative links between cell formation kinetics (i.e, cell enlargement rate and wall deposition rate) and 
iWUE, suggest that leaf-level physiological processes regulate wood formation. Higher photoperiod and 
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lower water stress levels promoted rates of cell enlargement and wall deposition. Conversely, cell 
production rates are more influenced by temperature and vapour pressure deficit (VPD), with higher 
temperature and VPD, lead to more rate of cell production in our study region. The results highlighted the 
decoupling of cell production dynamics and iWUE in black spruce during the growing season while 
emphasizing the connection between leaf-level physiological processes and climatic constraints like soil 
water content. 
 
The findings of this study provide novel insights into seasonal carbon and oxygen dynamics and secondary 
growth constraints of black spruce in boreal forest ecosystems. By introducing a new methodological 
approach for tracking isotopic signals at fine temporal scales, this work addresses critical gaps in 
understanding carbon allocation processes and their environmental drivers. These insights highlight the 
need to carefully interpret isotopic signals to avoid misrepresentation in dendroclimatological studies. 
Furthermore, the study sheds light on the environmental and leaf-level physiological factors influencing 
wood formation dynamics, offering valuable information on tree responses to future climate changes. 
 
 
 
 
Keywords: carbon, oxygen, iWUE, weekly analysis, boreal forest 
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CHAPTER 1  

INTRODUCTION 

1.1 The context and current state of knowledge 

Boreal forests are among the largest terrestrial carbon reservoirs, with vast amounts of carbon stored in 

tree biomass including trunks, branches and foliage. These forests hold about one-third of the global forest 

carbon stock, with trees sequestering vast amounts of carbon through photosynthesis and biomass 

accumulation (Ameray et al., 2023; Pan et al., 2011). The longevity of boreal tree species contributes to 

sustained carbon storage over decades to centuries. This makes them essential components of the global 

carbon cycle (Bonan, 2008). However, tree carbon stocks in boreal forests are dynamic and influenced by 

environmental conditions and external disturbances such as wildfires, which can rapidly release stored 

carbon back into the atmosphere (Gauthier et al., 2015). While regrowth after disturbances enables 

carbon reaccumulation, the balance between carbon uptake and loss remains highly sensitive to climate 

change (Bonan, 2008). Global warming is expected to trigger earlier cambial resumption in cold climates 

like boreal forests (Rossi et al., 2014). This shift may extend the growing season, potentially affecting 

carbon uptake and the productivity of boreal tree species (Rossi et al., 2014). However, these changes may 

also alter the long-term role of boreal trees as carbon sinks (Bonan, 2008; Kurz et al., 2008). Given boreal 

forests' substantial contribution to global carbon storage, understanding carbon dynamics in boreal trees 

and the physiological constraints governing carbon sequestration in different tree compartments is crucial 

for predicting future carbon-climate feedback in this vast ecosystem. 

Analysis of carbon isotope ratios (δ13C) provides valuable insights into tree eco-physiological processes and 

their responses to climate change (Farquhar et al., 1989; Gessler et al., 2014). Photosynthetic 

discrimination of 13CO2 against 12CO2 in C3 plants is associated with the ratio of leaf internal to external CO2 

partial pressure (ci/ca) which, itself, is regulated by stomatal conductance and influenced by the rate of 

CO2 assimilation (Farquhar et al., 1982). The carbon signatures preserved in tree rings offer valuable 

records of past environmental conditions and are widely used for various applications, including the 

reconstruction of climatic variables such as temperature and precipitation (McCarroll & Loader, 2004), as 

well as the study of carbon allocation to stem growth in forest ecosystems (Gessler et al., 2014; Saurer et 

al., 2004). Furthermore, tree-ring carbon isotopes serve as indicators of physiological processes, such as 

intrinsic water use efficiency (iWUE) and photosynthetic performance. These indicators enable 

researchers to assess long-term ecological and climatic trends in boreal forests (Gessler et al., 2014). 
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Most studies on δ13C in tree-ring focus on annual timescales, which provide long-term environmental and 

physiological trends across different species and regions. For example, Bégin et al., (2015) developed the 

first dendroisotopic series for Canadian northeastern boreal forest, covering 1800 to 2003. In their 

research they aimed to evaluate the isotopes' sensitivity to climate variables and their potential as proxies 

for past climate conditions. A temperature reconstruction was developed for the study region based on a 

regression model that calibrated δ¹³C and δ¹8O against summer maximum temperatures. The research 

confirmed that carbon dendroisotopic series in high latitudes can adequately document past climatic 

conditions. The impact of rising CO₂ on tree physiology has also been investigated at annual scales, as 

demonstrated by Frank et al., (2015), who examined δ¹³C trends in tree rings across European forests and 

found widespread increases in intrinsic water use efficiency (iWUE), suggesting physiological adjustments 

to climate change. Furthermore, the effects of drought on carbon assimilation were assessed by Lévesque 

at al., (2014), who analyzed δ¹³C in annual rings of multiple coniferous species (e.g., Pinus sylvestris) in 

Alpine mountains. They observed strong δ13C signals in drought years, influenced by stomatal closure and 

reduced photosynthetic activity, at the cost of reduces carbon uptake and growth. These studies highlight 

the significance of annual tree-ring δ¹³C analysis in understanding past climate variations, physiological 

responses, and long-term carbon assimilation trends in different species.  

Annual observations of δ13C signals in tree-rings represent the average environmental conditions and 

integrate the cumulative effects of various physiological processes involved in wood production 

throughout the entire growing season. However, this approach obscures short-term variations in tree 

responses to transient climatic events, such as droughts, rainfall episodes, heatwaves, and snowmelt. 

Moreover, the influence of short-term leaf-level physiological processes on δ13C fractionation remains 

poorly understood (Gessler et al., 2014). The impact and timing of these processes on tree productivity 

also remains insufficiently explored. To address this limitation, researchers have investigated intra-annual 

variations in carbon stable isotopes within tree rings (Fu et al., 2017; Porté & Loustau, 2001; Roden et al., 

2009; Vaganov et al., 2009). These studies not only enhance our ability to identify external environmental 

and internal physiological factors influencing the isotopic composition of bulk wood or cellulose 

throughout the growing season but also provide valuable insights into the carbohydrate dynamics that 

sustain xylem cell development (Belmecheri et al., 2018; Ogée et al., 2009; Rinne et al., 2015). 

Different methods have been used in dendroclimatology to study stable isotopes variations inside tree 

rings at intra-annual scales. One common method has been to divide wood segments or cores by cutting 
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tangential slices, using a fixed-blade sledge mounted on a sliding microtome (Ogée et al., 2009; Pons & 

Helle, 2011; Verheyden et al., 2004), or sampling of tree-rings by manual sub-division (whole ring, early 

wood /late wood, subdividing each ring into 6-10 sections) using scalpel or razor blades (Barçante Ladvocat 

Cintra et al., 2019; Brienen et al., 2011; Fu et al., 2017; Roden et al., 2009). For example, Roden et al., 

(2009) studied intra-annual variation in the stable carbon isotope ratios of cellulose in tree rings of coast 

redwood. For high-resolution stable isotopes fractionation analysis, they sub-divided each ring of the core 

into ten equal units and each section was cut out using a scalpel under a 20× dissecting microscope. As 

described by Schollaen et al., (2014) collecting wood dust from a series of small wood holes drilled in the 

radial direction with twist drills and sampling by robotic micro milling techniques, are two other methods 

for stable isotope analysis in high resolutions (Dodd et al., 2008; Fichtler et al., 2010; Gebrekirstos et al., 

2009). Sampling tree-rings by laser ablation is another technique in isotope dendroclimatology and 

provides an essentially non-destructive means for accessing elemental and isotopic information from 

wood samples at high resolutions (Loader et al., 2017) first described in Schulze et al., (2004). They 

presented a new method for high-resolution online determination of δ13C in tree rings, combining laser 

ablation (LA), combustion (C), gas chromatography (GC) and isotope ratio mass spectrometry (IRMS) (LA-

C-GC-IRMS). In this method sample material was extracted every 6 min with a UV-laser from a tree core, 

leaving 40-µm-wide holes. The use of laser-sampling has greatly facilitated the production of high-

resolution chronologies of stable isotopes and the potential for improved replication. Other studies have 

also been done based on laser ablation method to estimate stable isotope composition of wood at high 

resolutions (M. Fonti et al., 2018; Loader et al., 2017; Soudant et al., 2016; Vaganov et al., 2009).  

While the information obtained by utilizing these methods provide valuable insights into complex 

interactions between climate and tree physiology over the seasonal scales (Offermann et al., 2011), they 

do not accurately identify the real-time fractionation of stable isotopes in tree rings. In fact, few of these 

methods allow to construct a time-integrated, accurately dated chronology of stable isotope fractionation 

inside tree ring during the growing season. Most intra-annual methods rely on cutting micro-slices from 

existing samples (i.e., previously formed tree ring) which does not yield an accurate dating which hampers 

the intercomparison with meteorological conditions, growth process, etc. Indeed, tree ring formation is 

the result of a complex succession of developmental processes, which rates and durations vary along the 

growing season (Cuny et al., 2014). Therefore, despite their relatively simple structure, not even conifer 

tree rings can be seen as a succession of cell rows formed during separate regular time intervals (Rathgeber 

et al., 2022). Rather, the successive cell rows of a tree ring are formed in highly overlapping time intervals 
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of variable durations (Cuny et al., 2014; M. Fonti et al., 2018). Thus, in order to take on this problem, a 

formal and fully integrated method is still needed to track seasonal variations of stable isotopes in the 

developing tree rings during the growing season. The high-resolution δ¹³C chronologies can be compared 

with external climatic constraints and internal physiological processes at seasonal scales and provide more 

accurate information about seasonal changes of internal physiological processes and their interactions 

with climatic variables. 

Another layer of complexity arises from the role of non-structural carbohydrates (NSCs) in carbon source-

sink dynamics, allocation, and remobilization within trees. During photosynthesis, plants absorb carbon 

dioxide (CO2) from the atmosphere and H2O from the soil and produce NSCs. Once assimilated, NSCs act 

as energy carriers and building blocks for different anabolic processes such as plant growth or may be 

stored for future utilization (Carbone et al., 2013). NSCs are transported to various sink tissues and serve 

as a critical link between photosynthetic carbon uptake and wood formation (Carbone et al., 2013; 

Richardson et al., 2013). However, uncertainties remain regarding the timing and extent of NSC allocation, 

storage, and remobilization, as well as the contribution of newly assimilated versus stored carbon to 

secondary growth (Sala et al., 2012; Wiley & Helliker, 2012). Recent studies suggest that the age and δ¹³C 

signatures of stored NSCs can vary significantly, leading to potential time lags and isotopic mixing during 

carbon allocation to developing xylem cells (Gessler et al., 2014; Offermann et al., 2011). Additionally, 

post-photosynthetic processes, such as carbon exchange during phloem transport and cellulose synthesis, 

further complicates the interpretation of δ¹³C signals in tree rings (Cernusak et al., 2016; Gessler et al., 

2009). These complexities highlight the need for precisely dated intra-annual isotope chronologies as a 

tool for understanding NSCs origin, movement, and utilization throughout the growing season. 

Previous studies have illustrated that deciduous species depend on stored NSCs during the initial stages of 

wood formation (Kagawa et al., 2006; Offermann et al., 2011; Simard et al., 2013), while evergreens are 

more capable of relying on recently assimilated resources (Barbour et al., 2002; Klein et al., 2005; Ogée et 

al., 2009; Soudant et al., 2016). However, a recent study on Mediterranean Pinus pinea L. illustrated 

significant reliance on stored carbon for the development of both earlywood and latewood (Castagneri et 

al., 2018). This indicates that xylem growth is sustained not only by most recent photosynthetic products 

but also by carbon that was accumulated for years previously (Von Arx et al., 2017). Despite progress in 

understanding NSC dynamics across tree species (Fajstavr et al., 2018; Piper, 2020; Rademacher et al., 

2022; Richardson et al., 2013), key uncertainties persist regarding NSC allocation pathways, storage, and 
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time lags (Sala et al., 2012; Wiley & Helliker, 2012), especially in conifers (Schollaen et al., 2014). Since 

stored NSCs vary in age and δ13C composition, their contribution to tree-ring δ13C complicates 

dendroclimatological interpretations. Addressing these challenges requires seasonal monitoring of δ¹³C 

variations across tree compartments, from leaves to phloem, cambium, and xylem, to better trace the 

movement and utilization of NSCs for stem growth (Gessler et al., 2009). 

The Lack of high-resolution data limits our ability to identify leaf-level physiological controls on carbon 

assimilation across species. One way to address this uncertainty is by tracking δ¹³C and δ18O signals in 

different tree sinks at seasonal scales. At high-resolution time scales, the decoupling of δ¹³C from δ¹⁸O 

variations provides critical insights into the physiological factors regulating carbon assimilation and 

sequestration at the leaf level (Scheidegger et al., 2000; Siegwolf et al., 2022). While δ¹³C signals primarily 

reflect changes in photosynthetic discrimination (Anet) and stomatal conductance (gs) (Farquhar et al., 

1989), δ¹⁸O signals are strongly influenced by evaporative 18O-enrichment in leaf water only controlled by 

gs (Barbour, 2007). The dual-isotope approach leverages these relationships to disentangle the relative 

effects of stomatal regulation on carbon uptake (Scheidegger et al., 2000). Specifically, δ¹⁸O variation 

serves as a constraint on δ¹³C interpretation since δ¹⁸O enrichment is directly linked to transpiration, and 

gs modulates both transpiration and photosynthetic discrimination (Grams et al., 2007; Scheidegger et al., 

2000). For instance, under conditions of low humidity, δ¹⁸O enrichment in leaf water tends to increase due 

to intensified transpiration, which may coincide with elevated δ¹³C values if stomatal conductance 

decreases to mitigate water loss (Cernusak et al., 2016). In contrast, a decoupling of δ¹³C and δ¹⁸O signals 

may indicate changes in mesophyll conductance or post-photosynthetic effects on δ¹³C signals which may 

complicate the interpretation of stomatal limitations (Gessler et al., 2014).  

A key assumption in the dual isotope model is that source water δ18O remains constant and thus the 

majority of organic matter δ18O variation is driven by evaporative enrichment (Roden & Farquhar, 2012). 

However, this assumption is not always valid. For example, a study by Offermann et al., (2011) on 

European beech (Fagus sylvatica L.) demonstrated that δ18O in tree-ring whole wood was not positively 

related to leaf water evaporative enrichment and δ18O of NSC pools. This highlights the important role of 

other water sources in modifying δ18O signals in tree ring (e.g., Pex effect). The Pex effect refers to the 

proportion of carbonyl oxygen atoms that exchange between phloem sap and xylem water during cellulose 

biosynthesis in tree rings (Song, Farquhar, et al., 2014; Sternberg et al., 1986; Szejner et al., 2020). A study 

by Martínez-Sancho et al., (2022) demonstrated that source water (i.e., water uptake by roots) played a 
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dominant role in driving intra-annual δ18O variations in tree-ring cellulose of larch (Larix decidua L.) in the 

Swiss Alps, effectively masking leaf-level δ18O signals. Tracking real-time variations of δ¹³C and δ¹⁸O in 

different tree compartments provide insights into the shared physiological processes regulating δ¹³C and 

δ¹⁸O variations during the growing season. Additionally, it offers valuable information on the influence of 

different water sources (e.g. rainwater, underground water) that may alter leaf-level δ¹⁸O signatures while 

transporting NSCs from leaves to various sink tissues within the tree. This information is crucial when 

utilizing δ¹³C and δ¹⁸O data as proxies in dendroclimatological studies. 

Significant uncertainties in intra-annual analysis of stable isotopes still remain regarding the interactions 

between external environmental constraints and internal physiological processes at seasonal scales 

(Savard & Daux, 2020; Silvestro et al., 2024). One key uncertainty involves the interplay between 

environmental drivers, such as temperature and precipitation, and internal needs for wood formation 

process (i.e., xylogenesis). Xylogenesis is regulated by a complex network of physiological and 

environmental factors, including temperature, soil moisture, and nutrient availability, which collectively 

influence cell division, enlargement, and wall thickening (Cuny et al., 2014; Rossi et al., 2014). These factors 

not only affect the timing and duration of xylem cell formation but also modulate the isotopic composition 

of carbon and oxygen in developing tree rings (M. Fonti et al., 2018; Gessler et al., 2014), which complicate 

the interpretation of isotopic signals as straightforward proxies for past environmental conditions (Gessler 

et al., 2014; Rossi et al., 2013). Consequently, precisely dated intra-annual measurements in different tree 

compartments (e.g., cambium, xylem) of stable isotope ratios are necessary to disentangle the relative 

contributions of external environmental factors and internal physiological processes influencing wood 

formation dynamics during the growing season. 

High-resolution tree-ring carbon isotope data can be used to evaluate seasonal intrinsic water use 

efficiency (iWUE) at the leaf level, which provides a measure of how effectively trees use water to 

assimilate carbon during the growing season (Saurer & Voelker, 2022, and the literature therein). iWUE is 

determined by the ratio of photosynthesis to stomatal conductance and serves as a key indicator of how 

trees regulate carbon and water fluxes in response to environmental constraints (Farquhar et al., 1989). A 

comparison of intra-annual iWUE variations with wood formation dynamics provide insights into how trees 

balance carbon assimilation and growth processes under changing environmental conditions (Frank et al., 

2015). Such comparisons are particularly valuable for understanding how trees’ growth respond to climate 

change, as shifts in iWUE can indicate long-term adjustments in photosynthetic performance and stomatal 
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behavior in response to increasing atmospheric CO₂ levels and changing water availability (Voelker et al., 

2016). For example, a sustained increase in iWUE over recent decades, as observed in many boreal and 

temperate forests, suggests that trees are acclimating to rising CO₂ by reducing stomatal conductance 

while maintaining or increasing photosynthesis (Peñuelas et al., 2011). However, the relationship between 

iWUE and tree growth is not always straightforward, as other factors, such as nutrient availability, 

hydraulic constraints, and shifts in carbon allocation, can influence how efficiently trees convert carbon 

into biomass. Integrating high-resolution iWUE data with xylogenesis and wood anatomical features at 

seasonal scales enhances our understanding of the interactions between carbon assimilation, water use, 

tree growth, and environmental constraints, which ultimately improve predictions of forest responses to 

future climate conditions.  

The provided information will be important when using carbon and oxygen stable isotopes as proxies for 

reconstructing of meteorological variables in dendrochronology, as it enables researchers to more 

accurately disentangle environmental signals from internal physiological influences preserved within tree 

ring archives. Enhancing temporal resolution and capturing seasonal dynamics of δ¹³C and δ¹⁸O in 

developing tree rings helps bridge the gap between leaf-level physiology and long-term 

dendrochronological records. This approach strengthens the reliability of tree rings as climate proxies, 

enabling reconstructions that are more robust. Moreover, integrating isotope analyses with xylogenesis 

and wood anatomical traits, makes it possible to address the combined effects of climate, water availability, 

and carbon allocation strategies on tree growth. Ultimately, high-resolution isotope studies enhance the 

interpretative power of dendrochronology and advance our ability to reconstruct past climates while 

improving predictions of forest responses to ongoing climate change. 

1.2 Objectives and hypothesis 

The present thesis is structured around the following objectives, each addressed in a distinct chapter 

(Figure 1.2.1). In the second chapter, I aim to explore the fluctuations of δ¹³C values in the cambium-xylem 

continuum throughout the growing season and examine how each tissue responds to the carbon demand 

for stem growth. I develop a non-lethal method for sampling on a weekly basis and develop weekly δ¹³C 

profiles for the cambial region and forming xylem cellulose. I hypothesize that δ¹³C values in xylem 

cellulose (δ¹³Cxc) and cambium (δ¹³Ccam) are either uncorrelated or exhibit temporal lags. This is due to the 

xylem’s access to both newly assimilated carbohydrates and stored carbohydrates, the latter of which 

often have higher δ¹³C values. In the third chapter, my goal is to provide real-time insights into the dynamic 
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changes in δ¹³C and δ¹⁸O values within the vascular cambium-xylem continuum during the growing season. 

I hypothesize that δ¹³C and δ¹⁸O values are correlated within the cambial region and the developing tree 

ring, driven by shared physiological constraints on carbon and oxygen fractionation at the leaf level. 

Specifically, both δ¹³C and δ¹⁸O values are expected to increase following reductions in stomatal 

conductance during the growing season. These findings provide new insights into the processes influencing 

isotopic signals to avoid misinterpretations in dendroclimatological studies. Finally, in the fourth chapter, 

I aim to identify the primary drivers of wood formation dynamics in boreal trees. I focus on three key 

parameters including: cell enlargement rates (rE), wall deposition rates (rW), and cell production rates (rD), 

as indicators of wood formation in boreal spruce trees. Relationships between these parameters, intrinsic 

water use efficiency (iWUE), derived from δ13Ccam values, and meteorological factors are examined (Figure 

1.2.1). Here, I hypothesize that iWUE has a direct influence on wood formation dynamics and is linked to 

environmental factors such as temperature and soil water content. Consequently, wood formation 

dynamics are expected to be primarily regulated by physiological processes at the leaf level and shaped 

by external environmental conditions.  

1.3 Experimental approach 

The study was conducted in mature black spruce [Picea mariana (Mill.) BSP.] stands located in the 

Saguenay-Lac-Saint-Jean area within the boreal forest of Quebec, Canada (Figure 1.3.1). Two particular 

sites were selected: Simoncouche (SIM) and Bernatchez (BER), both featuring mature black spruce forests. 

SIM is within the Simoncouche research station of the “Université du Québec a Chicoutimi” (48°13ʹ N, 

71°15ʹ W, 338 m a.s.l.), situated in the Laurentide Wildlife Reserve. BER is at a higher elevation near Lake 

Poulin de Courval (48°51ʹ N, 70°20ʹ W, 611 m a.s.l.). Black spruce is the dominant species at both sites. The 

undergrowth is a typical mixed vegetation with various herbaceous and ericaceous shrub species. The 

region has a continental climate, marked by long cold winters and short warm summers. 

During the 2019-2021 study period, the mean annual air temperature in SIM was 3.2°C, while BER 

experienced a lower mean of 0.6°C. During the growing season, specifically from May to October (2019-

2021), mean temperatures were 12.8°C in SIM and 10.3°C in BER, indicating a colder and shorter growing 

season in BER. This is further reflected in the number of days with minimum daily temperatures above 5°C, 

averaging 170±20 days in SIM and 139±15 days in BER. The two sites recorded similar mean precipitation 

levels during the growing season, with approximately 480 mm of rain each (average from May to October: 

2019 to 2021). However, soil water content was higher at BER compared to SIM over the same period 
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(average from May to October 2019-2021: BER, 0.34 m³/m³; SIM, 0.22 m³/m³). Meteorological 

observations were available at each site using a 10-meter tower equipped with an automatic data 

acquisition system and several measuring devices. These stations recorded various meteorological 

variables, including maximum temperature (Tmax, °C), vapor pressure deficit (VPD, kPa), photosynthetically 

active radiation (PAR, μmol/m²/s), relative humidity (RH, %), precipitation (P, mm), and soil water content 

(VWC, m3/m3), on an hourly basis. Photoperiod (PP, hour) was calculated for both sites as the difference 

between daily sunset and sunrise times. 

Five mature black spruce trees with upright stems and relatively large diameters were selected in SIM and 

BER, during the three growing seasons of 2019 (just in SIM), 2020 and 2021. Trees showing reaction wood, 

dead crowns, or visible damage were excluded from selection. The selected trees had sufficiently large 

diameters to allow the collection of 13 to 22 wood strips for carbon and oxygen stable isotope analysis 

and microcores during the growing season. From late April to October, rectangular wood strip samples (~3 

× 6 cm) were collected on a weekly basis from the selected trees’ stem using a chisel and rubber hammer. 

To monitor xylogenesis, microcores were extracted from below of the cut area during the growing seasons 

of 2020 and 2021. Two additional microcores were extracted from each selected spruce tree during the 

last date of sampling (mid-October), once the tree ring was fully formed, to analyse cell anatomical 

features. The sampling was performed following the micro-core collection methodology introduced in 

previous studies. To analyze weekly oxygen signals in source water (i.e., precipitation), rain samples were 

collected weekly during the growing seasons of 2020 and 2021 at both sites, following the designated 

collection dates for strips and microcores. 

1.4 Structure of the thesis 

This thesis is organized into three main chapters (Chapters 2, 3, and 4), each addressing one of the specific 

objectives outlined above. Chapter 2 has been published as a research article in Tree Physiology journal. 

Chapter 3 has been published in Agricultural and Forest Meteorology. Chapter 4 is currently being 

prepared for submission to a peer-reviewed journal. All images included in this document are copyright-

free and used in compliance with usage rights. 

1.5 Figures Legend 

Figure 1.2.1: The figure illustrates the intra-annual dynamics of carbon and oxygen stable isotopes and 

wood formation in black spruce, highlighting potential sink limitation, leaf-level physiological processes 
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(source limitation) and environmental constraints on these dynamics. The objectives and order of studied 

subjects are shown by numbers on the figure: (1) develop a method for monitoring stable isotope 

fractionation in the cambium-xylem continuum (2) investigate dual isotope patterns both in the cambial 

region (δ¹³Ccam and δ¹⁸Ocam) and developing xylem cellulose (δ¹³Cxc and δ¹⁸Oxc) to understand physiological 

controls on carbon and water fluxes. (3) examine wood formation dynamics and their relationship with 

intrinsic water use efficiency (iWUE) and environmental constraints throughout the growing season.  

Figure 1.3.1: The map displays two study sites: Simoncouche (SIM) and Bernatchez (BER). The study sites 

exhibit differences in altitude and annual mean temperature, with BER located at higher altitudes and 

experiencing lower annual temperatures, leading to shorter growing seasons. The map was created using 

ArcGIS Desktop. 
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1.6 Figures 

 

Figure 1.2.1 Schemaãc overview of the three main chapters of this thesis. 
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Figure 1.3.1 Study sites: Simoncouche (SIM) and Bernatchez (BER), located in northeastern boreal forest of 
Quebec, Canada. 
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2.1 Abstract 

Intra-annual variations of carbon stable isotope ratios (δ13C) in different tree compartments could 
represent valuable indicators of plant carbon source-sink dynamics, at weekly time scale. Despite this 
significance, the absence of a methodological framework for tracking δ13C values in tree rings persists due 
to the complexity of tree ring development. To fulfill this knowledge gap, we developed a method to 
monitor weekly variability of δ13C in the cambium-xylem continuum of black spruce species [Picea mariana 
(Mill.) BSP.] during the growing season. We collected and isolated the weekly incremental growth of the 
cambial region and the developing tree ring from five mature spruce trees over three consecutive growing 
seasons (2019-2021) in Simoncouche and two growing seasons (2020-2021) in Bernatchez, both located 
in the boreal forest of Quebec, Canada. Our method allowed for the creation of intra-annual δ13C series 
for both the growing cambium (δ13Ccam) and developing xylem cellulose (δ13Cxc) in these two sites. Strong 
positive correlations were observed between δ13Ccam and δ13Cxc series in almost all study years. These 
findings suggest that a constant supply of fresh assimilates to the cambium-xylem continuum may be the 
dominant process feeding secondary growth in the two study sites. On the other hand, rates of carbon 
isotopic fractionation appeared to be poorly affected by climate variability, at an inter- weekly time scale. 
Hence, increasing δ13Ccam and δ13Cxc trends highlighted here possibly indicate shifts in carbon allocation 
strategies, likely fostering frost resistance and reducing water uptake in the late growth season. 
Additionally, these trends may be related to the black spruce trees' responses to the seasonal decrease in 
photosynthetically active radiation. Our findings provide new insights into the seasonal carbon dynamics 
and growth constraints of black spruce in boreal forest ecosystems, offering a novel methodological 
approach for studying carbon allocation at fine temporal scales. 

 

Keywords: cambium, xylem, tree ring, carbon isotope composition, non-structural carbohydrates, boreal 
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2.2 Introduction 

Carbohydrate source-sink dynamics are fundamental aspects of tree growth and can modulate the 

response to environmental changes (Dietze et al., 2014). Nonstructural carbohydrates (NSCs) are the 

predominant products of photosynthesis occurring in the leaves (Carbone et al., 2013). Once produced, 

NSCs may be allocated to build structural components including cell walls in tree rings (e.g. cellulose), or 

can be stored in the form of starch for future utilization (Hartmann & Trumbore, 2016). A comprehensive 

body of knowledge on NSC dynamics has been generated from studies investigating carbohydrate 

concentrations in various tree sinks over time (Fajstavr et al., 2018; Piper, 2020; Rademacher et al., 2022; 

Rathgeber et al., 2022; Richardson et al., 2013). However, there are still uncertainties regarding the 

processes and pathways related to NSCs allocation in mature living trees (Wiley & Helliker, 2012).  

In the stem, the cambium-xylem growing continuum is a critical site where carbohydrate dynamics can be 

tackled (Deslauriers et al., 2014). The cambial region (i.e., cambium and differentiating phloem and xylem 

cells), an important sink for NSCs synthesized in leaves, is at the origin of wood production (Giovannelli et 

al., 2011; Rossi et al., 2013; Simard et al., 2013). Cambium’s NSC source is mostly limited to leaf-originating 

photosynthates unloaded from the phloem (Gessler et al., 2014). However, cambium-derived sinks such 

as earlywood or latewood are possibly fed synergistically from two different sources: cambial NSCs and 

NSCs stored in ray parenchyma cells (starches and soluble sugars) (Deslauriers et al., 2016; Dietze et al., 

2014; Giovannelli et al., 2011). These variable source-sink dynamics may introduce significant time lags 

between the synthesis and fixation of photosynthates in xylem tissue, impeding our capacity to model and 

predict growth responses to a changing environment. The impact of storage on stem growth during the 

initial stages of wood formation has been proven for deciduous trees (Kagawa et al., 2006; Simard et al., 

2013), where there is a larger number of wood parenchyma cells compared to conifers (Schweingruber et 

al., 2007). However, there are exceptions to this pattern, as some research on Mediterranean Pinus pinea 

L. demonstrated that both current and stored carbon sources are significant for development of tree rings 

in this conifer species (Castagneri et al., 2018).  

Stable carbon isotope ratios in tree ring cellulose (δ13C) may greatly help trace different NSCs' origin, 

translocation and utilization by various plant growth sinks (Gessler et al., 2009). Photosynthetic 

discrimination of 13CO2 against 12CO2 in C3 plants is associated with the ratio of leaf internal to external CO2 

partial pressure (ci/ca) which, itself, is regulated by stomatal conductance (gs) and the rate of CO2 

assimilation (Farquhar et al., 1982). Hence, the δ13C value of current NSCs should, in theory, reflect the 
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interplay between such controlling factors at the time of synthesis in leaves. By contrast, the δ13C values 

of stored NSCs could diverge from that of current assimilates, particularly if storage includes carbohydrates 

in the form of 13C-enriched starch (MacNeill et al., 2017), that were synthesized at different times of the 

year, and potentially during previous years. In boreal conifers for instance, a high amount of starch 

reserves is built during spring, especially in the needles, prior to growth activation and remobilized for 

both primary and secondary growth later during the growing season (Tixier et al., 2019; Cartenì et al., 

2023; Deslauriers et al., 2019). If this holds true, then δ13C values in the cambial region (δ13Ccam, mainly 

derived from current photosynthates) and the xylem cellulose (δ13Cxc, derived from a mixture of current + 

stored NSCs) should diverge in a manner that is somewhat proportional to the amount of stored 

assimilates involved in growth during xylogenesis, either coming from leaves or other woody parts of the 

tree. While more information is available on the chemical and isotopic properties of different wood 

constituents (Helle et al., (2022) and literature therein), few studies have examined the variations in sugars 

and chemical compounds in the cambium zone (Deslauriers et al., 2016; Giovannelli et al., 2011; Simard 

et al., 2013). Consequently, δ13Ccam values remain unknown. Therefore, differences in the δ13C values of 

NSCs from source (leaves-cambium) to sink (xylem) provide an ideal opportunity to track down the 

utilization and remobilization of NSCs by trees. 

One of the most important obstacles that prevents tracking δ13C values from source to sink is the absence 

of a methodological framework enabling the construction of intra-annual δ13C chronologies along the 

growing cambium-xylem continuum. Recent improvements in dendro-isotopic analysis, such as dividing 

wood segments or cores by cutting tangential slices manually or using the microtome (Barçante Ladvocat 

Cintra et al., 2019; Belmecheri et al., 2018; Fu et al., 2017; Ogée et al., 2009; Pons & Helle, 2011; Roden et 

al., 2009; Verheyden et al., 2004; Xu et al., 2022) or by laser ablation techniques (Loader et al., 2017; Saurer 

et al., 2023; Schollaen et al., 2014) have greatly enhanced the possibility to study isotopic composition in 

tree rings at intra-annual resolution (Schollaen et al., 2014). In these studies, each ring sector is assumed 

to be associated with a specific time period based on its position within the previously developed ring. 

However, despite their seemingly straightforward structure, new anatomical studies suggest that tree 

rings cannot be reduced to a sequence of cell rows formed during distinct and regular time intervals (Buttò 

et al., 2019; Cuny et al., 2015). Instead, a given cell row within a tree ring results from multiple, largely 

successive, developmental processes (e.g., cell enlargement, cell wall thickening, etc., Figure 2.1) most of 

which overlap in timing, rate and duration (M. Fonti et al., 2018; Ziaco et al., 2016). Knowing this, an 

alternative option for tracking intra-annual variations would be the live δ13C monitoring in both cambium 
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and xylem, during the growing season. The method would be intrinsically cumulative (i.e., sampling during 

wood formation in current tree ring), rather than sequential (i.e., sampling after ring formation is 

complete). In other words, it would measure incremental changes in fractionation with a precise dating. A 

procedure developed by Giovannelli et al., (2011) overcame the challenge of separating the cambial region 

from other tissues, including phloem and xylem, for NSC determination (Deslauriers et al., 2014, 2016). 

The “scraping method” employed in this research offered the opportunity to collect samples from the 

cambial region throughout the year, enabling the examination of metabolic alterations during the process 

of tree-ring formation. However, to this date, no conductive method has been developed to analyze the 

intra-annual δ13C variations in the cambial region where the secondary growth occurs.  

Here, we developed a method to investigate, at a weekly resolution, the co-evolution of d13C values in the 

cambium and forming-mature xylem region of mature black spruce [Picea mariana (Mill.) BSP.] trees, in 

the eastern Canadian boreal forest. This study aims to provide insights into how δ13C values fluctuate in 

the cambium-xylem continuum over the entire growing season and how each tissue responds to the 

carbon demand for stem growth. We hypothesize that δ13Cxc and δ13Ccam either do not correlate or vary 

with some temporal lag. This is because xylem cellulose has access not only to newly formed assimilates 

but also to stored carbohydrates with relatively high δ13C values. 

2.3 Materials and Methods 

2.3.1 Study area 

The research was carried out in the Saguenay-Lac-Saint-Jean region, located in the boreal forest of Quebec, 

Canada (Figure 2.2). Two specific sites of Simoncouche (SIM, 338 m a.s.l.) and Bernatchez (BER, 611 m a.s.l.) 

with mature black spruce stands were selected. Black spruce is one of the most prevalent species in boreal 

forests of Northern America. This slow-growing conifer typically establishes after forest fires and has a 

shallow root system, primarily located within the upper 20 cm of organic soil (Belien et al., 2012). 

Monitoring was performed between May and October in 2019-2021, and in 2020-2021 for SIM and BER, 

respectively (Table 2.1). Meteorological stations were installed in each site, consisting of a 10-meter tower 

equipped with an automatic data acquisition system to which several measuring devices are attached. 

Various climatic variables including maximum temperature, vapour pressure deficit, photosynthetically 

active radiation, relative humidity, precipitation, and soil water content were recorded on an hourly basis 

(Table 2.2). The climatic data indicated a mean annual air temperature of 3.2°C in SIM (2019-2021) and 

0.6°C in BER (2019-2021). During the growing season (May-Oct) mean temperatures decreased by 
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approximately 2.5°C, dropping from 12.8°C in SIM to 10.3°C in BER. This change reflects a colder and 

shorter growing season in BER (days with minimum daily temperature above 5°C on average: SIM 170±20 

days, BER 139±15 days, mean± standard deviation) (Buttò et al., 2019; Rossi et al., 2011). Annual mean 

precipitation was higher in SIM compared to BER with 640.6 mm and 570.1 mm respectively (2019-2021). 

However, the mean precipitation during the growing season was similar with 484 mm of rain in both sites 

(Table 2.1).  

2.3.2 Sample preparation 

In both sites, five mature black spruce trees were chosen for each growing season in 2019 (SIM only), 2020, 

and 2021 (Table A.1, see Appendix A). The selected trees were healthy, with over 50% of branches alive in 

the crown. To avoid reaction wood, the tree samples were grown on flat surfaces with upright stems. To 

estimate the average age of the black spruce stands at each site, we counted the tree rings in cores 

extracted from the trunk of each selected tree sample using an increment borer (Grissino-Mayer, 2003). 

The mean tree age was estimated to be 78±7.7 years in SIM and 133±4 years in BER with a mean stem 

diameter of 24.8 ±3.8 cm in SIM and 23.6±1.8 cm in BER (Table 2.1). The diameter of the selected trees 

was large enough to support the sampling of 13 to 22 wood strips during the growing season (Table A.2). 

To provide high-quality weekly samples and sufficient mass for IRMS analysis, the strips were collected on 

the selected trunks starting at the beginning of the growing seasons (late April) up to the end of the 

growing seasons in October. To reduce possible damage to the tree’s cambium layer and its growth, 

sampling was done on different parts of the stem, preferably at breast height (1.35 m), in accordance with 

the micro-core collection methodology outlined in previous studies (Buttò et al., 2019; Rossi et al., 2011). 

Rectangle wood strips of ~ 3 × 6 cm, including the bark (phloem) and wooden part (xylem), were separated 

from the trunk using a wood chisel and a mallet. In the laboratory, the samples were divided in two parts 

along the tangential plane in the cambial region, either manually or with a surgical scalpel (Figure 2.1) 

(Giovannelli et al., 2011). The two separated parts (Figure 2.3a) were plunged into liquid nitrogen for one 

minute to stop any enzymatic activity followed by lyophilisation for 5 days at a constant temperature of 

−50◦C under vacuum (0.05 mbar or less). The wood strip separation between phloem and xylem was more 

problematic at the growing season's beginning (May) and ending (October), because of the absence of 

dividing cambium and elastic tissues linked with enlarging phloem and xylem cells. For these samples, 

separation after freeze-drying was more efficient. The loss of intra and intercellular water in the cambial 
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region during the drying process caused the shrinkage of the developing elastic tissues, leading to an easier 

separation of the two parts (Giovannelli et al., 2011).  

2.3.3 Sampling the cambial region 

The cambial region, probably including a few enlargement cells (Deslauriers et al., 2016), was collected by 

gently scraping the bark's inner part (Figure 2.3b) and the xylem's outermost part, according to Giovanelli 

et al. (2011). The cambial region was clearly identifiable as a thin dark brown layer on the phloem (light 

brown area) and as a thin transparent layer on the outermost part of the xylem sample. To reduce the 

costs of stable isotope analysis, pooling of the cambial region material was done for each sampling date 

including all five trees (Table A.2). To maximize homogenization, the pooled samples were ground using a 

two-bladed mixer mill (Retsch MM 400, Haan, Germany) at 30 Hz for 30 seconds. 

2.3.4 Sampling the developing xylem (α-cellulose) 

The separation of the currently forming ring was done from the last date of the growing season (mid-

October) when the tree ring was formed completely. To do so, the transverse section was sanded and 

moisturized, and the forming ring was cut using a razor blade under a binocular microscope with 10 × 

magnifying lenses and LED ring light (Figure 2.3c). For narrower rings, at the beginning of the growing 

season, cutting from the transverse section was not possible because of a very low number of cells. 

Therefore, the tangential area was moisturized, and the cells were scraped (in the form of fibre) with a 

surgical scalpel (Figure 2.3d) down to the previous year’s tree ring. The difference in colour and brightness 

between the previous year’s tree ring (light brown and bright) and newly produced cells (white and opaque) 

facilitated the scraping process and its intensity. 

The collected xylem samples for each date of sampling were ground into fine particles (≤0.1mm) in the 

mixer mill at 30 Hz frequency each for 3 minutes. Pooling was done for a few of the xylem samples from 

the beginning dates of the growing season when there was not enough mass to perform the cellulose 

extraction separately (Table A.2). The samples weighing less than 5 milligrams, acquired from the 

beginning dates of wood formation (early June), were excluded due to the small amount of cellulose 

extraction material. 

Cellulose was extracted from xylem samples following a modification of the method described by Epstein 

et al., (1976). The extraction involved three consecutive steps to eliminate soluble organic compounds, 
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lignin, and hemicellulose respectively. Between 15 to 20 mg of ground sample was loaded in 

Teflon/polyester filter bags (ANKOM® XT4) and heat-sealed for cellulose extraction. The filter bags were 

placed into a 1:1 solution of toluene: ethanol (to extract lipids and resins) and placed into the ultrasonic 

bath for 90 minutes, followed by a period of 80 minutes in acetone. The bags were boiled for one hour to 

extract soluble organic compounds. A sodium chlorite/acetic acid solution was used to ‘bleach’ the 

samples over a 3-hour extraction in heated (80°C) demineralized water to remove lignin. To obtain pure 

α-cellulose, the samples were placed in a strong (17% w/v) NaOH solution followed by an acetic acid 

solution (10%) to neutralize the pH, with each step followed by extensive rinsing with double-distilled 

water. The α-cellulose was dried under the hood at room temperature for 24 hours.  

2.3.5 Analysis of carbon stable isotope ratios 

All isotopic measurements were performed at the light-stable isotope geochemistry laboratory at the 

University of Quebec (Geotop, Montreal, Canada). Between 0.5 and 0.8 mg of cellulose (for xylem samples, 

δ13Cxc) or pooled bulk material (for the cambial samples, δ13Ccam) were weighed into tin capsules to obtain 

the same amount of CO2 for all samples and reference materials. The samples were then analyzed with a 

Micromass model Isoprime 100 isotope ratio mass spectrometer coupled to an Elementar Vario 

MicroCube elemental analyzer in continuous flow mode. The overall analytical uncertainty was better than 

±0.1‰. This uncertainty was based on the propagation of uncertainties of the normalization of the internal 

reference materials and the samples but did not include the homogeneity nor the representativity of the 

sample (Hélie & Hillaire-Marcel, 2021). 

2.3.6 Statistical analysis 

The Weekly Expressed Population Signal (EPSw) is an adaptation of regular EPS defined by Wigley et al., 

(1984) and Briffa and Jones (1990) calculating as bellow: 

𝐸𝑃𝑆! =
𝑁𝑟

(1 + (𝑁 − 1)𝑟)
	 

Equaãon 2.1 Weekly Expressed Populaãon Signal (EPSw) 

Where r is the mean correlation coefficient among all tree samples for each study year (Rbar), and N is the 

number of trees that are measured at each study site (N=5). The EPSw>0.85 was defined as a reasonable 

albeit objective value for an acceptable level of chronology confidence (Wigley et al., 1984). The analysis 

of covariance (ANCOVA) was used to compare the two regression lines of δ13Ccam and δ13Cxc in the sites and 
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study years. ANCOVA demonstrates whether the regression lines were different from each other in either 

slope or intercept. A two-sided t-test (Welch test) was applied to the distribution of the means to 

determine significant differences among δ13Ccam and δ13Cxc in different sites and study years. Pearson’s 

correlations between the two chronologies (δ13Cxc, δ13Ccam) were calculated to evaluate whether the two 

profiles shared a similar variation during the growing season.  

2.3.6.1 Climate response and δ13Ccam and δ13Cxc variations 

In order to compare our weekly values with meteorological variability, the δ13Ccam and δ13Cxc values were 

first corrected to account for changes in atmospheric δ13C (δ13Catm). This has two benefits. First, it corrects 

for the Suess effect, which is the progressive decline in δ13Catm, due to fossil emissions, since 1850 (Pre-

Industrial reference, δ13Catm_PI = -6.61‰) (Belmecheri & Lavergne, 2020; McCarroll & Loader, 2004). Second, 

it accounts for the seasonal variability in δ13Catm, attributable to the preferential sequestration of 12C during 

photosynthesis, leaving a progressively enriched atmosphere as photosynthesis increases (Ballantyne et 

al., 2010). Unfortunately, on site measurements of δ13Catm were unavailable. In order to perform these 

corrections, we used the δ13Catm data collected from the NOAA-ESRL tall tower at Argyle, Maine, United 

States (AMT, 45.03°N, 68.68°W, δ13Catm_AMT, https://gml.noaa.gov/dv/iadv) in conformity with our 

sampling dates. The Argyle site is the closest δ13Catm measurement station to our study region. The tower 

is located in a mixed (deciduous and evergreen) forest in rural central Maine, north of Bangor, at 50 m 

above sea level. For each sampling date (date=n), we corrected our isotopic values as follows (example for 

xylem, same for cambium):  

δ13C"#_#%&(()*+,-)=δ
13
C
xc (date=n)

− -δ13Catm_AMT (date=n) − δ13Catm_PI. 

Equaãon 2.2 Correcãon of δ13C for seasonal δ13Catm_AMT variaãons and Suess-effect 

In the Appendix A, we provide further illustrated examples on how δ13Cxc_cor and δ13Ccam_cor, corrected using 

equation 2.2, account for both: i) the change in mean δ13Catm attributable to the long-term Suess effect, 

and ii) the trends in δ13Cxc or δ13Ccam resulting from intra-seasonal variations in δ13Catm_AMT (Method A.1, see 

Appendix A). Propagation uncertainty was calculated for δ13Cxc_cor values (Table A.3). Uncertainties were 

propagated using first-order partial derivatives (Taylor expansion method). The Argyle site is the closest 

site, but it is quite a different ecosystem from the one studied here. We therefore also performed a similar 

correction using comparable, although remotely located, boreal forest δ13Catm data. Indeed, we performed 

the same calculations, this time using the δ13Catm Lac La Biche, Alberta, Canada. (LLB, 54.95°N, 112.47°W, 

δ13Catm_LLB), This site is located at slightly the same altitude as our study region (540 m above sea level) and 

https://gml.noaa.gov/dv/iadv
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is dominated by Picea mariana and Larix laricina, two species found locally in our study region. However, 

the δ13Catm data for this site was only available between 2008-2013 (https://gml.noaa.gov/dv/iadv), so we 

only considered the average δ13Catm seasonal cycle for the LLB site and applied it uniformly to all years 

(Table A.4). 

Pearson correlations were employed to assess the relationships between δ13Ccam_cor and δ13Cxc_cor values 

corrected using the AMT dataset and the different climatic parameters. The weekly daytime (8h00 to 

18h00) values of six different climate parameters: maximum temperature, vapour pressure deficit, 

photosynthetically active radiation, relative humidity, precipitation, and soil volumetric water content, 

were averaged on time periods (day of year) matching those of sampling intervals for each year and site 

(Table 2.2). The climate data were obtained from in situ meteorological stations at each site.  

The cumulative sampling method developed here, may induce time discrepancies when weekly δ13Cxc_cor 

values are compared with weekly climatic variables. This is because values measured using our method 

are intrinsically additive rather than “instantaneous”. Specifically, the δ13Cxc_cor values measured at week t 

represents the fractionation during week t which adds up to the fractionation of the preceding weeks. To 

minimize these discrepancies and remove the associated autocorrelation in δ13Cxc_cor measurements, we 

weighted and isolated the fractionation at week t and subtracted it from that of previous weeks (δ13Cxc_seq; 

Method A.2). Pearson correlations were then used to analyze the relationships between the detrended 

series of δ13Cxc_seq and climatic variables at tree level and site level. 

2.4 Results 

Our method facilitated the acquisition of varying quantities of materials from the cambial region and 

developing tree ring depending on the date of sampling and the size of the strips, both in SIM and BER. At 

the beginning (Late April-May) and end (Sep-Oct) of the growing season, 5-10 mg of scraped tissues from 

the cambial region were obtained only from the inner side of the bark. However, during the xylem 

differentiation phase (June-August), the amounts increased to 15-30 mg in each tree sample. Moreover, 

we obtained sufficient masses of xylem cells to perform weekly δ13Сxc analysis on individual trees in both 

sites. At the beginning of wood formation (June to early July), 10-20 mg of materials were obtained using 

the scraping technique. The cutting of the widening ring (July-Oct) yielded masses over 20 mg per tree. 

Pooling of xylem cells was only necessary in SIM 2020 and BER 2020 at the earliest dates of wood formation 

(mid-June), at times when xylogenesis was beginning (Figure 2.4b and 2.4d). 

https://gml.noaa.gov/dv/iadv
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2.4.1 Intra-annual δ13Сcam and δ13Сxc variability 

During the full growing season, all δ13Сcam profiles showed an increasing trend, with a slight decrease 

observed at the very end of the growing season in most profiles (Figure 2.4). SIM and BER sites showed 

comparable increasing δ13Сcam trends (F=1.0, p=0.3 for 2020, F=0.5, p=0.5 for 2021) although with different 

intercepts (F=71.4, p<0.0001 for 2020, F=14.3, p<0.001 for 2021) (Figure 2.5a and 2.5b). Compared to BER, 

the δ13Сcam mean in SIM was significantly higher by +0.8 and +0.2 ‰, in 2020 and 2021, respectively 

(p<0.001) (Table 2.3).  

A consistent seasonal pattern of increasing δ13Сxc was observed in most replicates from the first sampling 

date to the last for all sites and years investigated (Figure A.1, see Appendix A). In SIM, nine out of fifteen 

trees presented a significant positive δ13Сxc trend (average slope parameter, b= 0.008, p<0.05). In BER, the 

δ13Сxc series depicted similar patterns: seven out of ten trees also presented significant positive trends (b= 

0.009, p<0.05) (Table A.5). 

Inter-tree δ13Сxc correlations were relatively high in each study year ranging between -0.4 to +0.9 in SIM 

2019-2021 (Figure 2.6a, 2.6b, and 2.6c) and +0.1 to +0.8 in BER 2020-2021 (Figure 2.6d, 2.6e). In SIM, Rbar 

varied between 0.1 and 0.5 over the three growing seasons (Table 2.3). The inter-tree statistics were 

improved once tree no.1 in SIM 2019 and tree no.5 in SIM 2021 were removed. These trees showed 

negative correlations with some of other individuals (Figure 2.6a and 2.6c). This removal boosted the Rbar 

to 0.6 (2019) and 0.3 (2021). The EPSw also increased to 0.9 and 0.7 once these trees were removed. In 

SIM 2020, the Rbar and EPSw were 0.5 and 0.8 respectively. In BER, Rbar was 0.4 and EPSw was 0.8 both in 

2020 and 2021. Despite the high variability in inter-tree correlation, inter-tree δ13C variability remained 

quite low in both sites (standard deviations of averages for trees were lower than 0.5‰, Table 2.3).  

Averaged δ13Сxc series showed increasing trends at each site and for all study years (Figure 2.4). Both sites 

presented average δ13Сxc trends with comparable increasing trends (F=0.3, p=0.6 for 2020, F=3.8, p=0.1 for 

2021), but with different intercepts (F=83.7, p<0.0001 for 2020, F=45.2, p<0.0001 for 2021) (Figure 2.5c 

and 2.5d). SIM displayed significantly higher δ13Cxc values compared to BER, during both growing seasons 

(+1.1 and +0.4 ‰ for 2020 and 2021, respectively, p<0.001) (Table 2.3). Furthermore, similar increasing 

trends were observed in all δ13Сxc_seq series across the different study years (Figure A.2). Both sites 

exhibited δ13Сxc_seq profiles with similar increasing trends (F=0.7, p=0.4 for 2020, F=0.2, p=0.7 for 2021) and 

intercepts (F=0.7, p=0.4 for 2020, F=0.1, p=0.8 for 2021). 
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2.4.2 Inter-annual δ13Сcam and δ13Сxc variability 

During each of the investigated growing seasons, δ13Сcam and δ13Сxc covaried in both sites (Figure 2.4): 

positive correlations in SIM for 2019 (r=+0.8, p<0.01), 2020 (r=+0.9, p<0.001) and 2021 (r=+0.4, p<0.2), and 

in BER for 2020 (r=+0.8, p<0.01) and 2021 (r=+0.8, p<0.01) (Table 2.3). Increasing trends in δ13Сcam and 

δ13Сxc are comparable for all study years and both sites (F=1.1, p=0.5), except for SIM 2021 (F=8.8, p<0.05), 

but intercepts for these slopes differed (F= 136.6, p<0.0001) (Figure 2.4). Indeed, the mean δ13Сxc was 

systematically higher than the mean value of δ13Сcam in SIM (+0.8, +1.3 and +1‰ differences in 2019-2021) 

and in BER (+1 and +0.8‰ in 2020-2021, p<0.001) (Table 2.3). 

2.4.3 Relationships between δ13Ccam_cor and δ13Cxc_cor series and climate data 

Both δ13Ccam_cor and δ13Cxc_cor series similarly responded to climate factors such as Tmax, VPD, RH, and PAR 

(Table 2.4 and 2.5). In both study sites, negative correlations were observed when comparing mean 

daytime (8h00 to 18h00) Tmax and VPD with δ13Ccam_cor and δ13Cxc_cor profiles across most study years, 

ranging from -0.6 to -0.1 (p<0.1, p>0.1) and -0.7 to -0.3 (p<0.05, p>0.1), respectively. In SIM 2021 however, 

weaker positive correlations were observed between VPD and δ13Ccam_cor series (r=+0.01). Significant 

negative correlations were shown between PAR and δ13Ccam_cor and δ13Cxc_cor series in most study years, 

ranging from -0.8 to -0.6 when significant (p<0.01, p<0.1), except in SIM 2021, where positive correlation 

was shown between δ13Ccam_cor and PAR (r=+0.3, p>0.1). In contrast, significant positive correlations were 

observed between δ13Ccam_cor and δ13Cxc_cor profiles and RH in most of the study years at both sites ranging 

between +0.5 to +0.8 (p<0.1, p<0.05). The δ13Ccam_cor and δ13Cxc_cor profiles were not related to the mean 

daytime P and VWC in most of the sites and study years except in SIM 2019 where significant positive 

relationships were observed between the P and δ13Ccam_cor (r=+0.8, p<0.01) and δ13Cxc_cor (r=+0.9, p<0.01) 

(Table 2.4 and 2.5). Moreover, significant positive correlations were shown between mean soil VWC and 

δ13Ccam_cor in SIM 2021 (r=+0.6, p<0.05).  

Negative correlations were observed between δ13Cxc_seq series and Tmax, VPD, and PAR across all study years 

and in both sites, ranging between -0.7 to -0.2 (p<0.05, p>0.1), -0.6 to -0.1 (p<0.05, p>0.1), and -0.8 to -0.2 

(p<0.05, p>0.1) respectively (Table 2.5). In contrast, positive correlations were calculated between RH and 

δ13Cxc_seq series in both sites, significant only in SIM 2019 and SIM 2021 (r=+0.7, p<0.05, r=+0.6, p<0.05 

respectively). Additionally, significant positive correlations were observed between δ13Cxc_seq values and P 

only in SIM 2019 (r=+0.8, p<0.01). 
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2.5 Discussion 

The linkages between cambial merismatic activity and stem growth are essential for an accurate 

understanding of source-sink dynamics of NSCs in plants. Although high-resolution studies using manual 

cutting or laser-based systems are becoming more frequent to analyze intra-ring isotopic composition 

profiles (Barçante Ladvocat Cintra et al., 2019; Belmecheri et al., 2018; Fu et al., 2017; Ogée et al., 2009; 

Pons & Helle, 2011; Roden et al., 2009; Saurer et al., 2023; Verheyden et al., 2004; Xu et al., 2022), a 

specific technical procedure is still required for sampling and analysing both the cambial region and the 

developing tree ring. This procedure is necessary to produce precisely dated samples that could link tree-

ring formation and, at the same time, isotopic values of both tissues as they are forming. In this paper, we 

presented a suitable and non-lethal method to collect these two tissues from mature black spruce trees. 

This developed method can be used to monitor the weekly δ13С evolution of the cambium-xylem 

continuum. 

Our strategy for collecting the cambial cells and developing tree ring was primarily based on the plant 

water status and stage of tree-ring formation at the sampling date (Giovannelli et al., 2011). During the 

dormant phases and at the beginning or ending of the growing season, smaller quantities of scraped 

tissues were obtained in the cambial region (i.e., cambium initial cells) because of narrow cell population 

in this zone during those periods. On the contrary, during the xylem differentiation phase, the quantity of 

scraped tissues (i.e., initial cambial cells with differentiating xylem and phloem cells on both sides) 

increased notably in each tree samples. The higher availability of scrapped tissue coincided with an 

enhanced hydration and a lack of lignification in the developing area of the cambial region (Deslauriers et 

al., 2016; Giovannelli et al., 2011). Our method consistently provided sufficient masses of tissue (mg) for 

δ13C analysis on a weekly basis throughout the growing seasons. Both the scraping of the narrower 

developing ring at the onset of wood formation and the cutting of the widening ring, yielded ample masses 

per tree. However, black spruce, being a slow-growing species, exhibits less total cell production during 

the growing season. In contrast, a study conducted on fast-growing poplar yielded greater quantities of 

material both in cambium and xylem tissues (Deslauriers et al., 2009). To ensure that enough mass is 

sampled, cutting bigger strips (> 3×6 cm) from the tree trunk during earlier phases of secondary growth 

(June) could be considered in future monitoring studies. 

In both sites, our method generated isotopically lighter δ13Сcam (by ~1‰) compared to δ13Сxc (Figure 2.4, 

Table 2.3). This most likely reflects the difference in isotopic values of the material analyzed along the 
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continuum (Gessler et al., 2014). Intra-annual δ13Сxc profiles were measured on α-cellulose isolated from 

the developing tree ring. In contrast, δ13Сcam measurements were performed on raw material, without 

cellulose extraction because of the lower mass of collected tissue. In conifers, different types of NSCs along 

with other compounds including polyols and the raffinose family of oligosaccharides are transport from 

phloem to the cambial region (Dominguez & Niittylä, 2022; Simard et al., 2013). The presence of 

isotopically less enriched substances such as pinitol, and soluble sugars like fructose in the cambial region 

of black spruce (Rinne et al., 2015; Simard et al., 2013) may contribute to the observed more negative 

δ13Сcam values. Indeed, extracting α-cellulose on cambial cells would otherwise have resulted in drastic 

mass losses on these already extra light samples, which would be incompatible with IRMS analysis. Indeed, 

hemi- and α-cellulose are polymers only present in low amounts in the cambial region. Thus, the multiple 

source (i.e., different substances and sugars in the cambial region) versus single sink (α-cellulose in tree 

rings) approach we used here may not fully unveil the subtle source-sink interactions that impact δ13С 

ratios in these two tissues. To achieve a deeper understanding of those interactions, comparing isotopic 

signature of δ13С in the cambial region with δ13С in whole wood may provide further insights into δ13С 

ratios within the growing cambium-xylem continuum (Helle G et al., 2022; Rathgeber et al., 2022).  

However, regardless of the chemical composition of the tissues analyzed, our study highlighted a notable 

coherence both in the seasonal trends and weekly variations of δ13Сcam and δ13Сxc mean profiles (Figure 

2.4, Table 2.3). This suggests that cambium and xylem share carbohydrates that originate from similar 

sources and that were synthesized at the same time during the growing season. These sources can be 

either: i) newly assimilated NSCs unloaded from the phloem alone (Vaganov et al., 2009), or ii) newly 

assimilated NSCs unloaded from the phloem along with carbohydrates stored in ray cells (Soudant et al., 

2016).  

Evidence from studies focalizing on NSC concentration in the cambial zone and xylem indicate that the 

first scenario (i) is more credible (Deslauriers et al., 2016; Simard et al., 2013), especially for conifer species 

of boreal zones. In these studies, mobile sugars in the cambial zone were shown to originate 

predominantly from recently fixed NSCs unloaded from the phloem. These sugars then supply the xylem 

sink during the growing season (Deslauriers et al., 2016), amplifying the coherence between the δ13С 

values of both tissues. Complementarily, low variations in 13C-enriched starch were observed in the 

cambium of larch and spruce trees during the growing season, suggesting that a constant supply of fresh 

assimilates to the cambium-xylem continuum may be the dominant process feeding secondary growth 
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(Rinne et al., 2015; Simard et al., 2013). Thus, the high level of correspondence between δ13Сcam and δ13Сxc 

revealed in our study does not support our initial hypothesis. We initially assumed that, if stored NSCs 

were to be used by xylem and not by cambium, divergences in δ13С variations between the two tissues 

would necessarily emerge, reflecting a mixture of NSC sources synthesized at different time periods.  

Our novel method helps supporting the fact that conifers are less prompt than deciduous broadleaves 

species to exhibit a sharp transition in NSC source from stored NSCs to current assimilates during the 

growing season (Klein et al., 2005; Sarris et al., 2013; Schollaen et al., 2014). On the contrary, our study 

provides additional isotopic evidence that the secondary growth of evergreens relies primarily on current 

assimilates (Hansen & Beck, 1990; Klein & Hoch, 2015; Ogée et al., 2009; Rinne et al., 2015). Indeed, a 

recent study on black spruce showed very strong correlations in the δ13C ratios of latewood and whole 

rings over 70 years, suggesting that both earlywood and latewood were constructed from current-year 

photosynthates (Alvarez et al., 2018). These results are compatible with the coherence of intra-annual 

δ13Сcam and δ13Сxc profiles shown in our study. The isotopic signature of starch, a major stored 

carbohydrate during spring in conifers’ needles, is influenced by metabolic processes during its 

synthesis in the chloroplast. During daylight, starch is produced and accumulates in the chloroplasts of 

leaves, originating from fructose-6-phosphate via fructose 1,6-bisphosphate. The aldolase enzyme, acting 

during the regeneration phase of the Calvin Cycle, favors 13C during production of fructose 1,6-

bisphosphate, leading to a relative 13C enrichment of starch as an end product (Gleixner & Schmidt, 1997). 

Therefore, if 13C-enriched, starch-derived NSCs would contribute significantly to earlywood and less to 

latewood formation, then, a negative slope contrary to the one observed here would be expected. 

Intra-annual increasing trends in δ13Сcam and δ13Сxc in our sites may, on the contrary, partially reflect the 

δ13C signature of the local atmosphere. Indeed, photosynthesis is well known to use lighter 12CO2 

preferentially, resulting in an atmosphere that becomes progressively enriched in 13CO2 as the growing 

season comes to an end (Ballantyne et al., 2010). However, accounting for seasonal δ13Catm values at AMT 

and LLB, does not entirely remove the trends in δ13Сcam (Figure A.3 and A.5) and δ13Сxc series (Figure A.4 

and A.6). We observed that the increasing pattern in the two profiles remained even after the correction 

for seasonal δ13Catm variations in almost all intra-annual series. While recognizing that the trends in δ13Catm 

might be both smoothed and conservative, one could argue that the residual trends in δ13Cxc and δ13Ccam 

may reflect either climate-induced stress responses, changes in carbon allocation strategies, or a 

combination of both. 
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Our analysis reveals that the increasing δ13C trends in the cambium-xylem continuum are unlikely to be 

entirely driven by climatic conditions. A vast body of knowledge in dendroclimatology exists, which 

suggests that increasing moisture stress towards the end of the growing season may result in higher δ13С 

values in the tree ring (Barbour et al., 2002; Castagneri et al., 2018; Sarris et al., 2013; Xu et al., 2022). For 

instance, a decline in precipitation and soil water content, excessively high temperatures and a lower 

relative humidity may all contribute to the limitation of gs in the needles of evergreen conifers. In turn, 

this could lead to increasing δ13Сcam and δ13Сxc trends. However, our detailed micro-meteorological analysis 

suggests that all these variables (Tmax, VPD, RH, P, VWC) are not indicative of trees growing in conditions 

that become increasingly cold and wet towards the end of the growing season (Figure A.7 and A.8), neither 

at the tree level (Figure A.9), nor at the site level (Table 2.4 and 2.5). In this context, it is unlikely that the 

increase in δ13Сcam and δ13Сxc reflects a seasonally-integrated gs response to water stress.  

In absence of detrimental climatic effects, we speculate on three alternative causes that may individually 

or jointly explain the residual increasing trends in δ13Сcam and δ13Сxc. These upward trends remain evident 

even after detrending the δ13Сxc_cor series (δ13Сxc_seq) (Figure A.2). First, as the growing season advances, 

trees may shift allocation strategies, from a secondary growth priority (in the early to mid-season) to a 

frost resistance priority (in the late season). As this shift operates, trees would then allocate less enriched 

NSCs (e.g., pinitol and lipids) for frost resistance purposes (Rinne et al., 2015; Sleptsov et al., 2023). This 

strategy is commonly adopted by trees that need to maintain tissue functional integrity despite prolonged 

freezing winters (Lipavská et al., 2000). Consequently, the unreacted, 13C-enriched residual sugars like 

sucrose (Rinne et al., 2015) may be loaded into the phloem and ultimately used for wood formation, mostly 

in the form of latewood. Trees like spruce may be particularly susceptible to frost damage due to their thin 

bark (Simard et al., 2013). Thus, they probably need an effective resource allocation strategy to resist frost 

damages specifically in the cambial region (Gurskaya & Shiyatov, 2006). The observed slight decrease in 

δ13Ccam values towards the season’s end (Figure 2.4) could be attributed to an increase in the concentration 

of 13C-depleted sugars, possibly raffinose (Deslauriers et al., 2016; Simard et al., 2013), unloaded from 

phloem into the cambial region (Simard et al., 2013), as a response to the dropping temperatures in the 

study region. A second cause could be that, in early autumn, trees gradually reduce water content and 

increase residual evaporation through the needles to prevent frost damages due to ice crystal formation 

(Bozonnet et al., 2024; Charrier & Améglio, 2024). Although this is not a response to a typical 

atmospherically-induced drought stress, less water uptake could result in a lower gs which, in turn, could 

yield NSCs that are systematically enriched in 13C as the growing season comes to its end. The third cause 
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could be related to the reduced PAR as the growing season ends (Figure A.7d and A.8d), leading to a 

gradual decline in the photosynthesis rate. This decline forces a proportional reduction in gs, leading to 

the observed increasing trends in the δ13Ccam and δ13Cxc profiles (Siegwolf et al., 2023). In this context, a 

dual-isotope analysis of weekly variations in carbon and oxygen isotopes can provide deeper insights into 

the physiological processes affecting tree growth on a seasonal scale. 

While the sampling approach proposed here enables to capture similarities between δ13Сcam and δ13Сxc 

profiles, it also underlines several differences at the inter-site scale. For example, we found that the mean 

δ13С levels in SIM, for both the cambial zone and the xylem, are systematically more enriched by about 

0.6‰ compared to BER. Longer growing seasons along with higher soil temperatures in SIM (Balducci et 

al., 2021), may contribute to an increase in the rate of carboxylation at the leaf level at this site. This leads 

to a decrease in ci/ca, resulting in less negative δ13C values at this site compared to the colder site of BER 

(Siegwolf et al., 2023). This difference cannot be explained by other confounding factors such as stand age 

or altitude. Indeed, stand age usually has the opposite effect: δ13C is known to increase with tree age (M. 

Fonti et al., 2018; Helama et al., 2018; Marchand et al., 2020). Here, BER presents the oldest individuals 

(Table 2.1), but reveals the lowest δ13C values. Altitude could also have a positive effect on δ13С 

composition in tree rings (Helama et al., 2018; Hultine & Marshall, 2000; Li et al., 2009). Warren et al., 

(2001) indicated that the δ13С values of conifer stem wood increased by +2.5‰ per km of rising altitude. 

Applying this rate to our δ13C data for the two study sites of SIM and BER with a 273 m altitudinal difference 

(Table 2.1) could result in a potential increase of +0.7‰, while we observed a decrease in δ13Сxc and δ13Сcam 

values in BER, suggesting that altitude does not act as a direct single factor in the region of study (C. Warren 

et al., 2001). 

The method we developed also underlines significant differences in δ13Сxc profiles at the intra-site scale. In 

about all sites and years, most individual trees share a common increasing pattern (Figure A.1), but that 

there is also a notable amount on inter-tree weekly variability, reflected in EPSw that remain quite low 

(Table 2.3). High inter-individual variability in δ13C profiles have also been observed, at inter-annual time 

scales, for black spruce (Bégin et al., 2015) and various other deciduous and coniferous species (Raffalli-

Delerce et al., 2004; Roden et al., 2011). This may suggest that, just like for inter-annual time scales, micro-

environmental conditions surrounding each sampled tree may have a large influence on the weekly carbon 

isotopic fractionation (Bégin et al., 2015). Genetic factors and nutritional stress from inter-tree 

competition may also contribute to the variability in δ13C series among tree samples (Bégin et al., 2015; 
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McCarroll & Loader, 2004). Furthermore, our findings align with previous research indicating that sampling 

from different parts of the stem contributes to the variability in δ13Сxc values, due to incoherent intra-ring 

δ13C variability (i.e., circumferential variability) (Leavitt, 2010; Tans & Mook, 1980). One way to improve 

the current method, for black spruce at the very least, would be to increase sampling depth to about ten 

individuals per site, so to converge towards EPSw > 0.85. 

2.6 Conclusions 

Overall, our study unveils the first in situ monitoring of carbon isotope fractionation in trees, at a weekly 

time scale. Its main contribution lies in the ability to perform δ13С analysis on newly formed cambium and 

xylem cells, separately. Performing δ13С analysis on these two tissues has the potential to reduce 

knowledge gaps that persist on the timing of NSC synthesis in leaves, their subsequent transport / 

remobilization through phloem / cambium, and ultimately, their incorporation in tree-ring cellulose. In the 

present case, our method has clearly demonstrated that the weekly construction of black spruce’s 

cambium and xylem cells are formed by shared NSC pools, originating predominantly from current photo-

assimilates. While this method has proven effective for monitoring the weekly δ13C evolution of the 

cambium-xylem continuum in black spruce, further research is recommended to evaluate its applicability 

to species with different growth characteristics. 

However, to better ascertain the variations in the rate of production of such assimilates, the eco-

physiological processes involved, and how they relate to external (e.g., climate-related) or internal drivers 

(e.g., sink dynamics) additional data are required. Fortunately, the method is most likely also suitable for 

oxygen stable isotopes (δ18O), opening the way for multi-isotope analysis at a weekly resolution. Coupling 

such isotopic analysis to high precision xylogenesis monitoring, anatomical features and phenological 

changes, for example, would represent a means to refine current state-of-the-art eco-physiological models 

(Guiot et al., 2014) and better predict the short-term response of boreal forests to environmental changes.  

Additionally, a study comparing weekly variations of δ13C series in cellulose and whole wood within 

developing tree ring could provide further insights into the use of whole wood versus α-cellulose for 

weekly monitoring of carbon stable isotopes and help optimize sample collection and analysis. Lastly, while 

our multiple-source (δ13Сcam), single-sink (δ13Сxc) analysis approach provided insights into carbon dynamics 

in black spruce, a compound-specific monitoring of carbon stable isotopes in the cambium-xylem 
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continuum (e.g., δ13С in different sugars found in the two tissues) could offer further information on 

seasonal carbon allocation strategies in boreal trees. 

2.7 Figures Legend 

Figure 2.1: Within the tree ring, ENL denotes enlargement cells, CWT represents cell wall thickening and 

M indicates mature cells. PH refers to phloem. The horizontal dashed line represents the separation area 

between xylem and bark in the strips. Our method enabled weekly monitoring of δ13C variation in the 

cambial region (δ13Ccam) and developing xylem (δ13Cxc) both in SIM and BER across different study years. 

Figure 2.2: The map displays two study sites: Simoncouche (SIM) and Bernatchez (BER). The study sites 

exhibit differences in altitude and annual mean temperature, with BER located at higher altitudes and 

experiencing lower annual temperatures, leading to shorter growing seasons. The map was created using 

ArcGIS Desktop. 

Figure 2.3: (a) bark (left) and xylem (right) strips approximate sized 3 × 6 cm. (b) Scraping the cambial 

region into the form of powder from the inner side of the bark. (c) Cutting the last ring from the transverse 

section of the xylem sample with razor blade. (d) Scraping the narrower rings (onset of early wood 

formation) from the tangential area of the xylem sample. Our method for collecting cambium and xylem 

cells was efficient, providing enough mass for isotope ratio mass spectrometry (IRMS) and developing δ13 

Ccam and δ13Cxc series at both sites. 

Figure 2.4: SIM 2019 (a), SIM 2020 (b), SIM 2021 (c), BER 2020 (d) and BER 2021 (e). The lower lines 

represent the δ13 Ccam profiles for the full growing season in each study year. The dashed part is related to 

the dates before the beginning of early wood formation (EW), while the solid part represents the dates 

after the onset of early wood formation. Thin lines represent each individual’s seasonal δ13Cxc profiles and 

the upper bold lines are the mean δ13Cxc profiles. Regression lines are shown for each of the profiles. The 

insets represent the difference between the mean values of δ13C in xylem cellulose (xc) and δ13C cambial 

region (cam). The asterisks in SIM 2020 (b) and BER 2020 (d) represent the dates that pooling was done 

for the xylem samples. Strong positive correlations were observed between the δ13Ccam and δ13Cxc profiles 

in almost all study years at both sites. 
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Figure 2.5: The δ13Ccam series are compared between SIM and BER in 2020 (a) and 2021 (b), while the δ13Cxc 

series are compared between SIM and BER in 2020 (c) and 2021 (d). Dashed and solid lines represent the 

regression lines. Increasing trends are evident in all series from the beginning to the end of the growing 

season. Compared with BER, mean values of δ13Сcam and δ13Cxc in SIM were significantly higher (more 

enriched in 13C) both in 2020 and 2021. 

Figure 2.6: Inter-tree correlations in SIM 2019 (a), SIM 2020 (b), SIM 2021 (c), BER 2020 (d) and BER 2021 

(e). Tree samples vary in each study year. Inter-tree δ13Сxc correlations were positive and relatively high in 

each study year. However, negative correlations were observed between tree no.1 and trees no. 2 and 4 

in SIM 2019 (a) and tree no.5 and trees no. 1, 3 and 4 in SIM 2021 (c). Asterisks denote the significance of 

the correlation coefficient (∗∗∗p< 0.01, ∗∗p< 0.05, ∗p< 0.1). 

2.8 Tables Legend 

Table 2.1: Latitude (Lat.), longitude (Long.), altitude (Alt, meters above sea level). DBH (diameter at breast 

height) was calculated by averaging all selected individuals' DPH measurements for each site. The average 

age of trees at each site. Annual statistics for temperature (average) and precipitation (sum) were 

calculated values from 2019-2021 for SIM and BER. 

Table 2.2: The analyzed periods for different study years at SIM and BER are shown as day of year periods. 

Table 2.3: The mean δ13Сcam and δ13Сxc and standard deviations (SD) at each site, and study year. Pearson’s 

correlation analysis between δ13Сxc and δ13Сcam profiles. 

Table 2.4: Maximum temperature (Tmax), vapour pressure deficit (VPD), photosynthetically active radiation 

(PAR), relative humidity (RH), precipitation (P), soil volumetric water content (VWC), (* p<0.1, ** p<0.05, 

*** p<0.01). 

Table 2.5: Maximum temperature (Tmax), vapour pressure deficit (VPD), photosynthetically active radiation 

(PAR), relative humidity (RH), precipitation (P), soil volumetric water content (VWC), (* p<0.1, ** p<0.05, 

*** p<0.01). 
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2.9 Figures 

 

Figure 2.1 Differenãaãon of cells in the xylem and cambial region during the growing season. CR refers to 
the cambial region (cambium and differenãaãng phloem and xylem cells).  
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Figure 2.2 Topography of the Saguenay-Lac-Saint-Jean area in eastern Quebec, Canada.  

 

 

 

 

 

 

 



 

 35 

 

Figure 2.3 Collecãon techniques for the cambial region and developing tree ring. 
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Figure 2.4 Intra-annual δ13Ccam and δ13Cxc profiles in SIM and BER. Both series are depicted for each site in 
every study year. 
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Figure 2.5 Comparison of the δ13Ccam and δ13Cxc profiles between two sites, SIM and BER, over two study 
years of 2020 and 2021.  
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Figure 2.6 Matrix of inter-trees’ correlaãon between δ13Сxc series for SIM and BER in different study years 
(Pearson’s correlaãon).  
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2.10 Tables 

Table 2.1 Locaãon, tree characterisãcs, and climaãc condiãons at the two study sites.  

Code Lat. Long. 

Alt 

(m 

a.s.l.) 

DBH 

(cm) 

Mean 

age 

May-Oct 

temperature 

(°C) 

Annual 

temperat

ure (°C) 

May-Oct 

Precipita@

on 

(mm) 

Annual 

Precipita

@on(mm

) 

SIM 48°13ʹ 71°15ʹ 338 
24.8 

±3.8 
78±7.7 12.8 3.2 484.3 640.6 

BER 48°51ʹ 70°20ʹ 611 
23.6 

±1.8 
133±4 10.3 0.6 483 570.1 
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 Table 2.2 The climaãc variables, codes, and units.  

Climatic 

Variables 
Code Unit 

SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

Maximum 

temperature 
Tmax °C 

183-291 168-289 160-291 175-289 167-291 

Vapour 

pressure 

deficit 

VPD kPa 

Photosyntheti

cally active 

radiation 

PAR μmol/m²/s 

Relative 

humidity 
RH % 

Precipitation P mm 

Soil 

volumetric 

water content 

VWC m3/m3 
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Table 2.3 Staãsãcs of mean inter-trees correlaãon (Rbar) of δ13Сxc and weekly EPS (EPSw) in two sites. 

Site/year  
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

Rbar 0.4 0.5 0.1 0.4 0.4 

EPSw 0.8 0.8 0.5 0.8 0.8 

Mean δ13Сcam 

(‰±SD) full 

growing season 

-25.3±0.4 -25.2±0.4 -25.7±0.1 -26.0±0.4 -25.9±0.2 

Mean δ13Сcam 

(‰±SD) ader onset 

of wood formaeon 

-25.1±0.2 -25.0±0.4 -25.7±0.1 -25.8±0.4 -25.9±0.2 

Mean δ13Сxc 

(‰±SD) 
-24.3±0.3 -23.7±0.4 -24.7±0.2 -24.8±0.4 -25.1±0.3 

Correlation 

coefficient 

between δ13Сcam 

and δ13Сxc 

0.8 

(p<0.01) 

0.9 

(p<0.001) 

0.4 

(p<0.2) 

0.8 

(p<0.01) 

0.8 

(p<0.01) 
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Table 2.4 Correlaãon coefficients for the relaãonships between δ13Ccam_cor and different climaãc  

variables of dayãme averages (8h00 to 18h00). 

Site/year SIM 2019 SIM 2020 SIM 2021 BER 2020 BER 2021 

δ13C δ13Ccam_cor δ13Ccam_cor δ13Ccam_cor δ13Ccam_cor δ13Ccam_cor 

Tmax -0.5 -0.3 -0.1 -0.6* -0.6** 

VPD  -0.6* -0.5 0.0 -0.7** -0.5 

PAR  -0.8*** -0.6* 0.3 -0.7* -0.4 

RH 0.7** 0.7** -0.1 0.8** 0.3 

P 0.8*** 0.2 0.0 0.5 -0.2 

VWC -0.3 0.3 0.6** 0.3 0.1 
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Table 2.5 Correlaãon coefficients for the relaãonships between δ13Cxc_cor and δ13Cxc_seq different  

climaãc variables of dayãme averages (8h00 to 18h00). 

Site/ 

year 

SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

δ13C 
δ13Cxc_c

or 

δ13Cxc

_seq 

δ13Cxc_c

or 

δ13Cxc

_seq 

δ13Cxc_c

or 

δ13Cxc_s

eq 

δ13Cxc_c

or 

δ13Cxc_s

eq 

δ13Cxc_c

or 

δ13Cxc_s

eq 

Tmax -0.5 -0.6* -0.2 -0.2 -0.5* -0.7** -0.6* -0.6* -0.5** -0.4 

VPD -0.6* -0.6* -0.3 -0.1 -0.5* -0.6** -0.7* -0.4 -0.5* -0.4 

PAR -0.7** 
-

0.8** 
-0.5 -0.2 -0.4 -0.5** -0.7** -0.4* -0.6** -0.5* 

RH 0.7** 0.7** 0.6* 0.2 0.5* 0.6** 0.8** 0.5 0.5 0.4 

P 0.9*** 
0.8**

* 
0.1 -0.5 0.1 0.1 0.4 0.1 -0.4 -0.3 

VWC -0.2 -0.2 0.3 0.2 0.0 -0.1 0.2 0.2 -0.4 -0.2 
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3.1 Abstract 

The stable isotopic composition of carbon (δ13C) and oxygen (δ18O) in tree rings is widely used to explore 
tree eco-physiological dynamics across various time scales. However, interpreting these isotopic signals is 
challenging due to multiple interacting factors, including gas exchange at the leaf level, stored 
carbohydrate reserves, and xylem water, whose timing and interactions during the growing season remain 
poorly understood. In this study weekly δ13C and δ18O signals were tracked within the cambial region and 
forming xylem of black spruce [Picea mariana (Mill.) BSP.] in boreal forests of Quebec, Canada. The study 
covered three consecutive growing seasons (2019–2021) at two forest sites with differing temperature 
and soil water content. Weekly isotopic profiles were developed for the cambial region (δ13Ccam and δ18Ocam) 
and developing xylem cellulose (δ13Cxc and δ18Oxc). Strong positive correlations were observed between 
δ13Ccam and δ18Ocam, with an increasing trend along the growing season. Conversely, negative relationships 
were observed between δ13Cxc and δ18Oxc, characterized by an increasing trend in δ13Cxc and a decreasing 
trend in δ18Oxc. The results illustrated that stomatal conductance is the dominant physiological factor 
controlling seasonal fractionation of δ13Ccam and δ18Ocam. Increasing proportional exchanges between 
xylem water and sugars at the sites of cellulose synthesis (i.e., Pex effect) are thought to be strong enough 
to completely blur the trends visible in δ18Ocam. This suggests that δ18Oxc signals differ from those 
originating in the earlier cambium sink. These findings highlight the need to carefully consider the 
processes influencing isotopic signals to avoid misinterpretations in dendroclimatological studies. 

 

Keywords: dual-isotope approach, carbon, oxygen, weekly monitoring, tree ring, Pex effect 
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3.2 Introduction 

Trees acclimate on daily to weekly time scales to ever-changing meteorological, environmental, and 

ecological conditions. To do this, they continuously adjust key processes like net photosynthesis (Anet) and 

stomatal conductance (gs) to balance CO2 uptake with H2O losses while meeting sink demands (Buckley, 

2017; Flexas et al., 2013). These adjustments have critical impacts on gas and energy exchanges at the 

vegetation-atmosphere interface, ultimately providing important ecological services such as carbon 

sequestration and climate mitigation, for example through the regulation of transpiration rates (Beer et 

al., 2010). Despite considerable advances at the ecosystem level, derived from eddy-covariance data 

(Baldocchi, 2020), the rate and synchronicity of Anet and gs adjustments at the individual tree level remain 

poorly understood (Buckley, 2017). 

At the tree level, dendrochronological studies have predominantly utilized carbon and oxygen stable 

isotopes of tree ring to retrospectively document changes in Anet and gs, linking these changes to shifting 

environmental conditions at the interannual scale (Bégin et al., 2015; Danis et al., 2006; Hilasvuori et al., 

2009; Naulier et al., 2014; Raffalli-Delerce et al., 2004; Sass-Klaassen et al., 2005; Szymczak et al., 2012; 

Young et al., 2011). More specifically, the dual-isotope approach leverages the fact that carbon and oxygen 

stable isotopes are modified by gas exchanges at the leaf level, through processes such as Anet and gs 

(Grams et al., 2007; Scheidegger et al., 2000). Tree ring stable isotope values, therefore, provide valuable 

insights into metabolic adjustments under stress conditions. However, because measurements are made 

at the tree ring level, they yield only one isotopic value for an entire growing season, making it challenging 

to monitor adjustments on finer timescales (Rinne-Garmston et al., 2023). Moreover, this approach 

struggles to disentangle leaf-level physiological responses from other contributing factors (e.g., stored 

carbon reserves) that influence isotopic signals in tree rings. 

Significant gaps persist in our mechanistic understanding of how physiological and climatic signals are 

transmitted into tree rings, particularly with regard to δ18O (Martínez-Sancho et al., 2023). One of the main 

processes influencing the final δ18O signature in tree rings is related to the synthesis of wood constituents 

in the xylem (Gessler et al., 2014; Offermann et al., 2011; Treydte et al., 2014). Proportional exchanges of 

oxygen occur with unenriched xylem (source) water during the conversion of sucrose to cellulose within 

the stem (Hill et al., 1995). This exchange of oxygen is known as “Pex effect” and is largely determined by 

the rate of cycling of hexose phosphates through triose phosphate before incorporation into cellulose, 

which exposes more carbonyl oxygen to the xylem water prior to its incorporation into cellulose (Hill et 
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al., 1995; Waterhouse et al., 2002). Consequently, a portion of carbonyl oxygen atoms (from enriched 

sugars) is exchanged with unenriched xylem water, thereby impairing the subsequent biochemical 

processes at the leaf level (Martínez-Sancho et al., 2023). 

Previous studies proposed that Pex represents a constant exchange rate during cellulose formation (Roden 

et al. 2000, Sternberg 2009). However, more recent research has shown that Pex can vary from 0.29 to 0.77, 

depending on different factors such as species (Gessler et al. 2013) and environmental conditions (Luo and 

Sternberg 1992, Cernusak et al. 2005, Gessler et al. 2009, Song et al. 2014a, Belmecheri et al. 2018). 

Additionally, a recent study by Szejner et al. (2020) found that in two coniferous species, Pinus ponderosa 

(Douglas ex C. Lawson) and Pseudotsuga menziesii (Mirb.) Franco, Pex increased across the tree ring. This 

increase was strongly associated with changes in wood anatomical features, particularly a reduction in 

lumen area as observed in latewood, suggesting a link between δ18O exchange during cellulose synthesis 

and xylem structure in coniferous species. 

Recent advances have enabled the generation of intra-annual isotope profiles through techniques such as 

sequential cutting of fully formed tree ring sections followed by IRMS analysis (Belmecheri et al., 2018; Fu 

et al., 2017; Ogée et al., 2009; Pons & Helle, 2011; Xu et al., 2022), or laser ablation methods (Loader et 

al., 2017; Saurer et al., 2023; Schollaen et al., 2014). Despite their important role in studying the isotopic 

composition of tree rings at intra-annual timescales, these methods encounter several challenges. 

Specifically, xylem cell formation is a predominantly successive developmental process (e.g., cell 

enlargement, cell wall thickening, etc.), with significant overlap in timing, rate, and duration (M. Fonti et 

al., 2018). This overlap restricts the ability of these sequential methods to detect short-term physiological 

and environmental impacts on carbon and oxygen isotope signals in tree rings. Furthermore, accurately 

identifying the source and timing of isotope fractionation at the leaf level and tracing the influence of 

previously synthesized carbohydrates (e.g., starch) on xylem development remain unclear (Helle & 

Schleser, 2004; Rinne-Garmston et al., 2023). Additionally, estimating post-carboxylation processes 

introduces significant uncertainties (Gessler et al., 2014; Schiestl-Aalto et al., 2019).  

To address these limitations and capture finer temporal dynamics, Namvar et al., (2024) developed a new 

method to monitor stable isotope fractionation in the growing cambium-xylem continuum as the tree ring 

forms. This method was initially applied to examine the dynamics of non-structural carbohydrates (NSCs) 

in the cambium and xylem of black spruce (Deslauriers et al., 2016), hybrid poplar (Deslauriers et al., 2009; 
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Giovannelli et al., 2011) and Norway spruce (Simard et al., 2013). The findings confirmed that both the 

cambium and xylem derive carbohydrates from the same sources, most likely originating from the leaves 

throughout the growing season, with a minimal reliance on stored carbohydrates for stem growth 

(Deslauriers et al., 2016). Comparing these findings with oxygen isotope signals in the cambial region and 

developing xylem cellulose could provide new insights into the physiological processes driving seasonal 

carbon and oxygen stable isotope fractionation in the cambium-xylem continuum. 

Here, we monitor weekly fluctuations of δ13C and δ18O within the cambial region (δ13Ccam and δ18Ocam) and 

developing xylem cellulose (δ13Cxc and δ18Oxc) of black spruce [Picea mariana (Mill.) BSP.] trees growing in 

two boreal forests of eastern Canada, using the method proposed by Namvar et al (2024). Our analysis 

aims to provide insights into the dynamic shifts in δ13C and δ18O values within the vascular cambium-xylem 

continuum during the growing season in almost real time. We hypothesize that δ13C and δ18O values 

correlate within the cambial region and developing tree ring due to shared physiological constraints on 

carbon and oxygen fractionation originating at the leaf level. Indeed, both are expected to increase 

following the reduction in stomatal conductance during the growing season. 

3.3 Materials and Methods 

3.3.1 Study sites 

The study was conducted in mature black spruce stands located in the Saguenay-Lac-Saint-Jean area within 

the boreal forest of Quebec, Canada (Figure 3.1). We used two particular sites: Simoncouche (SIM) and 

Bernatchez (BER), both featuring mature black spruce forests (Table 3.1). SIM is within the Simoncouche 

research station of the “Université du Québec a Chicoutimi” (48°13ʹ N, 71°15ʹ W, 338 m a.s.l.), situated in 

the Laurentide Wildlife Reserve. BER is at a higher elevation near Lake Poulin de Courval (48°51ʹ N, 70°20ʹ 

W, 611 m a.s.l.). Black spruce is the dominant species at both sites. The undergrowth is a typical mixed 

vegetation with various herbaceous and ericaceous shrub species (Dao et al., 2015). The region has a 

continental climate, marked by long cold winters and short warm summers (Balducci et al., 2021). 

Meteorological observations were available at each site using a tower equipped with an automatic data 

acquisition system and several measuring devices. These stations recorded various meteorological 

variables, including maximum temperature (Tmax, °C), vapor pressure deficit (VPD, kPa), photosynthetically 

active radiation (PAR, μmol/m²/s), relative humidity (RH, %), precipitation (P, mm), and soil water content 

(VWC, m3/m3), on an hourly basis. 
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During the 2019-2021 study period, the mean annual air temperature in SIM was 3.2°C, while BER 

experienced a lower mean of 0.6°C (Table 3.1). During the growing season, specifically from May to 

October (2019-2021), mean temperatures were 12.8°C in SIM and 10.3°C in BER, indicating a colder and 

shorter growing season in BER. This is further reflected in the number of days with minimum daily 

temperatures above 5°C, averaging 170±20 days in SIM and 139±15 days in BER (Buttò et al., 2019; Rossi 

et al., 2011). The two sites recorded similar mean precipitation levels during the growing season, with 

approximately 480 mm of rain each (average from May to October: 2019 to 2021). However, soil water 

content was higher at BER compared to SIM over the same period (average from May to October 2019-

2021: BER, 0.34 m³/m³; SIM, 0.22 m³/m³) (Table 3.1). The difference in altitude, mean annual air 

temperature, and soil moisture (Table 3.1), between the two sites provided a framework to assess δ13C 

and δ18O dynamics under contrasting environmental conditions, thereby enriching the comparative 

dimension of this study. 

3.3.2 Collection of cambial region and forming tree ring  

Observations were conducted from late April to October in the years 2019-2021 for SIM and 2020-2021 

for BER. For each growing season, five mature black spruce trees with relatively similar stem diameters 

were selected at each site (Table B.1, see Appendix B). The selected trees were healthy, with over 50% of 

branches alive in the crown. To avoid reaction wood, the tree samples were grown on flat surfaces with 

upright stems. From late April to October, we collected 13 to 22 rectangular strip samples, each measuring 

3 × 6 cm, for each tree and study year using a chisel and rubber hammer (Table B.2). The difference in 

sampling times (or number of samples) between the sites is attributed to variations in the length of the 

growing season. BER is located at a higher elevation and experiences cooler temperatures, which lead to 

a shorter growing season compared with SIM. As a result, fewer sampling times were possible at BER than 

at SIM. Moreover, BER is not accessible by road until the snow melts, which varies from year to year, 

further contributing to difference in the sampling period.  

The strips, which included both bark and wood, were separated tangentially (Giovannelli et al., 2011), then 

frozen in liquid nitrogen and lyophilized at −50°C for five days (Namvar et al., 2024). The cambial region, 

including some enlargement cells, was collected by scraping the inner bark and outermost xylem 

(Giovannelli et al., 2011). To reduce the costs of stable isotope analysis and ensure sufficient sample mass, 

cambial region material from all five trees was pooled for each sampling date. The samples were 

homogenized using a two-bladed mixer mill (Retsch MM 400, Haan, Germany) at 30 Hz for 30 seconds. 
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The forming tree ring was collected by cutting the transverse section under a binocular microscope with 

10 × magnifying lenses and LED ring light. For narrower rings early in the growing season, the tangential 

area was scraped, the difference in color and brightness between the new cells and the previous year's 

ring facilitates scrapping the target cells (Namvar et al., 2024). Collected xylem samples were ground into 

fine particles for analysis, with pooling exclusively done for a few early-season samples lacking sufficient 

mass. Cellulose was extracted from xylem samples through a multi-step process to remove soluble organic 

compounds, lignin, and hemicellulose (Epstein et al., 1976). Samples placed in Teflon/polyester filter bags 

(ANKOM® XT4), were treated with a 1:1 solution of toluene and ethanol in an ultrasonic bath for 90 

minutes, followed by an 80-minute treatment in acetone. The bags were then boiled for one hour to 

extract soluble organic compounds and subsequently bleached with sodium chlorite and acetic acid to 

remove lignin. Finally, pure α-cellulose was obtained by treating the samples with NaOH (17% w/v) and 

acetic acid (10%), followed by extensive rinsing and drying (Namvar et al., 2024). 

3.3.3 Analysis of stable isotopes ratios 

All isotopic measurements were conducted at the light-stable isotope geochemistry lab at the University 

of Quebec's Geotop facility in Montreal, Canada. For carbon isotope analysis, 0.5 to 0.8 mg of cellulose 

(δ13Cxc for xylem samples) or pooled bulk material (δ13Ccam for cambial samples) was weighed into tin 

capsules to ensure consistent CO2 amounts across all samples and reference materials. These were 

analyzed using a Micromass Isoprime 100 isotope ratio mass spectrometer connected to an Elementar 

Vario MicroCube elemental analyzer in continuous flow mode, with an overall analytical uncertainty of 

±0.1‰, excluding sample homogeneity and representativity. Two internal reference materials were used 

to normalize the results on the NBS19-LSVEC scale, and a third was analyzed as an unknown to assess the 

accuracy of the normalization. The total analytical uncertainty was within ±0.1‰ (Hélie & Hillaire-Marcel, 

2021). 

For oxygen isotope analysis, 0.3 mg of cellulose from xylem (δ18Oxc) and pooled cambial samples (δ18Ocam) 

was placed in silver cups to standardize mass amounts across samples. The analysis was performed using 

an Isoprime VisIon isotope ratio mass spectrometer coupled to an Elementar Vario PyroCube elemental 

analyzer in continuous flow mode. Results were normalized using two internal references on the VSMOW-

SLAP scale, and a third reference was tested as an unknown to verify the accuracy of the process. The total 

analytical uncertainty was within ±0.3‰ (Hélie & Hillaire-Marcel, 2021). 
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The weekly δ13С and δ18O profiles for the forming xylem cellulose were calculated by averaging the values 

from the five tree samples for each study year (Table B.3 and B.4). Inter-tree correlations for the δ13Cxc 

series were previously analyzed by Namvar et al. (2024). The same analysis was performed here for δ18Oxc 

profiles (Table B.4, Figure B.1). The differences in carbon and oxygen isotopic values between the cambial 

region and xylem cellulose (Table B.3 and B.4) likely reflect variations in the isotopic composition of the 

materials analyzed along the cambium-xylem continuum (see Namvar et al. 2024 for more details). The 

averaged δ13Ccam and δ13Cxc values were corrected to account for changes in atmospheric δ13C (δ13Catm) and 

Suess effect (Method B.1). These corrected values are referred as δ13Ccam and δ13Cxc throughout the text.  

3.3.4 Collection of rainwater 

The rain samples were collected on a weekly basis, following the designated collection dates for the strips, 

during the growing seasons of 2020 and 2021 at both sites. To achieve this, a rain collector was mounted 

on the ground with no slope, ensuring that the funnel was approximately 30 cm above the ground to 

minimize wind turbulence (Figure B.1a and B.1b, see Appendix B). The collector was positioned around 20 

m away from the sampled trees in an open area. Each week, the collected rain samples were transferred 

into an accumulation bottle with a double cap, sealed with parafilm, and stored in the fridge for further 

analysis (Figure B.1c). 

 To conduct the oxygen isotope analysis on rain samples, 1 ml of water was pipetted into a 2 ml vial and 

sealed with a septum cap. The samples were analyzed using a Picarro L2130-i Cavity Ring Down 

Spectroscopy (CRDS) system, with an overall analytical uncertainty of ±0.1‰. To ensure accuracy, three 

internal standards were used to adjust results to the VSMOW2-SLAP2 scale, and a fourth standard was 

tested as an unknown to verify the normalization accuracy. The reported standard deviations (1 sigma) 

reflect the variation among three replicate injections per sample. 

3.3.5 Statistical analysis 

Regression analysis was conducted to examine the seasonal trends of δ13С and δ18O, as well as their 

significance, in both the cambial region and the developing tree ring (Table B.5). The analysis of covariance 

(ANCOVA, VassarStats.net website, Vassar College Poughkeepsie, NY, USA) was used to compare the two 

regression lines of δ13C and δ18O in the cambial region and forming xylem cellulose across sites and study 

years. Pearson’s correlations between the two chronologies (δ13C and δ18O) were calculated to assess 

whether the profiles exhibited similar variations in the cambial region and developing xylem cellulose 
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during the growing season as observed in other studies (Ballantyne et al., 2010; Belmecheri & Lavergne, 

2020; McCarroll & Loader, 2004). This method was selected because the data met the key assumptions of 

normality and linearity. Normality was confirmed using the Shapiro-Wilk test (Table B.6). To mitigate 

potential autocorrelation in the δ13C and δ18O time series, we performed an extra analysis by pre-

whitening the data and fitting linear models as a function of the day of sampling (day of year; DOY). The 

obtained residuals of δ13C and δ18O were used for correlation analysis. This process removed time-

dependent trends, allowing us to evaluate the correlation between δ13C and δ18O independently of 

temporal autocorrelation (Table B.6). 

Pearson’s correlations were also employed to assess the relationships between δ13C, δ18O, and various 

meteorological parameters, as all series exhibited linear trends and met the assumption of linearity (Figure 

S3 and S4) and normality, as confirmed by Shapiro-Wilk test (Table B6). The same pre-whitening method 

was applied to the meteorological variables to perform correlations between the residuals of the isotopic 

data and the climate variables (Table B.7 and B.8). The weekly daytime (8h00 to 18h00) values of six 

different climate parameters: maximum temperature, vapour pressure deficit, photosynthetically active 

radiation, relative humidity, and soil volumetric water content, were averaged, and precipitation values 

were summed for the corresponding time periods (DOY) matching the sampling intervals for each year 

and site. Meteorological data were collected from on-site weather stations at each location. A comparison 

between the Global Meteoric Water Line (GMWL) and the local meteoric water lines derived for SIM and 

BER during the 2020 and 2021 growing seasons was performed (Figure B.2). 

To simulate the seasonal dynamics of the fraction of oxygen atoms exchanged with xylem water, known 

as Pex effect, Pex was modeled under three scenarios: a constant value of 0.4, a linear increasing Pex from 

0.3 to 0.5, and a linear decrease from 0.5 to 0.3 (Szejner et al. 2020). To represent seasonal variation, Pex 

was modeled as a linear function of the day of year (DOY), starting from an initial value (𝑃/012342) at the 

beginning of the growing season and changing gradually to a final value (𝑃/0/56) by the end of the season. 

The rate of change in Pex (Slope, rate per day) was calculated from the beginning (DOYstart) to the end of 

the growing season (DOYend), using the following equation: 
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𝑆𝑙𝑜𝑝𝑒 =
𝑃+"+-( −	𝑃+"7*)&*

𝐷𝑂𝑌+-( −	𝐷𝑂𝑌7*)&*
 

Equaãon 3.1 Calculaãon of Slope (rate per day) for Pex-effect 

The Pex values were then generated to increase or decrease linearly over the DOY range, either from 0.3 

to 0.5 (increasing trend) or from 0.5 to 0.3 (decreasing trend) as follows: 

𝑃+"(()*+,-) = 𝑃+"7*)&* + 𝑆𝑙𝑜𝑝𝑒	-𝐷𝑂𝑌(()*+,-) − 𝐷𝑂𝑌7*)&*. 

Equaãon 3. 2 Calculaãon of the Pex effect for daily linear increasing or decreasing trends 

To test the effect of Pex on δ18Oxc signals during the growing season, a model was developed to simulate 

δ18Oxc (δ18Oxc-sim), using the following equation (Szejner et al. 2020): 

𝛿18𝑂"#879:	(()*+,-)
= 𝑃+"(()*+,-)	-	𝛿18𝑂"!	(()*+,-) + 𝜀𝑐. + -1 − 𝑃+"(()*+,-).-𝛿

18𝑂<!(()*+,-) + 𝜀𝑐. 

Equaãon 3.3 Calculaãon of simulated δ18Oxc for different Pex scenarios 

Where εc represents the average biochemical fractionation between water and organic materials, which 

was set to a constant value of 27‰. The isotopic composition of source water, δ18Oxw, was represented by 

δ18Orain values. δ18Olw refers to the isotopic composition of water at the leaf evaporation sites, here 

approximated by δ18Ocam. The Pex values were obtained from equation (2) for linear variability or 

assumed constant during the growing season (Pex=0.4). To evaluate the influence of Pex on δ18Oxc-sim, 

regression analyses (ANCOVA) were performed using standardized δ18Ocam and δ18Oxc-sim series. The 

resulting regression slopes were then compared across different sites and years to determine which Pex 

scenario best reflects the observed δ18Oxc patterns. 

3.4 Results 

3.4.1 Seasonal trends in δ13С and δ18O in the cambial region and developing tree ring 

During the full growing season, both δ13Сcam and δ18Ocam profiles showed increasing trends with varying 

significance levels across almost all study years, except in SIM 2021 where δ13Сcam and δ18Ocam profiles 

showed downward trends (b=-0.003, p<0.01; b=-0.002, p>0.1, respectively) (Figure 3.2, Table B.5). A non-

significant decreasing trend was also observed in BER 2021 δ13Сcam series (b=-0.002, p>0.1). The δ13Сcam 

increasing series were significant in SIM 2019 (b=+0.006, p<0.001) and BER 2020 (b=+0.005, p<0.001), 

while the δ18Ocam rising patterns were significant in SIM 2020 (b=+0.006, p<0.05), BER 2020 (b=+0.011, 

p<0.001) and BER 2021 (b=+0.007, p<0.01) (Table B.5). In SIM, slopes in δ13Сcam were similar to those of 
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δ18Ocam across three years of 2019 (F=0.9, p=0.4), 2020 (F=2.5, p=0.1), and 2021 (F=0.1, p=0.7), although 

with different intercepts (2019: F=140730.7, p<0.0001; 2020: F=87473.4, p<0.0001, 2021: F=174720.8, 

p<0.0001). However, in BER, significant differences were observed between δ13Сcam and δ18Ocam profiles 

both in terms of slopes (2020: F=12.0, p<0.01; 2021: F=11.4, p<0.01) and intercepts (2020: F=233382.24, 

p<0.0001; 2021: F=81335, p<0.0001). 

From the perspective of intra-annual variability, consistent and significant intra-annual covariations 

between δ13Сcam and δ18Ocam profiles were observed at both sites and during all study years (Table 3.2, 

Figure 3.2). In SIM, positive correlations were evident between the two series during study years of 2019 

(r=+0.58, p<0.05), 2020 (r=+0.73, p<0.001) and 2021 (r=+0.38, p<0.1). Similarly, in BER, positive 

relationships were observed for the years 2020 (r=+0.76, p<0.01) and 2021 (r=+0.35, p>0.1). The strong 

positive relationships remained between the pre-whitened detrended residuals of δ13Сcam and δ18Ocam 

series in SIM 2019 (r=+0.60, p<0.05), SIM 2020 (r=+0.76, p<0.01), and BER 2021 (r=+0.70, p<0.01) (Table 

B.6). 

In contrast to the stable isotope profiles in the cambial region, δ13Сxc and δ18Oxc series in the developing 

tree rings displayed opposite seasonal trends (Table B.5, Figure 3.3). Specifically, δ13Сxc series showed 

significant increasing trends both in SIM (2019: b=+0.008, p<0.01; 2020: b=+0.004, p<0.1), and BER (2020: 

b=+0.005, p<0.1, 2021: b=+0.006, p<0.01). In contrast, δ18Oxc series exhibited decreasing trends at both 

study sites, while significant only in SIM 2019 (b=-0.019, p<0.01), and BER 2020 (b=-0.008, p<0.05) (Table 

B.5). We observed significant differences between the regression slopes of δ13Сxc and δ18Oxc series both in 

SIM (2019: F=38.3, p<0.001; 2020: F=15.1, p<0.01) and BER (2020: F=12.9, p<0.01; 2021: F=10.8, p<0.01) 

(Figure 3.3).  

Concerning intra-annual variability, δ13Сxc and δ18Oxc showed negative correlations across the three study 

years in SIM 2019 (r=-0.60, p<0.1), 2020 (r=-0.36, p>0.1) and 2021 (r=-0.07, p>0.1), as well as in BER 2020 

(r=-0.45, p>0.1) and BER 2021 (r=-0.26, p>0.1) (Table 3.2). The pre-whitened detrended residuals of δ13Сxc 

and δ18Oxc exhibited non-significant positive correlations in SIM during 2019 (r=+0.26, p>0.1), 2020 

(r=+0.24, p>0.1), and 2021 (r=+0.02, p>0.1), while weak negative correlations were observed in BER for 

2020 and 2021 (r=-0.01, p>0.1; r=-0.25, p>0.1 respectively) (Table B.6). 
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3.4.2 Relationships between δ18O and δ18Orain series 

Significant negative relationships were observed between δ18Ocam and δ18Orain (r =-0.45, p<0.1) and δ18Oxc 

and δ18Orain (r =-0.53, p<0.05) in SIM 2021. All other relationships between δ18O in the cambium or xylem 

and δ18Orain were non-significant in both sites and study years (Figure 3.4, Table 3.3).  

3.4.3 Relationships between δ13C and δ18O series and climate data 

Negative correlations were identified when comparing δ13Ccam and δ18Ocam series with meteorological 

variables of Tmax, VPD, and PAR, across almost all study years, though they were only significant in certain 

cases (Table 3.4). Conversely, positive links were detected between δ13Ccam and δ18Ocam profiles and RH 

both in SIM and BER, with significant values in a few series in both sites (Table 3.4). In both sites and most 

study years, no significant relationships were found between the sum of daytime P and mean daytime 

VWC and either δ13Ccam or δ18Ocam profiles, except in SIM 2019, where strong positive interactions were 

observed between P and δ13Ccam (r=+0.84, p<0.01). Similar positive links were found between VWC and 

δ13Ccam in SIM 2021 (r=+0.59, p<0.05), δ18Ocam in SIM 2020 (r=+0.71, p<0.05) and δ18Ocam in BER 2020 

(r=+0.68, p<0.05) (Table 3.4). In terms of pre-whitened detrended residuals, significant relationships 

between δ13Ccam or δ18Ocam and meteorological variables varied across sites and years (Table B.7). Tmax, VPD, 

and PAR were particularly influential in 2020 and 2021, showing strong negative correlations with both 

δ13Ccam and δ18Ocam in both sites. In contrast, RH, P and VWC had more sporadic, site-specific effects, 

indicating a less consistent influence (Table B.7). 

δ13Cxc and δ18Oxc profiles exhibited divergent associations with various meteorological variables (Table 3.5). 

Negative relationships were consistently noted between δ13Cxc and Tmax, VPD, and PAR across all study 

years, though they were only significant in certain cases. In contrast, positive correlations were observed 

between Tmax, VPD, and PAR and δ18Oxc in SIM 2019, SIM 2020, and BER 2020. Strong negative relationships 

were detected between δ18Oxc and RH in SIM 2019 (r=-0.64, p<0.05), and BER 2020 (r=-0.66, p<0.1). In SIM 

2019, significant positive relationships were evident between δ18Oxc and VWC (r=+0.72, p<0.05) (Table 3.5). 

Additionally, the pre-whitened detrended residuals of δ13Cxc or δ18Oxc exhibited variable responses to 

meteorological factors (Table B.8), with VWC and RH generally showing more consistent positive effects, 

while Tmax and VPD played a more site- and year-specific role in shaping the isotopic dynamics of the 

developing xylem (Table B.8). 
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3.4.4 Comparison between δ18Ocam, δ18Oxc, and δ18Oxc-sim across Pex scenarios 

In the decreasing Pex scenario, the slopes of δ18Oxc-sim were similar to those of observed δ18Ocam across SIM 

2020 (ANCOVA test between standardized values, F=0.2, p=0.7), BER 2020 (F=0.3, p=0.6), and BER 2021 

(F=0.5, p=0.5) (Figure 3.5a, 3.5c, and 3.5d respectively). The only exception was SIM 2021, where a 

significant difference was found between the two slopes (F=6.02, p<0.05) (Figure 3.5b). Similarly, the 

constant Pex scenario had little influence on the δ18Ocam slope in 2021, with no significant differences 

observed in SIM (F=0.2, p>0.1) and BER (F=0.9, p>0.1). However, in 2020, the effect was more pronounced, 

as significant differences were detected in both SIM (F=12.6, p<0.01) and BER (F=13.4, p<0.01) (Figure 3.5).  

The increasing Pex scenario induced a clear shift on the slope of δ18Ocam (Figure 3.5). It transformed the 

observed increasing δ18Ocam slope into a decreasing trend in δ18Oxc-sim, consistent with the pattern observed 

in measured δ18Oxc (i.e., decreasing trends δ18Oxc). Under this condition, significant differences emerged 

between the δ18Ocam and δ18Oxc-sim slopes in both SIM (2020: F=42.5, p<0.01; 2021: F=13.1, p<0.01) and BER 

(2020: F=83.6, p<0.01; 2021: F=64.3, p<0.01) (Figure 3.5). In contrast, comparison between the slopes of 

δ18Oxc and δ18Oxc_sim under increasing Pex (from 0.3 to 0.5) revealed no significant differences in SIM 2020 

(F=0.4, p>0.1), SIM 2021 (F=1.6, p>0.1), and BER 2020 (F=0.8, p>0.1) (Figure 3.5a, 3.5b, 3.5c respectively), 

except for BER 2021 (F=3.1, p=0.09) (Figure 3.5d). 

3.5 Discussion 

This study represents the first attempt to monitor weekly variations in carbon and oxygen stable isotopes 

within the cambial region (δ13Ccam and δ18Ocam) and developing xylem cellulose (δ13Cxc and δ18Oxc) in black 

spruce trees. These data allowed us to distinguish between the processes driving isotope variation in the 

cambial region and those affecting developing xylem cellulose. Our findings underscore the importance of 

accounting for these processes to avoid misinterpretation of isotopic signals in dendroclimatological 

studies. 

Our initial hypothesis proposed that δ13C and δ18O values in the cambial region would correlate due to 

shared physiological constraints on stable isotopes fractionation originating at the leaf level. The results 

of this study confirm this hypothesis and suggest that stomatal conductance (gs) regulation in the needles 

of black spruce is likely the dominant factor controlling the seasonal fractionation of δ13Ccam and δ18Ocam in 

our study region. Both δ13Ccam and δ18Ocam series exhibited consistent seasonal enrichment patterns during 

the growing season in nearly all study years and sites (Figure 3.2), with no strong relationships observed 
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between δ18Orain and δ18Ocam (Table 3.3). This pattern aligns with the dual-isotope theory (Scheidegger et 

al., 2000; Siegwolf et al., 2023), which attributes such enrichment to the concurrent influence of gs on the 

fractionation of both isotopes. Indeed, the observed enrichment cannot be explained by changes in 

photosynthesis, as photosynthesis declines toward the end of the growing season. A previous study on 

European beech (Fagus sylvatica L.) reported similar findings, showing strong positive correlations 

between δ13C and δ18O in the organic matter of phloem sap, further underscoring the dominant influence 

of gs on both carbon and oxygen isotopic signals (Keitel et al., 2003). Furthermore, if δ13Ccam variations 

were driven by changes in Anet, δ18Ocam series would diverge from those of δ13Ccam. This was not the case 

here, as we observed strong positive correlations between δ13Ccam and δ18Ocam profiles in almost all study 

years (Table 3.2), a pattern related to stomatal and not photosynthetic control of δ13Ccam (Farquhar et al., 

1998; Scheidegger et al., 2000). However, SIM 2021 appears to be an exception. In this year, both δ13Ccam 

and δ18Ocam showed trends distinct from those observed in other years (Figure 2c), and a significant 

correlation between δ18Ocam and δ18Orain was detected (Table 3). This suggests that source water may play 

a larger role in influencing δ18Ocam values in SIM 2021. This anomaly indicates that the dual-isotope 

approach may not reliably capture stomatal conductance limitations in all years, particularly when external 

environmental conditions, such as changes in source water composition, exert a stronger influence. 

The dual isotope theory primarily addresses leaf-level fractionations, but it can be applied to carbon and 

oxygen in other tissues, provided that post-carboxylation processes are minimal (Gessler et al., 2009; 

Siegwolf et al., 2021, 2023). The strong similarity observed in δ13Ccam and δ18Ocam variations in this study 

further supports the notion that post-carboxylation processes played a minor role, if any, in the overall 

fractionation of carbon isotopes, up to its fixation in tree-ring cellulose (Barbour et al., 2002; Gessler et al., 

2008, 2009; Klein et al., 2005). If such processes were to dominate, notable differences between δ13Ccam 

and δ18Ocam would arise, both in terms of their trends and inter-weekly variability. This is because only 

carbon isotopes are affected by post-carboxylation processes, while the δ18O signature of NSCs is unlikely 

to be altered during phloem transport of assimilates to the cambial region (Gessler et al., 2009; Roden et 

al., 2000; Siegwolf et al., 2023). Indeed, sucrose which is the main sugar exported from the leaves, carries 

no free carbonyl group that could exchange oxygen atoms with water during its movement from the leaves 

to the cambial region (Gessler et al., 2014). These findings are in conformity with a study by Gessler et al., 

(2009), who found rather consistent transfer of δ13C and δ18O signals from canopy to the trunk phloem 

organic matter and cellulose or wood in P. sylvestris, during the entire growing season. In addition, 

previous studies indicate that the δ18O in leaf water is reflected in the oxygen isotope signature of organic 
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matter synthesized in the leaves and potentially transported in the phloem (Barbour et al., 2000; Roden & 

Ehleringer, 1999), suggesting minimal changes in δ18O in phloem sap during transport through the tree 

trunk. 

The neglectable effect of post-carboxylation processes, combined with a strong correlation between 

δ13Ccam and δ13Cxc as evidenced by Namvar et al (2024), finally supports the fact that both cambium and 

xylem cells derive carbohydrates from the same resources during the growing season. Indeed, NSCs most 

likely derive from recently produced photo assimilates incoming from the leaves, with minimal 

contribution from stored NSCs, mostly in the form of 13C-enriched starch, for growth purposes in our 

spruce species (Deslauriers et al., 2016; Gessler et al., 2014; Simard et al., 2013). This aligns with the recent 

findings of Rinne-Garmston et al., (2023) who observed that intra-seasonal dynamics of δ13C in primary 

photosynthates were clearly reflected in the tree ring δ13C signals of 7-year-old Pinus sylvestris, suggesting 

a negligible impact of reserve use on tree ring δ13C values. Additionally, lower variations in 13C-enriched 

starch were observed in the cambium of larch and spruce trees during the growing season. This suggests 

that a constant supply of fresh assimilates to the cambium-xylem continuum may be the dominant process 

feeding secondary growth in our spruce trees (Simard et al. 2013, Rinne et al. 2015). 

Increasing δ13Ccam and δ18Ocam trends do not exclusively originate from changing meteorological conditions, 

during the growing season (Table 3.4). Indeed, most studies in dendroclimatology indicate that increasing 

moisture stress towards the end of the growing season may lead to elevated δ13C values in tree rings 

(Castagneri et al., 2018; Sarris et al., 2013; Xu et al., 2022). For instance, reduced precipitation and soil 

water content, excessively high temperatures and a lower relative humidity may all contribute to the 

limitation of gs in the needles of evergreen conifers. In turn, this could lead to increasing δ13С and δ18O 

trends in different tissues of trees. Conversely, in our study region, growing seasons become increasingly 

cold and wet towards their end. Such conditions are unlikely to trigger a typical water-stress-induced gs 

reduction, which would increase δ13Ccam and δ18Ocam (Namvar et al., 2024).  

In the absence of climate conditions conductive to a moisture stress response of gs, three alternative 

causes are proposed that individually or jointly explain the observed cumulative increasing trends in 

δ13Ccam and δ13Ocam in almost all study year and sites (Figure 3.2). First, reduced light intensity (PAR) and 

temperature (Tmax) toward the end of the growing season may lead to a gradual decline in net 

photosynthesis (Anet), which in turn may force a greater reduction in gs resulting in increasing δ13Ccam values 
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(Farquhar & Sharkey, 1982; Siegwolf et al., 2023). Additionally, increasingly limited light conditions may 

lead to higher δ18O values in leaf water due to lower transpiration rates. This effect is further compounded 

by a progressive decline in black spruce water content and reduced turnover of leaf water from soil water 

toward the end of the growing season (Péclet effect) (Barbour & Farquhar, 2000; Farquhar & Lloyd, 1993; 

Turcotte et al., 2011). Indeed, black spruce trees gradually dehydrate their stem tissues in response to 

decreasing autumn temperatures, leading to maximum stem shrinkage in winter (Turcotte et al., 2009). 

The second alternative involves mechanisms of preparation for overwintering to minimize potential 

damage to tree hydraulic functions and living cells (Arora, 2018; Burke et al., 1976; Charrier et al., 2013). 

To mitigate such damage, trees reduce water content and enhance residual evaporation through their 

needles to prevent ice crystal formation in living cells (Bozonnet et al., 2024; Charrier & Améglio, 2024). 

Reduced water uptake in early autumn also leads to less discrimination against 13C at the leaf level. This 

produces non-structural carbohydrates (NSCs) enriched in 13C, which could be used in the cambium pool 

during the last months of the growing season (September-October), corresponding with cell wall 

deposition in the last latewood tracheid (Namvar et al. 2024). Consequently, unreacted 13C-enriched 

residual sugars such as sucrose (Rinne et al. 2015) may be transported through the phloem and ultimately 

used for wood formation, mostly for the production of latewood (Namvar et al. 2024), while less enriched 

NSCs (e.g., pinitol and lipids) are allocated to frost protection in various parts of tree (Rinne et al. 2015, 

Sleptsov et al. 2023). In this regard, a compound-specific monitoring of carbon stable isotopes in the 

cambium-xylem continuum (e.g., δ13С in different sugars found in the two tissues) may offer deeper 

insights into seasonal carbon allocation strategies in boreal trees. Lastly, it is also possible that the behavior 

of gs is driven by shifts in sink demand rather than by external factors such as climatic variations. For 

example, a reduction in gs can be driven by a shift from primary to secondary growth during xylogenesis, 

which would require adjustments in tradeoffs between carbon assimilated and water losses through 

stomata. To investigate this, linking weekly δ13C-derived intrinsic water use efficiency (iWUE) data with 

wood anatomy and seasonal xylogenesis dynamics would offer deeper insights into such ecophysiological 

interactions (Cartenì et al., 2018). 

 Eastern Canada’s black spruces’ cambial and developing xylem display contrasting δ18O trends which 

suggests that the two tissues may be fed by differing water sources (Barbour et al., 2004). Indeed, this is 

highlighted by a marked increase in δ18Ocam which contrasts with a decreasing pattern in δ18Oxc (Figure 3.3). 

The δ18Ocam is expected to reflect the δ18O signals in leaf water transferred to NSCs, the primary 

photosynthetic products, unloaded from the phloem into the cambial region. By contrast, δ18Oxc signals 



 

 60 

seem to partially derive from the isotopically depleted (i.e., lower δ18Orain values) upward-moving xylem 

water from the soil (Barbour et al., 2004; Barbour & Farquhar, 2000; Roden et al., 2000; Song, Clark, et al., 

2014).  

Proportional exchanges between the un-enriched xylem water (i.e., lower δ18Orain values) and sugars 

during the formation of cellulose in the developing xylem (i.e., Pex effect) may explain the depletion of 

δ18Oxc (i.e., lower δ18Oxc values) (Gessler et al., 2009; Roden et al., 2000; Song, Clark, et al., 2014; Sternberg 

et al., 1986). In support of our finding, a study by Offermann et al., (2011) on European beech (Fagus 

sylvatica L.) demonstrated that δ18O in tree-ring whole wood was not positively related to leaf water 

evaporative enrichment and δ18O of NSC pools, highlighting the important role of Pex effect in modifying 

δ18O signals in tree ring.  Similar findings were reported by Martínez-Sancho et al., (2023), where source 

water had dominant influence on intra-annual δ18O variations in tree-ring cellulose of larch (Larix decidua 

L.) in the Swiss Alps, masking signals from needle-level processes. Our results indicate a strong Pex effect, 

capable of altering the oxygen isotopic signature of cellulose in the xylem cells (Martínez-Sancho et al., 

2023). This effect likely represents the largest modification of δ18O signal between the leaves and tree 

rings (Siegwolf et al., 2023). 

Increasing proportional oxygen isotope exchange between xylem water (source water) and NSCs during 

the growing season can transform the rising δ18Ocam signal into a decreasing trend in δ18Oxc in black 

spruce (Figure 3.5). This divergence is likely driven by intensified post-photosynthetic exchange (Pex) 

processes that progressively replace the δ18O signature acquired at the leaf level with that of local water 

during cellulose synthesis (Gessler et al. 2014). Oxygen isotopic composition in tree-ring cellulose reflects 

both the evaporative enrichment of leaf water and the degree of exchange between sugars and ambient 

water during transport and metabolism (Roden et al. 2000, Cernusak et al. 2005). When Pₑₓ increases, due 

to higher metabolic turnover, prolonged carbohydrate residence time, or increased cellular hydration in 

summer, the δ18O signal from enriched leaf water becomes increasingly overwritten by the more depleted 

isotopic signature of xylem water (Barbour et al. 2004, Cernusak et al. 2005, Gessler et al. 2009, Gessler et 

al. 2014). As a result, δ18Oxc can decline, even while δ18Ocam continues to rise due to leaf level physiological 

processes. 

This mechanism has been further supported by recent work from Szejner et al. (2020), who demonstrated 

that post-photosynthetic fractionation processes, including exchange with water during cellulose 
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biosynthesis, can substantially alter the δ18O signal inherited from leaf water. Their results across 

coniferous tree species (Pinus ponderosa and Pseudotsuga menziesii) and environmental conditions 

confirmed that intra-seasonal and inter-annual δ18O patterns in tree-ring cellulose are strongly influenced 

by Pex dynamics, mostly when increasing during the growing season, which may vary with phenology, water 

availability, and tissue-specific metabolic activity. In our spruce stands, δ18Oxc-sim under increasing Pₑₓ 

values (i.e., from 0.3 to 0.5) mirrored these findings, showing decreasing trends that contrasted with the 

increasing δ18Ocam signal. The effect was particularly evident during late-season wood formation, when 

extended sugar residence times, likely related to increased sugar concentrations for frost resistance and 

prevent cellular lysis (Charrier and Améglio 2011), may have enhanced opportunities for exchange. This 

pattern is consistent with previous studies emphasizing the role of seasonal dynamics in carbohydrate 

transport and cellulose synthesis (Barbour et al. 2004, Gessler et al. 2009, Offermann et al. 2011). 

Previous studies indicated that δ18Orain varies with temperature, latitude and altitude, showing greater 

depletion (i.e., lower δ18Orain values) at higher altitudes with lower temperatures (Bortolami et al., 1979; 

Poage & Chamberlain, 2001). The location of BER site, at a higher latitude and altitude with a lower annual 

mean temperature compared to SIM, likely contributes to the more depleted δ18Orain signals (i.e., lower 

δ18Orain values) at this site (Table B.9). The δ18O values in different tree compartments are influenced by 

δ18Orain signals, leading to lower δ18Ocam and δ18Oxc values in BER compared to SIM (Table B.4, mean δ18Ocam 

and δ18Oxc in SIM were significantly more enriched (i.e., higher δ18Oxc values) compared to BER by 1.1‰ 

(ρ<0.01) for 2020 and 0.7‰ for 2021 (ρ<0.01), not shown in the results section). Additionally, warmer 

summers in SIM may contribute to an increased soil water evaporation rate, resulting in an increased 

enrichment in source water, leading to the more enriched δ18Ocam and δ18Oxc values observed at this site 

compared to BER.  

Comparing the Global Meteoric Water Line (GMWL) with the local meteoric water lines for SIM and BER 

in the 2020 and 2021 growing seasons shows slopes ≈ 8 (consistent with equilibrium fractionation) 

indicating little to no evaporative enrichment (Figure B.2).	However, the δ18Oxc series do not fully reflect 

the signature of δ18Orain during the growing season at our sites (Table 3.3). This discrepancy may be 

attributed to two main factors. First, because the exchange of oxygen isotopes between xylem water and 

NSCs occurs in a proportional manner (i.e., increasing Pex) during the growing season, strong links between 

weekly δ18Orain and δ18Oxc signals are not evident. Second, complex environmental processes may alter 

δ18Orain signals before it is incorporated into tree tissues. For example, only a portion of total precipitation 
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infiltrates the soil, reaches the roots, and is ultimately absorbed by trees. As water infiltrates the soil, 

further fractionation can occur, especially during periods of high evaporative demand like summers. 

Consequently, δ18O of soil water (δ18Osw) may vary with depth depending on soil structure, season, and 

climate (Sprenger et al., 2016). Since roots can access water from a range of soil depths, the δ18O of source 

water (and of xylem water) may differ from the initial meteoric water inputs (Siegwolf et al., 2023). The 

discrepancy between weekly δ18Oxc signals and δ18Orain variations observed here, underscores the need for 

further investigation into the relationships between weekly δ18Osw and δ18Oxc signals in spruce stands, 

potentially shedding light on the hydrodynamics of source water affecting δ18Oxc at seasonal scales 

(Thomas et al., 2018).  

3.6 Conclusions 

Overall, our findings underscore the complexities inherent in using the isotopic signature of xylem cellulose, 

a common tool in dendroclimatology. This signature results from a multifaceted and cumulative array of 

processes affecting the end signal. Both carbon and oxygen isotopes in the cambium were influenced by 

gs. Xylem carbon isotopes also appeared to derive directly from the leaf and cambial region. This finding is 

in accordance with previous studies demonstrating strong correlations between isotope composition of 

new assimilates and tree rings in evergreen coniferous species (Gessler et al., 2009; Rinne-Garmston et al., 

2023). In contrast, xylem oxygen isotopes were more complex and the Pex effect, with increasing trend 

during the growing season, seemed strong enough to obscure the gs signal. This complexity cautioned 

against oversimplistic assumptions that oxygen isotopes in xylem cellulose serve as a reliable proxy for gs 

signals, particularly in boreal forests. Our findings highlighted the need for careful consideration of the 

processes influencing isotopic signals to avoid misinterpretations in dendroclimatological studies. 

Moving forward, further research is needed to understand the role of δ18Osw dynamics in influencing 

oxygen isotope signals in forming tree rings. Additionally, linking weekly δ13C-derived iWUE data with 

wood anatomy and seasonal xylogenesis dynamics may offer deeper insights into interactions among 

physiological factors, such as sink-driven influences on gs, in tree species. Expanding this research to other 

regions, climatic contexts, and species with different growth dynamics and characteristics such as stem 

diameter (i.e., distance from pith), crown condition, and root depth will enhance our understanding of 

these processes and improve the robustness of dendroclimatological models across diverse ecosystems. 

Such interdisciplinary approaches are crucial for understanding how environmental changes may affect 

tree physiology and xylem hydraulic conductivity over seasonal and decadal scales. 
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3.7 Figures Legend 

Figure 3.1: Locations of the two study sites: Simoncouche (SIM) and Bernatchez (BER). The map was 

designed in QGIS. 

Figure 3.2: The red lines represent the δ13Ccam values for the full growing season in each study year. The 

blue lines represent δ18Ocam values for the same period during the growing season. Solid lines denote 

regression lines with significant slopes, and dashed lines indicate non-significant slopes. The insets 

represent standardized δ13Ccam and δ18Ocam profiles (z-scores) in each site and study year. 

Figure 3.3: The orange lines represent the δ13Cxc values over the growing season in each study year. The 

light blue lines represent δ18Oxc values for the same period during the growing season. Solid lines denote 

regression lines with significant slopes, and dashed lines indicate non-significant slopes. The insets 

represent standardized δ13Cxc and δ18Oxc profiles (z-scores) in each site and study year. 

Figure 3.4: Solid lines denote regression lines with significant slopes, and dashed lines indicate non-

significant slopes. The two points highlighted with a red circle in Figure (c) correspond to rainwater 

samples that were likely affected by post-depositional evaporation. 

Figure 3.5: Three Pex scenarios: Increasing Pex (from 0.3 to 0.5), decreasing Pex (from 0.5 to 0.3), and 

constant Pex (0.4), across different sites and study years. 

3.8 Tables Legend 

Table 3.1: Annual and seasonal statistics for temperature (average), precipitation (sum), and soil water 

content (only seasonal, average) were calculated for the study years 2019-2021 at the two sites SIM and 

BER. 

Table 3.4: Maximum temperature (Tmax), vapour pressure deficit (VPD), photosynthetically active radiation 

(PAR), relative humidity (RH), precipitation (P), soil volumetric water content (VWC), (* p< 0.1, ** p< 0.05, 

*** p< 0.01). 
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Table 3.5: Maximum temperature (Tmax), vapour pressure deficit (VPD), photosynthetically active radiation 

(PAR), relative humidity (RH), precipitation (P), soil volumetric water content (VWC), (* p< 0.1, ** p< 0.05, 

*** p< 0.01). 
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3.9 Figures 

 

Figure 3.1 Topography of the Saguenay-Lac-Saint-Jean region in Quebec, Canada. 
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Figure 3.2 Intra-annual δ13Ccam and δ18Ocam profiles in SIM (a, b, c) and BER (d, e). 
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Figure 3.3 Intra-annual δ13Cxc and δ18Oxc profiles in SIM (a, b, c) and BER (d, e). 
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Figure 3.4 Sca†erplots and regression lines of weekly δ18Ocam and δ18Oxc as a funcãon of δ18Orain in SIM 2020 
(a), SIM 2021 (b), and BER 2020 (c) and BER 2021 (d). 
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Figure 3.5 Comparison of the slopes between observed δ18Ocam, δ18Oxc, and simulated δ18Oxc (δ18Oxc-sim) 
under three Pex scenarios during the growing season. 
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3.10 Tables 

Table 3.1 Locaãon, tree characterisãcs, and climaãc condiãons at the two study sites.  

Laãtude (Lat.), longitude (Long.), alãtude (Alt, meters above sea level).  

Code Lat. Long. 

Alt 

(m 

a.s.l.) 

May-Oct 

temperatu

re (°C) 

Annual 

temperat

ure (°C) 

May-Oct 

Precipita@

on 

(mm) 

Annual 

Precipita@

on (mm) 

May-Oct 

Soil water 

content 

(m3/m3) 

SIM 48°13ʹ 71°15ʹ 338 12.8 3.2 484.3 640.6 0.22 

BER 48°51ʹ 70°20ʹ 611 10.3 0.6 483 570.1 0.34 
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Table 3.2 Correlaãon coefficients and p-values between δ13C and δ18O values in the cambium  

and xylem cellulose in different study sites and years. 

Pearson’s 

correlation 
SIM 2019 SIM 2020 SIM 2021 BER 2020 BER 2021 

Between δ13Ccam 

and δ18Ocam 

0.58 

(p<0.05) 

0.73 

(p<0.001) 

0.38 

(p<0.1) 

0.76 

(p<0.01) 

0.35 

(p>0.1) 

Between δ13Cxc and 

δ18Oxc 

-0.60 

(p<0.1) 

-0.36 

(p>0.1) 

-0.07 

(p>0.1) 

-0.45 

(p>0.1) 

-0.26 

(p>0.1) 
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Table 3.3 Correlaãon coefficients for the relaãonships between δ18Ocam or δ18Oxc values and 

 δ18Orain in different study sites and years. 

Pearson’s 

correlation 
SIM 2020 SIM 2021 BER 2020 BER 2021 

Between δ18Ocam 

and δ18Orain 

-0.54 

(p>0.1) 

-0.45 

(p<0.1) 

-0.35 

(p>0.1) 

-0.21 

(p>0.1) 

Between δ18Oxc 

and δ18Orain 

0.45 

(p>0.1) 

-0.53 

(p<0.05) 

0.34 

(p>0.1) 

-0.08 

(p>0.1) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 73 

Table 3.4 Correlaãon coefficients for the relaãonships between δ13Ccam or δ18Ocam values and  

different weekly meteorological variables of dayãme averages (8h00 to 18h00) over the growing season. 

Site/year 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

 δ13Ccam δ18Ocam δ13Ccam δ18Ocam δ13Ccam δ18Ocam δ13Ccam δ18Ocam δ13Ccam δ18Ocam 

Tmax -0.49 -0.12 -0.33 -0.68** -0.13 -0.05 -0.62* 
-

0.92*** 

-

0.59** 

-

0.64** 

VPD -0.61* -0.14 -0.49 -0.67** 0.01 -0.11 
-

0.71** 
-0.77** -0.45 

-

0.59** 

PAR 
-

0.79*** 
-0.24 -0.56* 

-

0.81*** 
0.27 -0.10 -0.65* 

-

0.92*** 
-0.42 

-

0.64** 

RH 0.73** 0.18 0.71** 0.69** -0.10 0.21 0.81** 0.72** 0.34 0.49* 

P 0.84*** 0.48 0.16 -0.23 0.03 -0.06 0.54 0.07 -0.21 -0.46 

VWC -0.31 0.23 0.30 0.71** 0.59** -0.30 0.29 0.68** 0.07 -0.45 
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Table 3.5 Correlaãon coefficients for the relaãonships between δ13Cxc or δ18Oxc values and different  

weekly meteorological variables of dayãme averages (8h00 to 18h00) over the growing season.  

Site/year 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

 δ13Cxc δ18Oxc δ13Cxc δ18Oxc δ13Cxc δ18Oxc δ13Cxc δ18Oxc δ13Cxc δ18Oxc 

Tmax -0.51 0.22 -0.18 0.57* -0.48* -0.02 -0.64* 0.51 -0.54** -0.11 

VPD -0.58* 0.51 -0.34 0.55 -0.48* -0.17 -0.66* 0.67* -0.51* -0.24 

PAR -0.71** 0.67** -0.48 0.24 -0.44 0.13 -0.71** 0.56 -0.63** -0.17 

RH 0.69** -0.64** 0.63* -0.25 0.46* 0.09 0.76** -0.66* 0.45 0.36 

P 0.85*** -0.47 0.10 -0.29 0.12 0.16 0.42 -0.46 -0.37 0.37 

VWC -0.19 0.72** 0.30 -0.39 0.01 0.24 0.19 -0.48 -0.44 0.42 
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4.1 Abstract 

Understanding the drivers of xylem formation dynamics is essential for interpreting tree growth responses 
to environmental and physiological constraints. In conifers, secondary growth is influenced by external 
factors, such as temperature and water availability, as well as internal sink limitations that regulate carbon 
allocation. However, the relative contributions of these factors at seasonal scales remain unclear. 
Examining the relationships between wood formation dynamics and leaf-level physiological processes, 
specifically intrinsic water use efficiency (iWUE), can offer valuable insights into the main drivers of wood 
formation during the growing season. In this study, we analysed the kinetics of cell formation, including 
cell enlargement rates, and wall deposition rates, as well as stem growth rates in black spruce [Picea 
mariana (Mill.) BSP.] in boreal forests of Quebec, Canada. Sampling was conducted over two growing 
seasons (2020 and 2021) at two study sites, Simoncouche and Bernatchez which exhibit distinct 
differences in temperature and soil water content. The results indicated that cell enlargement and wall 
deposition rates were primarily regulated by iWUE at the leaf level, while cell production rate was more 
influenced by environmental factors such as temperature and vapor pressure deficit. This suggested that 
stomatal regulation played a key role in controlling cell enlargement rates and carbon deposition in black 
spruce, with stomatal conductance modulated by soil water content. Higher soil moisture lowered iWUE, 
enhancing cell enlargement and wall deposition, whereas higher temperatures and a drier atmosphere 
promoted greater cell production. Our findings highlight the influence of leaf-level physiological processes 
and environmental factors on wood formation dynamics throughout the growing season. This information 
offers new insights into how future climate change may impact forest productivity in boreal ecosystems. 

 

Keywords: wood formation dynamics, cell enlargement, wall deposition, iWUE, temperature, black spruce, 

boreal forest 
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4.2 Introduction 

Recent studies on xylem formation dynamics have significantly enhanced our understanding of how cell 

growth processes (i.e., cell production, enlargement and wall formation) shape the anatomical structure 

of tree rings (Rossi, Deslauriers, & Anfodillo, 2006). These processes influence water transport efficiency, 

carbon sequestration within the xylem cells, and the mechanical strength of the stem (Chave et al., 2009). 

Xylem formation dynamics are driven by two primary factors, including environmental conditions (e.g., 

temperature, soil water content, and photoperiod) and resource availability defined by sink demands (e.g., 

carbon and nutrition) (Fonti et al., 2010). However, the relative roles of external environmental factors 

and internal constraints in controlling xylem growth patterns remain poorly understood (Cartenì et al., 

2018). 

Wood formation dynamics are influenced by external factors, particularly meteorological conditions. In 

boreal forests, temperature plays an important role in regulating the cambial activity of conifer species, 

influencing the phenology of wood formation (Rossi et al., 2011) and the rate of cellular division (Gričar et 

al., 2014), with a predominant effect on cell wall-related characteristics (Wang et al., 2002). The formation 

of tracheids responsible for water conduction is shaped by the water availability at the time of their 

development, making the xylem hydraulic architecture a valuable archive for reconstructing past hydro-

climatic variability (Von Arx et al., 2012). While ring-widths generally reflect the cumulative growth of an 

entire growing season, cellular structures, such as cell cross-sectional area, are more sensitive to short-

term climatic conditions (Deslauriers & Morin, 2005; Martin-Benito et al., 2013). These cellular features 

are particularly effective in capturing extreme climatic events. As a result, seasonal variations in climatic 

conditions influence the anatomical properties of tree rings, providing insights into how trees respond to 

environmental constraints over time (Carrer et al., 2015). 

While external factors are crucial in shaping wood formation dynamics, internal sink limitations could also 

exert a significant influence. Once the activity of primary and secondary meristems begins in the early 

spring, sink competition for carbon allocation is unavoidable (Cartenì et al., 2018). In conifers, the onset 

of stem growth activity (i.e., cambium) and canopy development (i.e., buds) occurs at the same time 

(Antonucci et al., 2015). Such synchronization has been observed in previous studies, where early bud 

flushing exhibited early xylem formation in black spruce. This indicates a close correlation between the 

reactivation dates of cambium and buds in this coniferous species (Perrin et al., 2017). Despite being an 

active sink, the xylogenesis process in the stem receives a minor portion of the recently assimilated C when 
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shoots and needles in the canopy are actively growing (Heinrich et al., 2015). Accordingly, primary growth 

in the tree canopy could influence the sugar/carbon availability for xylogenesis and contribute to the xylem 

anatomical changes throughout the tree ring (Cartenì et al., 2018; Vieira et al., 2020). In addition, in boreal 

forest with harsh winters, trees may shift carbon allocation strategies, from a secondary growth priority 

(in the early to mid-season) to a frost resistance priority (in the late season). As this shift operates, trees 

would then allocate more NSCs for frost resistance purposes (Chave et al., 2009; P. Fonti et al., 2010), 

inducing carbon limitation for wood formation specially, latewood formation. Thus, tree ring patterns and 

dynamics of wood formation in conifers, may be controlled/influenced by sink limitations on carbon 

allocation during the growing season. 

A key approach to assessing the relative influence of environmental constraints and sink limitations on 

wood formation dynamics is to examine leaf-level physiological processes (Körner, 2003; Steppe et al., 

2015). Xylem formation acts as a carbon sink and is influenced by leaf level physiological processes 

providing energy sources (i.e., carbon-enriched assimilates) for stem growth (Körner, 2003). Zuidema et 

al., (2018) highlighted that the extent to which tree growth is constrained by the availability of sugars 

produced through photosynthesis (source limitation) versus the conditions that regulate cell enlargement 

and division during wood formation (sink limitation) remains poorly understood. If growth is primarily 

source-limited, climatic variability (e.g., temperature fluctuations, rising atmospheric CO₂ levels) may 

significantly enhance tree growth. In contrast, when tissue formation is sink-limited, tree biomass 

accumulation may be less responsive to environmental changes (Zuidema et al., 2018).  

Stable carbon isotope analysis provides a powerful tool for examining leaf level physiological constraints 

on wood formation (Verlinden et al., 2015). Trees regulate stomatal conductance to balance carbon 

dioxide uptake for photosynthesis and water loss through transpiration (Farquhar & Sharkey, 1982). The 

trade-off between carbon gain and water loss can be quantified as intrinsic water use efficiency (iWUE), 

defined as the ratio of net assimilation rate to stomatal conductance (Farquhar & Ehleringer, 1989). 

Studies have demonstrated that the interplay between carbon assimilation and water loss at the leaf level 

significantly influences the quantity and quality of xylem cells produced during the growing season (Steppe 

et al., 2015). Environmental factors affect iWUE, as demonstrated in a study on Populus euphratica, which 

identified relative humidity and vapor pressure deficit as key drivers of iWUE (Ye et al., 2023). Thus, 

comparing iWUE data with wood formation dynamics can help identify the primary drivers of xylem 

formation in developing tree rings. Indeed, if relationships exist between xylem formation dynamics and 
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iWUE, and if iWUE is influenced by climatic factors, it suggests that wood formation is primarily driven by 

external environmental conditions. On the other hand, if iWUE shows no relationship with external factors 

but correlates with wood formation rates, this would indicate that wood formation dynamics modulate 

iWUE independently of climate and are predominantly controlled by sink limitations. This comparative 

approach offers crucial insights into the interactions between climate, source, and sink processes in tree 

ring formation. 

Here, we investigate real time wood formation dynamics and iWUE in the developing tree rings of mature 

black spruce (Picea mariana [Mill.] BSP) in the eastern Canadian boreal forest. This study aims to identify 

the main drivers of wood formation dynamics in boreal trees. Specifically, we focus on cell enlargement 

rates (rE), wall deposition rates (rW), and cell production rates (rD) as indicators of wood formation 

dynamics. We then examine the relationships between these parameters, iWUE, and various 

meteorological factors. We hypothesize that iWUE directly influences these three parameters (i.e., rE, rW, 

rD) and is associated with meteorological factors such as temperature and soil water content. 

Consequently, wood formation dynamics are primarily regulated by leaf-level physiological processes and 

shaped by environmental factors. This research advances our understanding of how physiological and 

environmental factors interact to influence wood anatomical features in boreal forests, providing insights 

into their implications for tree growth under changing climatic conditions. 

4.3 Materials and Methods 

4.3.1 Study area 

The research was carried out in mature black spruce stands within Quebec's boreal forest, Canada (Figure 

4.1). The study focused on two distinct locations in the Saguenay-Lac-Saint-Jean area: Simoncouche (SIM) 

and Bernatchez (BER), both characterized by mature black spruce stands (Table 4.1). SIM is situated at the 

Simoncouche research station (48°13ʹ N, 71°15ʹ W, 338 m a.s.l.) within the Laurentide Wildlife Reserve, 

managed by Université du Québec à Chicoutimi. BER is located at higher elevations near Lake Poulin de 

Courval (48°51ʹ N, 70°20ʹ W, 611 m a.s.l.). Black spruce is the dominant tree species at both sites, 

accompanied by a typical undergrowth of mixed vegetation (Dao et al., 2015). The climate in this region is 

continental, characterized by long, cold winters and brief, warm summers (Balducci et al., 2021). During 

the 2020-2021 study period, the mean annual air temperature in SIM was 3.9°C, while BER experienced a 

lower mean of 1.4°C. During the growing season, specifically from May to October (2020-2021), mean 

temperatures were 13.2°C in SIM and 10.8°C in BER, indicating a colder and shorter growing season in BER 
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(number of days with minimum daily temperatures above 5°C, SIM: 174±27 days, BER: 144±15 days; mean 

2020-2021) (Buttò et al., 2019; Rossi et al., 2011). Mean annual precipitation (2020-2021) was higher in 

BER compared to SIM with 528.6 mm and 490.6 mm annual rainfalls respectively. However, during the 

growing season SIM received higher amounts of precipitation compared to BER (mean 2020-2021; 694.4 

mm, 641.9 mm respectively) (Table 4.1). Higher values of soil water content were observed in BER 

compared to SIM during the growing season (BER: 0.34 m3/m3; SIM: 0.23 m3/m3; mean values from May 

to October 2020-2021). 

4.3.2 Tree selection and sampling of microcores and wood strips 

Five mature black spruce trees with upright stems and relatively large diameters were selected in SIM and 

BER, during the two study years, 2020 and 2021 (Figure 4.2a, Table C.1, see Appendix C). Trees showing 

reaction wood, dead crowns, or visible damage were excluded from selection. The selected trees had 

sufficiently large diameters to allow the collection of 13 to 22 microcores for monitoring xylogenesis and 

wood strips for carbon stable isotope analysis during the growing season (Table C.2). From late April to 

October (2020-2021), microcores were extracted weekly from the stems of selected trees using a Trephor, 

to monitor xylogenesis (Buttò et al., 2019; Rossi et al., 2011). Simultaneously, rectangular wood strip 

samples (~3 × 6 cm) were collected from above the coring area to track weekly carbon isotope 

fractionation (Figure 4.2b, for more information see Namvar et al., (2024)). The sampling was performed 

following the micro-core collection methodology introduced in previous studies (Buttò et al., 2019; Rossi 

et al., 2011). 

4.3.3 Xylem formation 

Section slides were prepared from each microcore to monitor xylem formation (i.e., xylogenesis) in the 

sampled spruce stands (Figure 4.3a). The microcores were first dehydrated through a series of successive 

immersions in ethanol and d-limonene. Once dehydrated, they were embedded in paraffin, and 7 μm 

transverse sections were cut using a rotary microtome (Leica RM2245, Leica Biosystems, Nussloch, 

Germany). The sections were then stained with a 0.16% cresyl violet acetate solution in water. Cells were 

classified in three different phases of enlarging (primary cell walls, absence of glistening under polarized 

light) (Figure 4.3b), wall thickening and lignifying (formation of secondary cell wall, glistened under 

polarized light) (Figure 4.3c), and mature cells (cell walls were entirely blue under the polarized light) 

(Buttò et al., 2019; Deslauriers et al., 2003; Rossi, Deslauriers, & Anfodillo, 2006). For each section, the 

radial number of enlarging (nE), wall thickening (nW) and mature cells (nM) were counted along three radial 
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files with a microscope at X400-500, under polarized light (Deslauriers et al., 2003). The total number of 

xylem cells was calculated as the sum of differentiating and mature cells for different dates of sampling 

(nTotal=nE+nW+nM).  

4.3.4 Wood anatomy 

To analyse tracheid’s anatomical features, two additional microcores were collected from each sampled 

tree when the ring was fully formed on the last sampling date (mid-October, 2020-2021). These samples 

were prepared according to the previously described protocol, stained with a 1% safranin solution in water, 

and mounted on slides using a mounting medium. Digital images of the cross-sections were captured using 

a camera attached to an optical microscope at 10X magnification (Buttò et al., 2019). Various cell traits 

were measured, including: (1) cell radial diameter (CRD, cell length), (2) lumen tangential diameter (LTD, 

lumen width), (3) wall radial thickness (WRT), and (4) lumen cross-sectional area (LCA) of the fully formed 

rings (Figure 4.3d) (Cuny et al., 2014). Measurements were taken for each cell along five radial files using 

Wincell™ software (Regent Instruments Inc., Canada). 

4.3.5 Dynamics of xylem formation 

To represent variation in tracheid dimensions along the tree ring, cell traits’ measurements were grouped 

by radial file in profiles called tracheidograms (Vaganov, 1990). However, due to the variability in the 

number of cells among radial files within and between trees at each site and study year, tracheidograms 

were standardized following Vaganov’s method using a dedicated function in SAS software. The 

asymptotes (maximum number of cells) were obtained by fitting the total number of cells (nTotal) for each 

tree sample to a Gompertz function in R statistical software (R Development Core Team, 2011). The 

standardized tracheidograms were then mean values for the five tree samples to obtain tree-ring 

structures for each site and study year. 

During the enlargement phase, cells grow mainly in the radial direction, while their tangential diameter 

and length stay mostly unchanged (Cuny et al., 2014; Skene, 1972). Therefore, we utilized the cell radial 

diameter (CRD, μm) as an indicator of the final result of the enlargement phase in our tree samples at each 

site and study year. Moreover, although cell volume is constant after enlargement, the deposition of 

carbon-rich compounds on the inner side of the cell wall reduces the volume of the lumen and hence the 

surface of deposition (Cuny et al., 2014). Therefore, we used the wall cross-sectional area (WCA), a direct 

estimate of the amount of deposited material per cell, as the final outcome of the wall-thickening phase 
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(Cuny et al., 2014). The wall cross-sectional area (WCA, μm2) was calculated by subtracting the lumen cross 

sectional area from the cell cross-sectional area, assuming a rectangular shape for the tracheid cells (Figure 

4.3d). 

To accurately characterize the dynamics of wood formation, a statistical approach based on Generalized 

Additive Models (GAMs) was employed, using the mgcv package (Wood, 2006) in the R statistical software 

(RStudio 2024 by Posit Software, PBC), following the methodology developed by Cuny et al., (2013). A GAM 

is an extension of Generalized Linear Models (GLMs) that incorporates smooth functions to capture non-

linear and non-monotonic relationships between response and explanatory variables, offering flexibility 

and a data-driven approach (Balducci et al., 2016). GAMs were applied to smooth temporal trends in cell 

growth variables (mean values for five trees; nE, nW, nM), generating predictions at each site and study year. 

Corrections were applied to the predictions using Gompertz-derived asymptotes, incorporating site- and 

year-specific growth dynamics.  

Growth rates, defined by cell production rates or (rD, cells day-1), were derived from the corrected data to 

capture critical periods of change, calculated as the difference in total cell numbers (nTotal) predicted by 

GAMs over two consecutive days. Durations of specific growth phases of cell enlargement (dE, days) and 

wall thickening/lignification (dW, days) were estimated using mean cell numbers and by identifying the day 

of year thresholds (DOY, tE and tW). These durations were integrated with anatomical data, including cell 

radial diameter (CRD, μm) and wall cross-sectional area (WCA, μm2), to compute developmental rates per 

day (rE in μm day⁻¹ and rW in μm² day⁻¹, respectively). This was achieved by dividing each cell’s final 

dimension (CRD and WCA) by the time spent in the corresponding growth phases (dE or dW). 

4.3.6 Stable carbon isotope analysis 

The collected wood strips containing bark and wood were separated from the tangential area (Giovannelli 

et al., 2011), frozen in liquid nitrogen, and lyophilized at −50°C for five days. The cambial region was 

scraped from the inner bark and outermost xylem, pooled across all trees for each date, and homogenized. 

Tree rings were collected by cutting transverse sections or scraping cells in narrow rings, at the beginning 

of the growing season, under a microscope. Cellulose was extracted from xylem samples following a 

modification of the method described by Epstein et al., (1976). The analysis of carbon stable isotopes was 

conducted at the light-stable isotope geochemistry lab at the University of Quebec's Geotop facility in 

Montreal, Canada. To do so, 0.5 to 0.8 mg of cellulose (δ13Cxc for xylem samples) or pooled bulk material 
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(δ13Ccam for cambial samples) was weighed into tin capsules to ensure consistent CO2 amounts across all 

samples and reference materials. These were analyzed using a Micromass Isoprime 100 isotope ratio mass 

spectrometer connected to an Elementar Vario MicroCube elemental analyzer in continuous flow mode, 

with an overall analytical uncertainty of ±0.1‰, excluding sample homogeneity and representativity as 

described by Hélie and Hillaire-Marcel (2021).  

4.3.7 Calculation of iWUE 

In order to define intrinsic water use efficiency (iWUE) in our spruce stands, first we needed to calculate 

carbon isotope discrimination against 13C (D). We calculated the D using the δ13C values obtained for the 

cambial region (δ13Ccam) and forming xylem cellulose (δ13Cxc). The raw δ13Ccam and δ13Cxc values 

(uncorrected values) can be used to calculate these parameters (Farquhar et al., 1982; Leland et al., 2023) 

as follows (example for δ13Ccam, same for δ13Cxc): 

∆𝑐𝑎𝑚 =
𝛿13𝐶)*:!"# − 	𝛿

13𝐶𝑐𝑎𝑚
1 +	𝛿

13𝐶𝑐𝑎𝑚
1000

 

Equaãon 4.1 Calculaãon of carbon isotope discriminaãon against 13C 
Where δ13Catm is the isotopic value of atmospheric CO2. These data were conducted using the mean δ13Catm 

values collected from the NOAA-ESRL tall tower at Argyle, Maine, United States (AMT, 45.03°N, 68.68°W, 

δ13Catm_AMT, the plot is available in Appendix C, Figure C.1a) in conformity with our sampling dates (Namvar 

et al., 2024). The propagation of uncertainty (± SD) in carbon isotope discrimination (Δ) and relative 

sensitivities to δ¹³C of atmospheric CO₂ (δ¹³Catm_AMT) and δ¹³Ccam was calculated. Uncertainties were 

propagated using first-order partial derivatives (Taylor expansion method), and sensitivities were 

normalized to reflect the relative contribution of each input to Δ (Table C.3). δ13Ccam values were derived 

from the pooled δ13С values of the cambium bulk material for each sampling date. The weekly δ13Сxc data 

were calculated by averaging the δ13С values for the forming xylem cellulose from the five tree samples 

for each study year (Namvar et al., 2024). We then calculated the intrinsic water-use efficiency iWUE as 

follows (Martin-Benito et al., 2017) (example for iWUEcam, same for iWUExc): 
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𝑖𝑊𝑈𝐸𝑐𝑎𝑚 =
𝑐)_=>? 	. (𝑏 − ∆)
1.6	. (𝑏 − 𝑎)

	 

Equaãon 4.2 Calculaãon of iWUE in the cambial region (iWUE cam) 

Where ca_AMT represents the mean atmospheric CO2 data (Figure C.1b). These data were conducted using 

the mean CO2 values collected from Argyle site in conformity with our sampling dates for the two growing 

seasons of 2020 and 2021. The D represents carbon isotope discrimination against 13C and was calculated 

using the equation (4.1). The constant a represents fractionation associated with diffusion of CO2 through 

stomata (4.4‰), and b is the discrimination against 13CO2 by Rubisco during carboxylation (∼27‰). 1.6 is 

the ratio between the diffusivities of water vapor and CO2 in air.  

The iWUEcam and iWUExc profiles were developed for the two sites and study years (Figure C.2). Our 

previous research indicated that both δ13Сcam and δ13Сxc are mostly regulated by leaf-level physiological 

processes, with strong correlations between the two profiles in almost all sites and study years (Namvar 

et al., 2024). Strong positive correlations were also observed between iWUEcam and iWUExc profiles (Table 

C.4). Therefore, in this research we considered iWUEcam (here after iWUE) as the indicator of leaf-level 

physiological processes. 

4.3.8 MODIS NDVI data 

The NDVI data for the two study sites were sourced from the Bhoomicam.com website. Satellite 

technology and AI were utilized by Bhoomicam to provide actionable insights for monitoring and managing 

agricultural and natural ecosystems. Among its core offerings was the provision of NDVI (Normalized 

Difference Vegetation Index) data, a critical metric for assessing vegetation health and dynamics. A time 

series of daily NDVI data was generated using 250-meter MODIS atmospherically corrected surface 

reflectance imagery. NDVI was calculated as: 

𝑁𝐷𝑉𝐼 =
𝜌(𝑁𝐼𝑅) − 𝜌(𝑅𝑒𝑑)
𝜌(𝑁𝐼𝑅) + 𝜌(𝑅𝑒𝑑)

 

Equaãon 4.3 Calculaãon of Normalized Difference Vegetaãon Index (NDVI) 

Where ρ (Red) and ρ (NIR) represented reflectance values in the red (620–670 nm) and near-infrared (841–

871 nm) bands, respectively. For the Simoncouche site, the analysis was focused on undisturbed black 

spruce-dominated forests (>75% canopy cover) within a 5 km buffer zone, with a minimum 30-year history. 

Daily maximum composite NDVI values were extracted specifically from areas overlapping with black 

spruce stands, allowing for precise monitoring of greenness dynamics and phenological trends. 
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4.3.9 Meteorological data 

Meteorological variables, including maximum temperature (Tmax, °C), vapour pressure deficit (VPD, kPa), 

relative humidity (RH, %) and soil water content (VWC, m3/m3), were recorded hourly at both study sites 

and over both study years. The data were collected using a tower equipped with an automated data 

acquisition system and various measurement devices. Photoperiod (PP, hour) was calculated for SIM and 

BER 2020 and 2021, as the difference between daily sunset and sunrise times, computed as proposed by 

Teets (2003). 

4.3.10 Statistical analyses 

The goodness of fit of the GAMs was evaluated using the Mean Absolute Error (MAE). Additionally, the 

Model Efficiency (EF, %) was calculated to assess the model's ability to explain the variability in the 

observed data (Balducci et al., 2016; Cuny et al., 2013; Willmott & Matsuura, 2005) (Table C.5). To minimize 

time discrepancies between different variables: cell enlargement ratio (rE), wall deposition ratio (rW), and 

cell production rate (rD), along with values for iWUE, NDVI, and meteorological parameters (8h00 to 18h00 

daytime values: Tmax, VPD, RH, VWC, PP), were interpolated into uniform five-day intervals during the 

growing season (Figure C.3 a-j). Principal component analysis (PCA) was then performed to explore the 

links between all variables. This analysis enabled the construction of a PCA biplot to identify the factors 

influencing/controlling the rE, rW, and rD in our spruce stands at seasonal scales. The t-tests was conducted 

to compare the mean rates of cell differentiation (rE, rW, and rD), iWUE, and meteorological variables 

between the two study sites in 2020 and 2021. 

4.4 Results 

The GAMs generally demonstrated strong goodness of fit, with high EF values ranging from 86% to 99% 

and low MAE values across most cases (Table C.5). This demonstrates the models' capability to capture 

the intrinsic complexity and variability of wood formation dynamics in our spruce trees (Cuny et al., 2013). 

The results indicate that the model was robust and reliable enough to be used for further calculations as 

explained earlier.	The timing of the onset of the differentiation phases (tE and tW) varied between the two 

sites. The first cell enlargement activities started earlier in SIM compared with BER in both growing seasons 

of 2020 (Day of Year; DOY=157, DOY=162, respectively) and 2021 (DOY=146, DOY=151, respectively) 

(Figure 4.4a). Cell wall formation began earlier in SIM than in BER during the two growing seasons, with a 

difference of four days in 2020 (DOY=170 and DOY=174, respectively) and one day in 2021 (DOY=162 and 

DOY=163, respectively) (Figure 4.4b). Cells completed their maturation phase earlier in SIM than in BER in 
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2020 (DOY= 270 and DOY=284, respectively), whereas in 2021, maturation took longer in SIM compared 

to BER (DOY=284 and DOY=277, respectively). 

Similar decreasing patterns were observed in cell enlargement rates and wall deposition rates across both 

study sites and years (Figure 4.4a and 4.4b). Rates of cell division during cell differentiation followed a bell-

shaped pattern in both sites and years (Figure 4.4c). No significant differences were observed between 

the mean rE values in 2020, while mean rE showed significantly higher ratios in BER compared to SIM in 

2021 (2.96±0.27 and 2.11±0.35 µm day-1, respectively, p<0.01) (Figure 4.5a, Table 4.2). In 2020, mean wall 

deposition rates were significantly higher in SIM compared to BER (25.82±9.95 and 17.21±8.58 µm2 day-1, 

respectively, p<0.1), while no significant differences were observed between the mean rW values in 2021 

(Figure 4.5b, Table 4.2). Mean cell production was significantly higher in SIM compared to BER in 2020 

(0.31±0.05 and 0.21±0.07 cell d-1, respectively, p<0.01), while it was significantly higher in BER compared 

to SIM 2021 (SIM: 0.18±0.05 and BER: 0.23±0.06 cell d-1, p<0.05) (Figure 4.5c, Table 4.2). 

Both iWUE and NDVI were significantly higher in SIM compared to BER in both study years of 2020 (iWUE 

in SIM: 109.29±2.45; BER: 98.63±1.89, p<0.01; NDVI in SIM: 0.43±0.09; BER: 0.31±0.09, p<0.01) and 2021 

(iWUE in SIM: 105.10±1.18; BER:102.41±1.76, p<0.01; NDVI in SIM: 0.39±0.10; BER: 0.29±0.08, p<0.05) 

(Figure 4.5d and 4.5e, Table 4.2). In contrast, soil water content (VWC) showed significantly higher values 

in BER compared to SIM in both 2020 (SIM: 0.19±0.03 and BER: 0.38±0.01 m3/m3, p<0.01) and 2021 (SIM: 

0.22±0.06 and BER: 0.30±0.02 m3/m3, p<0.01) (Figure 4.5f, Table 4.2), indicating BER being wetter site with 

lower iWUE and photosynthesis rate in growing seasons of 2020 and 2021. No significant differences were 

observed between the mean Tmax, RH, and PP at SIM and BER over the two study years of 2020 and 2021. 

Similarly, VPD showed no significant differences between the sites in 2020, while it was significantly higher 

in SIM 2021 than BER 2021 (1.01± 0.17 kPa and 0.90±0.13 kPa respectively, p<0.1) (Table 4.2). 

The first two principal components of the PCA explained 32.9% and 25.4% of the variation in the variables, 

explaining a total of 58.3% of the overall data variation (Figure 4.6). Higher rE and rW were associated with 

longer photoperiods (r=0.82 with PCA2) and lower iWUE (r=-0.58 with PCA2), indicating that cell 

enlargement and wall deposition rates were more active when trees experienced minimal water and light 

stress during the growing season (Table 4.3). In contrast, higher rD were observed under higher 

temperatures (r=0.59 with PCA1) and drier atmospheric conditions (i.e., higher VPD) (r=0.86 with PCA1). 

Weak relationship was found between iWUE and rD (Figure 4.6, Table 4.3). iWUE showed a strong negative 
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relationship with soil water content (both well correlated with PCA2, r=-0.58 and r= 0.71 respectively) 

suggesting that lower soil moisture levels resulted in higher iWUE in black spruce. NDVI exhibited positive 

links with temperature (Tmax) and VPD, indicating that hot and dry conditions promoted higher 

photosynthetic activity in our study region and higher cell production rates in black spruce (Figure 4.6, 

Table 4.3). 

The PCA highlighted site-specific links between iWUE, and meteorological factors influencing wood the 

confidence regions of the PCA scores, indicating distinct site-specific differences in influencing variables. 

The BER site showed a stronger association with factors like VWC, PP, and rE and rW, suggesting that water 

availability and light duration were the key drivers at this site. In contrast, SIM was more closely linked to 

rD, VPD, Tmax and NDVI, highlighting the influence of atmospheric stressors and physiological processes on 

cell formation rates. 

4.5 Discussion 

This research emphasized the relationships between the kinetics of cell formation (i.e., rates of cell 

enlargement, wall deposition), cell production rates during xylogenesis and the leaf-level physiological 

processes mediated by iWUE in black spruce. The findings provide insights into how leaf-level physiological 

processes shape wood formation and their interactions with environmental constraints. This approach 

enhances our ability to understand the extent to which wood formation in boreal black spruce is regulated 

by external environmental factors, offering new insights into tree behavior in a changing climate. 

Our initial hypothesis suggested that cell enlargement rates and wall deposition rates (i.e., cell formation 

kinetics) are primarily influenced by iWUE, driven by the physiological regulation of cell formation kinetics 

in the leaves. A previous study has shown that under water deficit conditions, plants reduce transpiration 

of water, leading to higher water use efficiency. This improved efficiency is associated with physiological 

adjustments, such as stomatal closure, which can influence cell expansion and wall deposition by altering 

turgor pressure and the availability of resources necessary for cell wall synthesis (Yang et al., 2016). The 

results of this study confirm this hypothesis and highlight that rates of cell enlargement and wall deposition 

are closely related to iWUE, and therefore to gas exchange processes at the leaf level (Table 4.3). Lower 

iWUE, probably caused by an increase in stomatal conductance (gs), promotes higher evaporation and 

consequently more water transport from the roots to the leaves (Farquhar et al., 1982). Higher water 

transport provides sufficient water for cell enlargement, thereby increasing its rate during the early 
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months of the growing season. Favorable water status results in positive turgor pressure, which promotes 

cell enlargement during this period (Hsiao, 1973; Ortega, 2010; Steppe et al., 2015). In addition, lower 

iWUE is associated with higher gs, which enhances CO₂ diffusion into the leaf, promoting greater 

photosynthetic rates and carbon assimilation (Farquhar & Sharkey, 1982). Increased carbon assimilation 

provides more sugars, which are essential building blocks for cell wall formation (Saurer et al., 2004). The 

relationship between iWUE and wall deposition rates is further supported by previous studies that 

emphasize the role of intra-seasonal carbon allocation and nitrogen-driven photosynthetic activity in 

secondary growth (Helle & Schleser, 2004; C. R. Warren & Adams, 2004). Increased photosynthate 

availability under conditions of higher gs and lower iWUE facilitates cell wall thickening by providing the 

essential substrates for cell wall synthesis (Helle & Schleser, 2004). 

In the studied sites, black spruce’s iWUE is directly controlled by the dynamics of soil water content. This 

was shown by strong negative link with soil water content and iWUE in our spruce trees (Figure 4.6, Table 

4.3). This finding aligns with the observed positive effect of soil water content on the rates of cell 

enlargement and wall deposition in our black spruce trees. This relationship can be explained by 

physiological factors, including water requirements during cell enlargement and its role in sugar allocation 

and biomass production in black spruce (Buttò et al., 2021; Deslauriers et al., 2016; Martínez-Sancho et al., 

2022). Cell enlargement requires a substantial amount of water, making its rate highly sensitive to water 

availability at the beginning of the growing season (Cabon et al., 2020; Castagneri et al., 2017; Martínez-

Sancho et al., 2022). Additionally, enhanced soil water availability not only boosts nitrogen uptake but also 

increases the dry mass and retention of needles, thereby improving photosynthetic efficiency and carbon 

sequestration (Buttò et al., 2021; Nilsson, 1997), which may contribute to a higher wall deposition rate in 

spruce trees. This relationship is further supported by studies indicating that increased nitrogen availability 

enhances photosynthetic capacity and growth rates in coniferous species (Durzan & Steward, 1967). 

Longer photoperiod (i.e., longer daylight) promotes rates of cell enlargement and wall deposition in tree 

rings of black spruce. Research indicates that photoperiod influences the dynamics of cell enlargement 

and secondary wall deposition in conifers. A study by Buttò et al., (2021) on black spruce demonstrated 

that longer photoperiods are associated with increased cell-wall thickness and reduced cell diameter, 

leading to higher wood micro-density. Their structural equation model revealed a direct effect of 

photoperiod on micro-density, suggesting that extended daylight periods enhance secondary wall 

deposition. Additionally, Drew and Downes (2015), developed a model indicating that as day length 



 

 89 

increases, carbon allocation is preferentially directed toward cell division and enlargement, while the 

process of cell-wall thickening is prioritized after the summer solstice. This suggests that photoperiod 

directly controls the transition from earlywood to latewood in conifers. In addition, a study by Cuny and 

Rathgeber (2016) found that cell enlargement rates and final tracheid sizes were not directly influenced 

by seasonal climatic variations. However, a decrease in temperature due to shorter day light during 

latewood formation constrained cell wall deposition rates. The influence of temperature was permanently 

recorded in the tree-ring structure only for the last latewood cells. This suggests that developmental 

controls, potentially linked to photoperiod, play a crucial role in wood formation dynamics particularly cell 

enlargement and wall deposition rates. Furthermore, research by Rossi et al., (2006) demonstrated that 

conifers in cold environments synchronize the maximum growth rate of tree-ring formation with day 

length. This synchronization allows plants to complete secondary cell wall deposition and lignification 

before the end of the growing season. Therefore, longer photoperiods can lead to higher rates of cell 

enlargement and wall deposition in boreal conifers. 

While other factors like photoperiod and soil water content showed stronger impacts on kinetics of cell 

formation (i.e., cell enlargement rate, wall deposition rate), temperature (and consequently VPD) had a 

positive and direct influence on cell production rates (cell per day). This indicate that higher iWUE did not 

necessarily limit cell production rates in black spruce. We therefore rejected our initial hypothesis, stating 

that iWUE controls cell production rates in spruce trees. Indeed, our observations showed that not iWUE, 

but other meteorological factors like temperature and VPD have stronger influences on cell production 

rates. Previous studies illustrated that improved iWUE did not necessarily lead to growth increases owing 

to the complex response of trees to drought stress in temperate forests (Fernández-de-Uña et al., 2017; 

Frank et al., 2015; Lévesque et al., 2014). Additionally, weak correlations observed between iWUE and 

stem growth, defined by tree ring width, in boreal forest indicate that water availability does not constraint 

cell production rates in coniferous species and other factors such as temperature and nutrient availability, 

may play more significant roles in influencing tree growth in this region (Giguère-Croteau et al., 2019). In 

boreal spruce trees, cambial activity and xylem cell production are closely linked to temperature (Rossi et 

al., 2007). Warm conditions in late spring and early summer can enhance cell production, provided that 

water stress is minimal. Warmer temperatures enhance photosynthesis and promote carbon assimilation 

by increasing the rate of carboxylation of Rubisco and electron transport (Way & Oren, 2010). This 

intensified activity has different effects on the cambium depending on the moment of the growing season. 

Early in the growing season, warming temperatures cause snow melt and thereby increase water and 
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nutrient availability for roots, leading to the onset of stem rehydration (Turcotte et al., 2009). The 

increased supply of sugars linked to these warmer temperatures promotes water conduction by increasing 

the number of earlywood tracheids (Castagneri et al., 2017). Later during the growing season, the increase 

in carbon availability, induced by early warming, can have a carry-over effect on the radial growth of trees 

because of increased carbon assimilation during latewood formation. 

 The links between iWUE and wood formation dynamics must be interpreted with respect to the 

differences in altitude between the BER and SIM sites (Table 4.1). Soil water content and photoperiod 

were observed to be the dominant factors on wood formation dynamics in BER site, which is located at a 

higher altitude. This indicates that wetter conditions and longer photoperiods dominate in this site, 

favoring cell enlargement and wall deposition rates (Steppe et al., 2015). However, in the southern site 

(i.e., SIM) temperature and VPD were observed to influence cell production rates more strongly. This 

suggests that SIM experiences drier and warmer conditions, promoting higher iWUE and reduced relative 

humidity. Higher temperatures lead to higher photosynthesis and consequently higher cell production 

rates in SIM compared to BER. A nine-year study by Rossi et al., (2014) examined the effects of 

temperature on wood formation dynamics in black spruce across a thermal gradient in Quebec, Canada. 

Warmer temperatures led to an earlier onset of cambial activity in spring, thereby extending the growing 

season. This lengthening of the growing season resulted in a significant increase in cell production. 

Specifically, a 14-day extension in the period of xylogenesis corresponded to an increase of 33 cells, which 

is a 109% rise in cell production. These findings suggest that higher temperatures can enhance cell 

production in black spruce specially in southern site of SIM, by prolonging the duration of wood formation. 

This aligns with the positive links between NDVI and temperature, which is most clearly visible at the 

warmer site of SIM.  

Our findings illustrated that future climatic changes would impact forest productivity in boreal ecosystems 

(Ameray et al., 2023). In particular, soil drought stress alters leaf-level physiological processes in spruce 

trees by increasing water use efficiency (i.e., higher iWUE). This shift affects growth dynamics, leading to 

reduced cell enlargement and wall deposition rates, ultimately lowering wood density in boreal spruce 

trees (Buttò et al., 2021; Martínez-Sancho et al., 2022). In contrast, warmer temperatures extend the 

growing season and enhance cell production rates in spruce trees, which result in an increase in growth 

rates while reducing potential cold temperature injuries (Ameray et al., 2023; D’Orangeville et al., 2018). 

However, longer growing seasons do not necessarily accumulate more biomass in the wood. This suggests 
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that while climate change may extend the growing season in boreal forests, it may not enhance carbon 

sequestration or consequently increase biomass accumulation through increased wood production. A 

recent study on balsam fir (Abies balsamea (L.) Mill.) in Quebec’s boreal forest revealed that more 

productive trees allocated a greater proportion of their growth to earlywood formation with larger cells, 

meaning that while trees with longer growing seasons produced more cells, this did not necessarily lead 

to increased biomass accumulation in the wood (Silvestro et al., 2023). 

While our findings provide insights into source limitations on wood formation dynamics through iWUE 

controls on different cell traits, sink limitations during the growing season should not be overlooked. A 

recent study by Silvestro et al., (2024) examined the seasonal relationship between carbon uptake and its 

allocation to woody biomass in Northern Hemisphere coniferous forests. The findings showed that while 

the peaks of carbon assimilation (Gross Primary Production, GPP) and wood cell differentiation are 

temporally aligned, these processes are notably decoupled during off-peak periods. Additionally, the study 

observed that peaks in cambial activity occur earlier than those in GPP. This suggests that non-structural 

carbohydrates may buffer the timing between carbon assimilation and its allocation to wood. While the 

prioritization of certain uses of newly formed photo assimilates remains unclear, evidence suggests that 

survival-related processes supersede structural biomass accumulation (Silvestro et al., 2024; Andreu-

Hayles et al., 2022; Palacio et al., 2014), especially in boreal forests with harsh winters (Namvar et al., 

2024). As the growing season progresses, trees may shift their carbon allocation strategies, from 

prioritizing secondary growth in the early to mid-season to enhancing frost resistance in the late season. 

During this shift, trees may allocate more carbon (e.g., pinitol and lipids) for frost resistance, a strategy 

commonly adopted by species that must maintain tissue functionality through prolonged freezing winters 

(Lipavská et al., 2000). Therefore, beyond direct influence of temperature on cell production rate, the 

weaker links between cell production rates and iWUE observed here, may translate into sink limitations 

on stem growth specially at higher altitudes. This is consistent with lower stem diameter (Diameter at 

Breast Height; DBH) observed in older black spruce trees in BER compared to SIM with younger spruce 

trees (Table C.1). To disentangle the interplay between environmental factors (source limitations), wood 

formation dynamics, and sink constraints, an intra-annual analysis of carbon stable isotopes and/or sugar 

concentrations across different tissues (needles, phloem, cambium, and xylem), bud phenology, alongside 

wood formation data would provide deeper insights into carbon source-sink dynamics in boreal forests. 

Such an approach would refine our understanding of the seasonal drivers of wood formation in these 

ecosystems. 
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4.6 Conclusions 

The results of the present study highlighted the strong links between kinetics of cell formation, iWUE, and 

environmental constraints (i.e., soil water content and photoperiod) in black spruce. Wood formation 

dynamics are shown to be linked to environmental constraints, and controlled by leaf-level physiological 

process, with cell kinetics reflecting stomatal regulation and cell production rates serving as indicators of 

temperature and vapor pressure deficit. Future changes in boreal forests ecosystems such as lower soil 

water content, may induce higher iWUE, constraining the rates of cell enlargement and wall deposition. 

This may lead to decreased cell wall thickness and wood density especially in the latewood cells at higher 

latitudes (Buttò et al., 2021). Additionally, an increase in temperature may enhance cell production rates 

in boreal spruce trees, particularly in lower altitudes. Warmer temperatures influence cambium phenology, 

allowing longer duration and higher intensity of growth and resulting in proportionally increased xylem 

cell production (Rossi et al., 2014). However, this temperature increase should not exceed the optimal 

range for growth, as extreme warming could negatively impact tree physiology and xylem formation 

(Ameray et al., 2023; Piao et al., 2019; Xi et al., 2024). Longer growing seasons do not necessarily 

accumulate more biomass in the wood, suggesting that while climate change may extend the growing 

season in boreal forests, it may not enhance carbon sequestration through increased wood production 

(Silvestro et al., 2023).  

Given the study’s limited duration, further research across multiple seasons, sites, and species is needed 

to refine our understanding of these dynamics. Expanding this work to different climatic contexts will 

improve eco-physiological studies and help predict how environmental changes will shape tree growth 

and xylem formation over seasonal and long-term scales. Additionally, real-time analysis of carbon stable 

isotopes and/or sugar concentrations across tissues (needles, phloem, cambium, xylem), combined with 

wood formation dynamics, could provide deeper insights into sink limitations, if any, in boreal forests and 

refine our understanding of seasonal controls on wood formation. 

4.7 Figures Legend 

Figure 4.1: Locations of the two study sites: Simoncouche (SIM) and Bernatchez (BER). The map was 

designed in QGIS. 
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Figure 4.2: (a) Black spruce tree at the Simoncouche study site. (b) Sampling process for stable isotope 

analysis: separation of xylem and bark with a chisel (top), and extraction of microcores using a Trephor to 

monitor xylogenesis (bottom; the Trephor is shown inserted into the stem to extract microcores). 

Figure 4.3: (a) cross section of forming tree ring in the stem of black spruce including cells in different 

phases of growth as enlargement cells, secondary wall thickening cells and mature cells, (b) Enlarging cells 

observed under a polarized light microscope (without glistening), (c) wall thickening cells glistened under 

the polarized light, (d) cell traits measurement using Wincell software, list of measured variables, and 

derived anatomical parameters. 

Figure 4.4: Cell production rate (rE), wall deposition rate (rW), and cell production rate (rD) during two 

consecutive growing seasons of 2020 and 2021 in Picea mariana at two site SIM and BER. 

Figure 4.5: The horizontal lines represent the median of the variable at each box. 

Figure 4.6: The PCA projects the variables related to cell enlargement rate (rE), wall deposition rate (rW), 

cell production rate (rD), temperature (maximum temperature; Tmax), vapour pressure deficit (VPD), 

relative humidity (RH), photoperiod (PP), and soil water content (VWC), NDVI, and intrinsic water use 

efficiency (iWUE) of Picea mariana at the sampling sites along a latitudinal gradient. The data represents 

the recorded variables both in SIM and BER (2020-2021). 

4.8 Tables Legend 

Table 4.1: Latitude (Lat.), longitude (Long.), altitude (Alt, meters above sea level). Annual and May-October 

statistics for temperature (mean), precipitation (sum), and soil water content (mean, only May-Oct) were 

calculated values from 2020-2021 for SIM and BER. 

Table 4.2: The variables include cell enlargement rate (rE), wall deposition rate (rW), cell production rate 

(rD), iWUE, soil water content (VWC), NDVI, maximum temperature (Tmax), vapour pressure deficit (VPD), 

relative humidity (RH), and photoperiod (PP) in the two study sites and years. 

Table 4.3: The variables are environmental factors, iWUE, NDVI, cell anatomy ratios (rE and rW), and cell 

production rate (rD) in Picea mariana, used in the PCA with their contribution to the axis definition (%). 
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4.9 Figures 

 

 

Figure 4.1 Topography of the Saguenay-Lac-Saint-Jean region in Quebec province (highlighted within the 
square on the le• map), Canada. 
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Figure 4.2 Selected tree sample and sampling area in black spruce. 

 

 

(a) (b) 
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Figure 4.3 Wood formaãon dynamics and cell traits analysis. 
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Figure 4.4 Kineãcs of cell formaãon in black spruce 

 

 

 

(a) 
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Figure 4.5 Box plots of different variables including cell enlargement rate (rE) (a), wall deposiãon rate (rW) 
(b), cell producãon rate (rD) (c), iWUE (d), soil water content (VWC) (e), NDVI (f) in the two study sites and 
years. 
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Figure 4.6 Principal component analysis (PCA) represenãng the variability of different factors explained by 
the first two dimensions and their relaãve contribuãon (%). 
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4.10 Tables 

Table 4.1 Locaãon, tree characterisãcs, and climaãc condiãons at the two study sites.  

Code Lat. Long. 

Alt  

(m 

a.s.l.) 

May-Oct 

Temperature 

(°C) 

Annual 

Temperature 

(°C) 

May-Oct 

Precipitati

on 

(mm) 

Annual 

Precipita

tion 

(mm) 

Soil 

water 

content 

(m3/m3) 

SIM 48°13ʹ 71°15ʹ 338 13.2 3.9 694.4 490.6 0.23 

BER 48°51ʹ 70°20ʹ 611 10.8 1.4 641.9 528.6 0.34 
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Table 4.2 Mean values (± SD) of different variables During the growing season.  

 SIM 2020 BER 2020 SIM 2021 BER 2021 

rE 2.48±0.41 2.25±0.24 2.11±0.35 2.96±0.27 

rW 25.82±9.95 17.21±8.58 20.41±10.44 28.28±13.57 

rD 0.31±0.05 0.21±0.07 0.18±0.05 0.23±0.06 

iWUE 109.29±2.45 98.63±1.89 105.10±1.18 102.41±1.76 

VWC 0.19±0.03 0.38±0.01 0.22±0.06 0.30±0.02 

NDVI 0.43±0.09 0.31±0.09 0.39±0.10 0.29±0.08 

Tmax 22.47±3.25 21.59±3.05 19.21±2.13 17.84±2.25 

VPD 1.20±0.49 1.20±0.42 1.01±0.17 0.90±0.13 

RH 57.41±10.02 58.72±9.39 59.04±5.68 59.88±5.88 

PP 15.70±0.41 15.87±0.29 15.64±0.43 15.87±0.24 
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Table 4.3 Correlaãon between axes of the principal component analysis (PCA1 and PCA2) and  

different variables.  

 PCA1 PCA2 PCA1 PCA2 

 Correlation Correlation Contribution Contribution 

rE 0.21 0.58*** 1.32 13.18 

rW 0.52** 0.61*** 8.18 14.81 

rD 0.71** 0.06 15.20 0.15 

iWUE 0.33** -0.58*** 3.39 13.45 

VWC -0.36** 0.71*** 3.86 19.69 

NDVI 0.73*** -0.40*** 16.05 6.46 

Tmax 0.59*** -0.29** 10.71 3.27 

VPD 0.86*** -0.03 22.40 0.03 

RH -0.71*** -0.23 15.17 2.12 

PP 0.35** 0.82*** 3.71 26.83 
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GENERAL CONCLUSIONS 

In this study, I investigated the intra-annual fractionation of carbon and oxygen stable isotopes in black 

spruce within North America's boreal forests. Weekly monitoring was conducted to track carbon and 

oxygen stable isotope fractionation in secondary growth, specifically in the growing cambial region (δ13Сcam 

and δ18Ocam) and developing tree ring (δ13Сxc and δ18Oxc). The δ13С and δ18O profiles were developed for 

both tissues, and their relationships with leaf-level physiological processes and environmental constraints 

were investigated. Additionally, wood formation dynamics of black spruce were analyzed at two sites, and 

their association with iWUE, derived from weekly δ13Ccam values, were examined. My main objectives of 

this thesis were: (i) Developing a method to explore the fluctuations of δ13C and δ18O values within the 

vascular cambium-xylem continuum throughout the growing season and examine how each tissue 

responds to the carbon demand for stem growth. (ii) to provide real-time insights into the dynamic 

changes in weekly δ13C and δ18O values in the cambial region and developing xylem cellulose (iii) to identify 

the primary drivers of wood formation dynamics in boreal trees, focusing on three key parameters as 

indicators of wood formation: cell enlargement rates (rE), wall deposition rates (rW), and cell production 

rates (rD). Relationships between these parameters, intrinsic water use efficiency (iWUE), and 

meteorological factors were examined. Each chapter of this thesis explored a distinct aspect of secondary 

growth dynamics in black spruce and provided novel insights into carbon source-sink dynamics, plant 

hydrodynamics, and the key factors regulating wood formation rates during the growing season in boreal 

forest ecosystems.  

The sampling technique I employed for collection of the cambial region and forming xylem was efficient 

and allowed for creation of δ13Ccam and δ13Cxc series (chapter 2). Strong positive correlations were observed 

between δ13Ccam and δ13Cxc series at the two sites, with an increasing trend from the beginning to the end 

of the growing season in almost all study years. Additionally, no strong correlations were observed 

between the two series and meteorological parameters at seasonal scales. Performing δ13Ccam and δ13Cxc 

series and analysis on these two tissues has the potential to reduce knowledge gaps that persist on the 

timing of NSC synthesis in leaves, their subsequent transport through phloem, cambium tissue, and 

ultimately, their incorporation in tree-ring cellulose. The implemented method in this thesis clearly 

demonstrated that the weekly construction of black spruce’s cambium and xylem cells are formed by 

shared NSC pools, originating predominantly from current photo-assimilates. The high level of 

correspondence between δ13Сcam and δ13Сxc challenged our initial hypothesis, which assumed that if stored 
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NSCs were to be used by xylem and not by cambium, divergences in δ13С variations between the two 

tissues would necessarily emerge, reflecting a mixture of NSC sources synthesized at different time periods. 

While the strong links between the two profiles rejected this hypothesis and imply that a constant supply 

of fresh assimilates feed stem growth dynamics in our spruce trees. Therefore, weekly δ13Сcam and δ13Сxc 

values may provide reliable information about physiological processes (i.e., stomatal conductance) that 

occur at the leaf level during the growing season, with minor incorporation of stored NSCs with different 

δ13С signals. On the other hand, in absence of detrimental climate constraints, the increasing δ13Ccam and 

δ13Cxc trends observed here possibly indicate shifts in carbon allocation strategies, likely fostering frost 

resistance and reducing water uptake in the late growth season. Additionally, these trends may be related 

to the black spruce trees' responses to the seasonal decrease in photosynthetically active radiation. 

For our second objective, weekly isotopic profiles for the cambial region (δ13Ccam and δ18Ocam) and 

developing xylem cellulose (δ13Cxc and δ18Oxc) were analysed (Chapter 3). Strong positive correlations were 

observed between δ13Ccam and δ18Ocam, with an increasing trend along the growing season. Conversely, 

negative relationships were observed between δ13Cxc and δ18Oxc, characterized by an increasing trend in 

δ13Cxc and a decreasing trend in δ18Oxc. Our initial hypothesis proposed that δ13C and δ18O values in the 

cambial region would correlate due to shared physiological constraints on stable isotopes fractionation 

originating at the leaf level. The results of this study confirm this hypothesis and suggest that stomatal 

conductance (gs) regulation in the needles of black spruce is likely the dominant factor controlling the 

seasonal fractionation of δ13Ccam and δ18Ocam in our study region. Both δ13Ccam and δ18Ocam series exhibited 

consistent seasonal 13C-enrichment patterns during the growing season in nearly all study years and sites, 

with no strong relationships observed between δ18Orain and δ18Ocam. This pattern aligns with the dual-

isotope theory (Scheidegger et al., 2000; Siegwolf et al., 2023), which attributes such enrichment to the 

concurrent influence of gs on the fractionation of both isotopes. However, proportional exchanges 

between xylem water and sugars at the sites of cellulose synthesis (i.e., Pex effect) are thought to be strong 

enough to completely blur the trends visible in δ18Ocam. This suggests that δ18Oxc signals differ from those 

originating in the earlier cambium sink. Therefore, our hypothesis was rejected for δ18Oxc series, illustrating 

that δ18Oxc does not entirely correlates with leaf-level physiological processes during the growing season. 

This complexity cautioned against oversimplistic assumptions that oxygen isotopes in xylem cellulose serve 

as a reliable proxy for gs signals, particularly in boreal forests. Our findings highlighted the need for careful 

consideration of the processes influencing isotopic signals to avoid misinterpretations in 

dendroclimatological studies. 
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In the fourth chapter, we analyzed wood formation dynamics by monitoring the xylogenesis process and 

measuring cell traits in fully formed tree rings. Specifically, we assessed the rates of cell enlargement, wall 

deposition, and cell production. Intrinsic water use efficiency (iWUE) was derived from δ13Ccam data. To 

examine the relationships between cell trait rates, cell production rate, iWUE, and various environmental 

parameters, we conducted a principal component analysis (PCA) and visualized the results using a biplot. 

The results demonstrated that while the rates of cell enlargement and wall deposition are primarily 

regulated by iWUE at the leaf level (confirming our hypothesis), cell production is more influenced by 

environmental factors such as temperature and vapor pressure deficit (VPD), contradicting our primary 

hypothesis that iWUE directly controls cell production rates in black spruce. This finding suggests that 

stomatal regulation plays a key role in controlling cell growth rates and carbon deposition in the secondary 

cell wall of black spruce, with gs itself being modulated by soil water content (Cuny et al., 2015; Rossi et 

al., 2016). Higher soil water content results in lower iWUE, which leads to increased rates of cell 

enlargement and wall deposition specifically at higher altitudes. Conversely, higher temperatures and a 

drier atmosphere promote higher rates of cell production in black spruce more likely in southern site of 

SIM.  

These findings indicate that while cell enlargement and wall deposition rates are directly controlled by 

leaf-level physiological constraints, cell production rates are predominantly influenced by environmental 

factors (i.e., temperature and VPD). This distinction highlights that cell production data derived from 

xylogenesis analysis may serve as a more reliable proxy for climatic variables like temperature and VPD 

(Gričar et al., 2015; Korpela et al., 2021). In contrast, the rates of cell traits are better indicators of leaf-

level physiological factors regulating wood formation dynamics during the growing season (Cuny et al., 

2019; Cabon et al., 2020; Rathgeber et al., 2016). This aligns with our findings from the previous chapters, 

demonstrating that leaf-level physiological constraints, particularly stomatal conductance, regulate 

carbon isotopes fractionation in both the cambial region and developing tree ring, suggesting that the 

ratios of carbon isotopes in the xylem cellulose are more closely linked to the rates of cell enlargement 

and carbon sequestration in the secondary cell wall during tree ring formation, while cell production rate 

is more influenced by external climatic constraints.  

Our findings confirm that future climatic changes will impact forest productivity in boreal ecosystems 

(Ameray et al., 2023). Soil drought stress alters leaf-level physiological processes in spruce trees by 

increasing water use efficiency (i.e., higher iWUE). This shift affects growth dynamics, leading to reduced 
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cell enlargement and wall deposition rates, ultimately lowering wood density and biomass production in 

boreal spruce trees (Buttò et al., 2021; Martínez-Sancho et al., 2022). In contrast, warmer temperatures 

extend the growing season and enhance cell production rates in spruce trees, which result in an increase 

in growth rates (Ameray et al., 2023; D’Orangeville et al., 2018). This study highlights the link between 

growth dynamics and iWUE in black spruce during the growing season while emphasizing the strong 

connection between leaf-level physiological processes and climatic constraints. Our findings underscore 

how wood formation dynamics are influenced by environmental factors (i.e., soil water content, 

photoperiod, and temperature) throughout the growing season. However, our results also highlight the 

importance of sink limitations, such as constraints on carbon allocation and cell differentiation, in shaping 

seasonal growth patterns (i.e., cell production rates) in boreal black spruce.  

Although no significant correlations were found between δ13С and δ18O series and climatic variables during 

the growing season (Chapters 2 and 3), significant relationships emerged between iWUE (derived from 

δ13Сcam values) and soil water content, temperature, and VPD (Chapter 4). This discrepancy likely reflects 

differences in the scale of comparison: in the first two chapters, δ13C and δ18O series were analyzed against 

meteorological variables over time within the growing season (temporal scale), whereas in Chapter 4, 

iWUE was assessed in relation to climatic variables across the two sites (spatial scale). Such scale 

dependency may therefore explain the contrasting outcomes when comparing δ13C, δ18O, and iWUE with 

climatic drivers in this study. 

Limits and perspectives: In this thesis, I aimed to monitor weekly fractionation of δ13С and δ18O isotopes in 

the growing cambium-xylem continuum in black spruce, by developing a new non-lethal method. However, 

the multiple source (i.e., different substances and sugars in the cambial region) versus single sink (α-

cellulose in tree rings) approach we used here for monitoring δ13С ratios in the cambial region and xylem 

cellulose may not fully unveil the subtle source-sink interactions that impact δ13С ratios in these two tissues. 

To achieve a deeper understanding of those interactions, comparing isotopic signature of δ13С in the 

cambial region with δ13С in whole wood may provide further insights into δ13С ratios within the growing 

cambium-xylem continuum. Additionally, a compound-specific monitoring of carbon stable isotopes in the 

cambium-xylem continuum (e.g., δ13С in different sugars found in the two tissues) could offer further 

information on seasonal carbon allocation strategies in boreal trees. Moreover, a study comparing weekly 

variations of δ13C series in cellulose and whole wood within developing tree ring could provide further 

insights into the use of whole wood versus α-cellulose for weekly monitoring of carbon stable isotopes 
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and help optimize sample collection and analysis. While the developed method in this thesis has proven 

effective for monitoring the weekly δ13C evolution of the cambium-xylem continuum in black spruce, 

further research is recommended to evaluate its applicability to species with different growth 

characteristics.  

To better understand the dynamics δ18Oxc signals during the growing season, further research is needed 

to understand the role of soil water δ18O dynamics in influencing oxygen isotope signals in forming tree 

rings. Additionally, extending this research to longer sampling periods (for isotopes analysis and 

monitoring xylogenesis and cell traits), will deepen our understanding of these processes and enhance the 

reliability of dendroclimatological models across boreal ecosystems. Such interdisciplinary approaches are 

essential for assessing how environmental changes influence tree physiology, xylem hydraulic conductivity 

and factors controlling/influencing wood formation dynamics on seasonal to decadal scales. Moreover, 

real-time analysis of carbon stable isotopes and/or sugar concentrations across tissues (needles, phloem, 

cambium, xylem), combined with wood formation dynamics, could provide deeper insights into sink 

limitations, if any, in boreal forests and refine our understanding of seasonal controls on wood formation.
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APPENDIX A 

Method A.1 Two step correction of δ13Сcam and δ13Сxc series for intra-seasonal variations in atmospheric 
δ13C (δ13Catm) 

In order to gain better insights into the effect of changes in seasonal atmospheric δ13C (δ13Catm) on our 

weekly δ13Ccam and δ13Cxc values, we disentangled the Suess-effect and intra-seasonal variations in δ13Catm 

in two steps. First, we corrected δ13Ccam and δ13Cxc series for the Suess effect, which is the progressive 

decline in δ13Catm, due to fossil emissions, since 1850 (Pre-Industrial reference, δ13Catm_PI = -6.61‰) 

(Belmecheri & Lavergne, 2020; McCarroll & Loader, 2004). To do so, we used the seasonal averaged values 

of δ13Catm data from Argyle station (AMT, δ13Catm_AMT_average) in accordance with the time periods of δ13Ccam 

and δ13Cxc series in each study year (Table A.2). We calculated the Suess-effect corrected values for each 

date of sampling (δ13Cxc_suess_cor(date=n), blue curves on figure A.3) as follows (example for xylem, same for 

cambium): 

δ@AC"#$%&$$'()(+,-&./) = δ@AC"#(()*+,-) − M𝛿@A𝐶)*:!"#,1&),2&
− 𝛿@A𝐶)*:34N 

Equaãon A.1 Calculaãon of Suess-effect corrected δ13Cxc 

 Second, we refined the Suess-effect corrected carbon isotope values (δ13Cxc_suess_cor) by accounting for the 

intra-seasonal variability in atmospheric carbon isotope composition in our study region. To achieve this, 

we subtracted the difference in δ13Catm_AMT between two specific dates of sampling (date=n and date=n-1) 

from the Suess-effect corrected carbon isotope values as is shown below (δ13Cxc_seasonal_cor, red curves on 

Figure A.3): 

δ@AC"#$&,$(/,5'()(+,-&./) = δ@AC"#$%&$$'()(+,-&./) − M𝛿
@A𝐶)*:!"#(+,-&./) − 𝛿

@A𝐶)*:!"#(+,-&./67)N 

Equaãon A.2 Calculaãon of δ13Cxc based on seasonal atmospheric carbon isotope composiãon 

 The resulting δ13Cxc_seasonal_cor series allow for a more precise understanding of carbon isotope dynamics 

independent of changes in intra-seasonal δ13Catm variations within our study region (Figure A.3 and A.4). 

We also performed a similar correction using comparable, although remotely located, boreal forest δ13Catm 

data. Indeed, we performed the same calculations, this time using the δ13Catm Lac La Biche station (LLB, 

δ13Catm_LLB) (Figure A.5 and A.6). However, the δ13Catm data for this site was only available between 2008-

2013, so we only considered the average δ13Catm seasonal cycle for the LLB site and applied it uniformly to 

all years (Table A.4). 
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Method A.2 Detrending the δ13Сxc_cor series  

To detrend the δ13Cxc_cor series and obtain sequential δ13Cxc_cor values for each of sampling dates, we could 

not simply perform a first difference subtraction (i.e., subtract the δ13Cxc_cor at sampling date t, from the 

δ13Cxc_cor measured at sampling date t-1). This is because, during the current sampling interval, 

fractionation corresponds to a mass-weighted average between the δ13C of currently accumulated xylem 

cellulose (from t-1 to t) and the δ13C of previously formed xylem cellulose (from t=0 to t=t-1). To 

sequentially isolate the signature of the currently deposited xylem cellulose from t-1 to t, (i.e., δ13Cxc_seq(t)), 

we subtracted the mass-weighted contribution of previously formed xylem cellulose (from t=0 to t=t-1) to 

the currently measured xylem cellulose (from t=0 to t=t). To do this, we assumed that an equal mass 

(m=5mg) accumulated at each date of sampling, such that: 

𝛿!"𝐶#$!"#(%) =
𝛿!"𝐶#$'()(%) ∙ ∑ 𝑚(&) − 𝛿!"𝐶#$'()(%*+) ∙ ∑ 𝑚(&(!)

&(!
)

&
)

∑ 𝑚(&) − ∑ 𝑚(&(!)
&(!
)

&
)

 

Equaãon A.3 Calculaãon of the detrended δ13Сxc_cor series 

Where δ13Cxc_seq is the average weight of δ13Cxc_cor during the t=t-1 to t=t interval. We detrended the 

δ13Cxc_cor series at the tree level and site level and for all different study years (detrended series at site level; 

Figure A.2). 

Appendix A Figure legends 

Figure A.1: SIM at each study year of 2019 (a-e), 2020 (f-j), and 2021 (k-o), and BER at the study years of 

2020 (p-t) and 2021 (u-y), the black solid line represents the regression line for each of δ13Cxc profiles. 

Figure A.2: The solid lines represent the regression line for each of δ13Cxc and δ13Cxc_seq profiles. 

Figure A.3: The orange curves represent the raw δ13Ccam profiles at each study year. The dashed lines in 

different colors are related to the dates before the beginning of early wood formation, and the solid parts 

represents the dates after the onset of early wood formation. The thick green curves represent the 

seasonal variation of Argyle δ13Catm (δ13Catm_AMT, daily values). The solid lines represent the regression line 

for each of δ13Ccam profiles. 
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Figure A.4: The green curves are the raw δ13Cxc profiles. The thick green curve represents the seasonal 

variation of Argyle δ13Catm (δ13Catm_AMT, daily values). The solid lines represent the regression line for each 

of δ13Cxc profiles. 

Figure A.5: The orange curves represent the raw δ13Ccam profiles at each study year. The dashed lines in 

different colors are related to the dates before the beginning of early wood formation, and the solid parts 

represents the dates after the onset of early wood formation. The thick blue curves represent the seasonal 

variation of Lac La Biche δ13Catm (δ13Catm_LLB, daily values). The solid lines represent the regression line for 

each of δ13Ccam profiles. 

Figure A.6: The green curves are the raw δ13Cxc profiles. The thick blue curves represent the seasonal 

variation of Lac La Biche δ13Catm (δ13Catm_LLB, daily values). The solid lines represent the regression line for 

each of δ13C profiles. 

Figure A.7: The solid black lines represent the regression line for each of profiles. 

Figure A.8: The solid black lines represent the regression line for each of profiles. 

Figure A.9: Daytime averages (8h00 to 18h00) for maximum temperature (Tmax), vapour pressure deficit 

(VPD), photosynthetically active radiation (PAR), relative humidity (RH), precipitation (P), soil volumetric 

water content (VWC), (* p< 0.1, ** p< 0.05, *** p< 0.01). 

Appendix A Table legends 

Table A.2: Pooling was done for each date of sampling for five trees for cambial region. For xylem samples, 

pooling was done only in SIM 2020 (day of year=168) and BER 2020 (day of year=175 and day of year=189). 

Table A.4: The full growing season periods are in accordance with the periods in full growing season δ13Ccam 

series. The periods after onset of early wood formations (EW) are in accordance with δ13Ccam and δ13Cxc 

series. 

Table A.5: The parameter b represents the regression slope of δ13Сxc values in each tree sample and p 

represents the significance level of the regression slope (*** p< 0.001, ** p< 0.01, * p< 0.05). 
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Figure A.1 δ13Cxc profiles in each of the five tree samples in each site and study years.  
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Figure A.2 δ13Cxc and δ13Cxc_seq profiles in different study years at SIM (a, b, c) and BER (d, e).  
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Figure A.3 Corrected δ13Ccam profiles for the Suess-effect and seasonal atmospheric δ13Catm using the δ13Catm 
values collected from the Argyle staãon (AMT) in different study years at SIM (a, b, c) and BER (d, e).  
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Figure A.4 Corrected δ13Cxc profiles for the Suess-effect and seasonal atmospheric δ13C using the δ13C values 
collected from the Argyle staãon (AMT), in different study years at SIM (a, b, c) and BER (d, e).  
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Figure A.5 Corrected δ13Ccam profiles for the Suess-effect and seasonal atmospheric δ13Catm using the δ13Catm 
values collected from the Lac La Biche staãon (LLB) in different study years at SIM (a, b, c) and BER (d, e).  
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Figure A.6 Corrected δ13Cxc profiles for the Suess-effect and seasonal atmospheric δ13C using the δ13C values 
collected from the Lac La Biche staãon (LLB) in different study years at SIM (a, b, c) and BER (d, e).  
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Figure A.7 Variaãons of δ13Ccam_cor, and δ13Cxc_cor, series (a), and climaãc variables (Dayãme averages (8h00 
to 18h00) of Tmax (b), VPD (c), PAR (d), RH (c), P (f), VWC (g)) in SIM2019, SIM 2020, and SIM 2021.  
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Figure A.8 Variaãons of δ13Ccam_cor, and δ13Cxc_cor, series (a), and climaãc variables (Dayãme averages (8h00 
to 18h00) of Tmax (b), VPD (c), PAR (d), RH (c), P (f), VWC (g)) in BER 2020 and 2021.  
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Figure A.9 Matrix of correlaãons between δ13Cxc_seq values for each of five tree samples and different 
climaãc variables for SIM (a, b, c) and BER (d, e).  
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Table A.1 Sample code, age, and stem diameter of five selected tree individuals in study years of 2019  

(Just in SIM), 2020, and 2021, both in Simoncouche (SIM) and Bernatchez (BER). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site code/year Tree no. Tree code Age DBH (cm) 

SIM 2019 

Tree no.1 SIM2019E1 - 32 

Tree no.2 SIM2019E2 - 23 

Tree no.3 SIM2019E3 - 21.5 

Tree no.4 SIM2019E4 - 27.5 

Tree no.5 SIM2019E5 - 31.5 

SIM 2020 

Tree no.1 SIM2020E1 77 25 

Tree no.2 SIM2020E2 72 21 

Tree no.3 SIM2020E3 63 23.5 

Tree no.4 SIM2020E4 70 22.5 

Tree no.5 SIM2020E5 84 28.5 

SIM 2021 

Tree no.1 SIM2021E1 87 26 

Tree no.2 SIM2021E2 78 23.5 

Tree no.3 SIM2021E3 83 21.2 

Tree no.4 SIM2021E4 80 26.5 

Tree no.5 SIM2021E5 86 19.2 

BER 2020 

Tree no.1 BER2020E1 132 25 

Tree no.2 BER2020E2 130 20 

Tree no.3 BER2020E3 134 22 

Tree no.4 BER2020E4 131 24.5 

Tree no.5 BER2020E5 139 24.5 

BER 2021 

Tree no.1 BER2021E1 136 24.3 

Tree no.2 BER2021E2 125 22.5 

Tree no.3 BER2021E3 131 26 

Tree no.4 BER2021E4 136 25 

Tree no.5 BER2021E5 136 22.5 
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Table A.2 Number of dates of sampling and/or wood strips collected from each of five tree samples  

during each of the growing seasons in SIM (2019-2021) and BER (2020-2021).  

 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

Tree no.1 13 17 22 13 20 

Tree no.2 13 17 22 13 20 

Tree no.3 13 17 22 13 20 

Tree no.4 13 17 22 13 20 

Tree no.5 13 17 22 13 20 

Number of pooled 

samples for cambial 

region 

13 17 22 13 20 

Number of pooled 

samples for xylem 
- 1 - 2 - 
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Table A.3 Propagaãon uncertainty (±standard deviaãon, ‰) associated with δ¹³C values corrected  

for air composiãon in xylem cellulose (δ¹³Cxc_cor) and cambial carbohydrate (δ¹³Ccam_cor). 

Sites/Years 
δ¹³C

xc_cor
 Propagation 

Uncertainty (±SD, ‰) 

δ¹³C
cam_cor

 Propagation 

Uncertainty (±SD, ‰) 

SIM 2019 ±0.58 ±0.13 

SIM 2020 ±0.52 ±0.12 

SIM 2021 ±0.55 ±0.12 

BER 2020 ±0.58 ±0.12 

BER 2021 ±0.57 ±0.12 
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Table A.4 The ãme periods (day of year) to average δ13Catm data collected from the Argyle (AMT)  

and Lac La Biche (LLB) atmospheric δ13С measurement staãons.  

δ13Сatm 

measurement 

sites 

δ13Сatm 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER 

 2020 

BER  

2021 

Argyle 

(AMT) 

δ13Сatm_AMT 

(full growing season) 
149-291 120-289 111-291 150-289 119-291 

δ13Сatm_AMT 

(after onset of EW 

formation) 

183-291 168-289 160-291 175-289 167-291 

Lac La Biche 

(LLB) 

δ13Сatm_LLB 

(full growing season) 
149-291 120-289 111-291 150-289 119-291 

δ13Сatm_LLB 

(after onset of EW 

formation) 

183-291 168-289 160-291 175-289 167-291 
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Table A.5 Regression analysis results for δ13Сxc values in each tree sample in SIM and BER for each  

of the study years (the trees are different in each year of sampling).  

Site/Year 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

 b P b p b P b P b P 

Tree 1 0.003 0.5 0.007 0.2 0.005 0.04* 0.014 0.003 **  0.008 0.001 ** 

Tree 2 0.006 0.04 *   0.005 0.3   0.005 0.02 * 0.005 0.5 0.008 0.02 *   

Tree 3 0.008 
0.0007 

*** 
0.002 0.1 0.006 0.02 *   0.010 0.005 ** 0.007 0.01 * 

Tree 4 0.008 0.01 *   0.011 0.04 * 0.001 0.8   0.008 0.02* 0.006 0.006 ** 

Tree 5 0.013 
0.007 

** 
0.007 0.03 *   0.001 0.7 0.002 0.4 0.004 0.05 
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APPENDIX B 

Method B.1 Correction of δ13Ccam_raw and δ13Cxc _raw values for the Suess-effect  

The δ13Ccam and δ13Cxc raw values were corrected to account for changes in atmospheric δ13C (δ13Catm) 

(Namvar et al., 2024). This has two benefits. First, it corrects for the Suess effect, which is the progressive 

decline in δ13Catm, due to fossil emissions, since 1850 (Pre-Industrial reference, δ13Catm_PI = -6.61‰) (Namvar 

et al., 2024). Second, it accounts for the seasonal variability in δ13Catm, attributable to the preferential 

sequestration of 12C during photosynthesis, leaving a progressively enriched atmosphere as 

photosynthesis increases (Ballantyne et al., 2010). Unfortunately, on site measurements of δ13Catm were 

unavailable. In order to perform these corrections, we used the δ13Catm data collected from the NOAA-ESRL 

tall tower at Argyle, Maine, United States (AMT, 45.03°N, 68.68°W, δ13Catm_AMT, 

https://gml.noaa.gov/dv/iadv) in conformity with our sampling dates. The Argyle site is the closest δ13Catm 

measurement station to our study region. The tower is located in a mixed (deciduous and evergreen) forest 

in rural central Maine, north of Bangor, at 50 m above sea level. For each sampling date (date=n), we 

corrected our isotopic values as follows (example for xylem, same for cambium):  

δ13C"#	(()*+,-)=δ
13
C
xc_raw (date=n)

− -δ13Catm_AMT (date=n) − δ13Catm_PI. 

Equaãon B.1 Correcãon of δ13C for seasonal δ13Catm_AMT variaãons and Suess-effect 

Where δ13Cxc is the Suess-effect corrected values for each date of sampling.  The δ13Cxc_raw is the raw values 

of carbon stable isotopes at each date of sampling, provided by IRMS analysis. 

Appendix B Figure Legend 

Figure B.1: (a) Rain collector mounted on the ground on a flat surface, positioned around 20 m away from 

the sampled trees in an open area. (b) collection of rain samples on a weekly basis during the growing 

season. (c) collected rain samples into accumulation bottles with a double cap. 

Appendix B Table Legend 

Table B.1: The average age of the black spruce stands was achieved by counting the tree rings in cores 

extracted from the trunk of each selected tree sample using an increment borer. The DBH was measured 

using a diameter tape at breast height. 

https://gml.noaa.gov/dv/iadv
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Table B.7: Maximum temperature (Tmax), vapour pressure deficit (VPD), photosynthetically active radiation 

(PAR), relative humidity (RH), precipitation (P), soil volumetric water content (VWC), (* p< 0.1, ** p< 0.05, 

*** p< 0.01). 

Table B8: maximum temperature (Tmax), vapour pressure deficit (VPD), photosynthetically active radiation 

(PAR), relative humidity (RH), precipitation (P), soil volumetric water content (VWC), (* p< 0.1, ** p< 0.05, 

*** p< 0.01). 
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Figure B.1 Collection and analysis of rain samples in the field  
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Figure B.2 Comparison between global meteoric water line (blue solid line) with the SIM and BER meteoric 
water line (red dashed line) for the two growing seasons of 2020 and 2021. 
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Table B.1 Sample code, age, and stem diameter of the five selected tree individuals in study years of  

2019 (Just in SIM), 2020, and 2021, both in Simoncouche (SIM) and Bernatchez (BER).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site/year Tree no. Tree code Age DBH (cm) 

SIM 2019 

Tree no.1 SIM2019E1 - 32 

Tree no.2 SIM2019E2 - 23 

Tree no.3 SIM2019E3 - 21.5 

Tree no.4 SIM2019E4 - 27.5 

Tree no.5 SIM2019E5 - 31.5 

SIM 2020 

Tree no.1 SIM2020E1 77 25 

Tree no.2 SIM2020E2 72 21 

Tree no.3 SIM2020E3 63 23.5 

Tree no.4 SIM2020E4 70 22.5 

Tree no.5 SIM2020E5 84 28.5 

SIM 2021 

Tree no.1 SIM2021E1 87 26 

Tree no.2 SIM2021E2 78 23.5 

Tree no.3 SIM2021E3 83 21.2 

Tree no.4 SIM2021E4 80 26.5 

Tree no.5 SIM2021E5 86 19.2 

BER 2020 

Tree no.1 BER2020E1 132 25 

Tree no.2 BER2020E2 130 20 

Tree no.3 BER2020E3 134 22 

Tree no.4 BER2020E4 131 24.5 

Tree no.5 BER2020E5 139 24.5 

BER 2021 

Tree no.1 BER2021E1 136 24.3 

Tree no.2 BER2021E2 125 22.5 

Tree no.3 BER2021E3 131 26 

Tree no.4 BER2021E4 136 25 

Tree no.5 BER2021E5 136 22.5 
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Table B.2 Number of wood strips collected from each of five tree samples during each of the  

growing seasons in SIM (2019-2021) and BER (2020-2021). 

Site/Year SIM 2019 SIM 2020 SIM 2021 BER 2020 BER 2021 

Number of strips 13 17 22 13 20 
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Table B.3 Mean values of δ13Сxc and δ13Сcam, mean inter-trees correlaãon (Rbar) of δ13Сxc and weekly 

 EPS (EPSw) for the two sites: SIM (2019-2021) and BER (2020-2021). 

Site/year  
SIM  

2019 

SIM 

 2020 

SIM  

2021 

BER  

2020 

BER  

2021 

Rbar (δ13Сxc series) 0.39 0.45 0.14 0.40 0.43 

EPSw (δ13Сxc series) 0.76 0.80 0.45 0.77 0.79 

Mean δ13Сcam (‰±SD) 

full growing season 
-25.3±0.4 -25.2±0.4 -25.7±0.1 -26.0±0.4 -25.9±0.2 

Mean δ13Сcam (‰±SD) 

ader onset of wood 

formaeon 

-25.1±0.2 -25.0±0.4 -25.7±0.1 -25.8±0.4 -25.9±0.2 

Mean δ13Сxc (‰±SD) -24.3±0.3 -23.7±0.4 -24.7±0.2 -24.8±0.4 -25.1±0.3 
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Table B.4 Mean values of δ18Oxc and δ18Ocam, mean inter-trees correlaãon (Rbar) of δ18Oxc and weekly 

 EPS (EPSw) for the two sites: SIM (2019-2021) and BER (2020-2021). 

Site/Year 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

Rbar (δ18Oxc series) 0.63 0.77 0.36 0.33 -0.06 

EPSw (δ18Oxc series) 0.90 0.94 0.74 0.71 -0.39 

Mean δ18Ocam 

(‰±SD) full growing 

season 

22.0±0.4 20.5±0.6 19.9±0.4 19.6±0.5 18.6±0.6 

Mean δ18Ocam 

(‰±SD) ader onset 

of wood formaeon 

22.0±0.4 20.7±0.5 19.8±0.4 19.7±0.5 18.6±0.7 

Mean δ18Oxc (‰±SD) 23.8±0.8 24.8±0.6 25.9±0.5 23.9±0.4 25.4±0.2 
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Table B.5 Regression slopes and significance level for δ13С and δ18O values in the cambial region  

(δ13Сcam, δ18Ocam) and developing tree ring (δ13Сxc, δ18Oxc) in SIM and BER for each of the study years. 

 

 

 

 

Site/Year 
SIM  
2019 

SIM  
2020 

SIM  
2021 

BER  
2020 

BER 
2021 

Regression 
coefficient 
and sig. 

b P b P b P  b P b P 

δ13Сcam 

(full growing 
season) 

0.00
6 

0.000
4 

0.00
1 0.465 

-
0.00
3 

0.003 0.00
5 

0.00
04 

-
0.0020 

0.19
8 

δ18Ocam 

(full growing 
season) 

0.00
3 

0.281
0 

0.00
6 0.0307 

-
0.00
2 

0.328 0.01
1 

0.00
00 0.007 0.00

48 

δ13Сcam 

(a•er onset 
of wood 
formaãon) 

0.00
6 

0.001
9 

0.00
4 0.099 

-
0.00
1 

0.294 0.00
4 

0.03
64 0.003 0.16

3 

δ18Ocam 

(a•er onset 
of wood 
formaãon) 

0.00
1 

0.840
0 

0.01
2 0.0038 0.00

2 0.372 0.01
3 

0.00
03 0.014 0.00

04 

δ13Сxc 
0.00
8 

0.002
4 

0.00
4 0.0886 0.00

3 0.15 0.00
5 

0.07
45 0.006 0.00

24 

δ18Oxc 
-

0.01
9 

0.001
2 

-
0.00
3 

0.6950 
-

0.00
3 

0.430 
-

0.00
8 

0.02
77 

-
0.0006 

0.68
00 
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Table B.6 Correlaãon coefficients and p-values between pre-whitened detrended residuals of δ13C and  

δ18O in the cambium and xylem cellulose in different study sites and years. 

Site/Year SIM  
2019 

SIM  
2020 

SIM  
2021 

BER  
2020 

BER 
2021 

 r P r p r P r P r P 

Between 
δ13Сcam 

and 
δ18Ocam 

0.60 0.03 0.76 0.000
4 0.33 0.1398 -0.04 0.8928 0.70 0.0006 

Between 
δ13Сxc 

and  

δ18Oxc 

0.26 0.443
3 0.24 0.346

5 0.02 0.9482 -0.01 0.9894 -0.25 0.3847 
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Table B.7 Correlaãon coefficients for the relaãonships between pre-whitened detrended residuals 

 of δ13Ccam or δ18Ocam and residuals of different meteorological weekly variables of dayãme averages 

 (8h00 to 18h00). 

 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

 δ13Ccam δ18Ocam δ13Ccam δ18Ocam δ13Ccam δ18Ocam δ13Ccam δ18Ocam δ13Ccam 
δ18Oca

m 

Tmax 0.12 0.24 -0.53** -0.66*** 
-

0.57** 
-0.39* 0.14 -0.39 -0.76*** 

-

0.66**

* 

VPD 0.06 0.14 -0.55** -0.64** 
-

0.51** 
-0.32 -0.11 -0.17 -0.64*** 

-

0.50** 

PAR -0.29 -0.21 -0.51** -0.66*** 
-

0.46** 
-0.11 0.09 -0.35 -0.49** -0.27 

RH 0.34 0.23 0.45* 0.45* 0.45** 0.06 0.57** -0.10 0.19 0.00 

P 0.66** 0.52* 0.33 0.16 0.07 -0.07 0.69** -0.08 -0.15 -0.26 

VWC 0.31 0.18 0.32 0.50** 0.52** -0.01 -0.46 0.39 0.41* 0.15 
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Table B.8 Correlaãon coefficients for the relaãonships between pre-whitened detrended residuals of  

δ13Cxc or δ18Oxc and residuals of different meteorological weekly variables of dayãme averages  

(8h00 to 18h00). 

Site/year 
SIM  

2019 

SIM  

2020 

SIM  

2021 

BER  

2020 

BER  

2021 

 δ13Cxc δ18Oxc δ13Cxc δ18Oxc δ13Cxc δ18Oxc δ13Cxc δ18Oxc δ13Cxc δ18Oxc 

Tmax -0.18 -0.44 0.12 0.18 -0.37 -0.15 -0.21 -0.80** -0.20 -0.23 

VPD -0.01 -0.22 -0.14 0.62* -0.34 -0.39 -0.30 0.13 0.05 -0.48* 

PAR -0.12 -0.09 0.17 0.28 -0.22 -0.12 -0.50 -0.60* 0.05 -0.58** 

RH 0.12 0.10 0.34 -0.63* 0.28 0.35 0.57 -0.22 -0.27 0.71*** 

P 0.69** 0.26 0.06 -0.52 0.26 0.10 0.46 -0.55 -0.23 0.35 

VWC 0.69** 0.46 0.01 0.25 0.50* 0.11 -0.42 0.04 0.16 0.47* 
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Table B.9 The mean δ18Orain values in SIM and BER for the growing seasons of 2020 and 2021. Sampling  

was done on a weekly basis at two study years during the sampling periods at each study year. 

Site/Year SIM 2020 SIM 2021 BER 2020 BER 2021 

Sampling 

period 
June-Oct May-Oct June-Oct May-Oct 

Mean 

δ18Orain 
-10.2± 3 -10.02± 2 -10.6± 2 -10.6± 3 
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APPENDIX C 

Appendix C Figure Legends 

Figure C.3: Variations of cell enlargement rate; rE (a), cell wall deposition rate; rW (b), cell production rate, 

rD (c), iWUE (d), soil water content; VWC (e), NDVI (f), maximum temperature; Tmax (g), vapour pressure 

deficit; VPD (h), relative humidity; RH (i) and photoperiod; PP(j) in SIM and BER 2020 and 2021. 

Appendix C Table Legends 

Table C3: Uncertainties were propagated using first-order partial derivatives (Taylor expansion method), 

and sensitivities were normalized to reflect the relative contribution of each input to Δ. 

Table C5: GAM fittings on the number of cells in the enlargement (nE), wall thickening (nW), and mature 

zones (nM) of black spruce at the SIM and BER sites during the 2020 and 2021 growing seasons. 
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Figure C.1 (a) δ13Catm_AMT and (b) ca_AMT profiles during the two growing seasons of 2020 and 2021. 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Figure C.2 intrinsic Water Use Efficiency (iWUE) of black spruce in two different sites of SIM and BER during the 
two growing seasons of 2020 and 2021. 
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(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j)  

Figure C.3 Kineãcs of cell formaãon and meteorological variables during the growing season.  
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Table C.1 Sample code, age, and stem diameter of five selected tree individuals in study years of 2020  

and 2021, both in Simoncouche (SIM) and Bernatchez (BER). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site code/year Tree no. Tree code Age DBH (cm) 

SIM 2020 

Tree no.1 SIM2020E1 77 25 

Tree no.2 SIM2020E2 72 21 

Tree no.3 SIM2020E3 63 23.5 

Tree no.4 SIM2020E4 70 22.5 

Tree no.5 SIM2020E5 84 28.5 

SIM 2021 

Tree no.1 SIM2021E1 87 26 

Tree no.2 SIM2021E2 78 23.5 

Tree no.3 SIM2021E3 83 21.2 

Tree no.4 SIM2021E4 80 26.5 

Tree no.5 SIM2021E5 86 19.2 

BER 2020 

Tree no.1 BER2020E1 132 25 

Tree no.2 BER2020E2 130 20 

Tree no.3 BER2020E3 134 22 

Tree no.4 BER2020E4 131 24.5 

Tree no.5 BER2020E5 139 24.5 

BER 2021 

Tree no.1 BER2021E1 136 24.3 

Tree no.2 BER2021E2 125 22.5 

Tree no.3 BER2021E3 131 26 

Tree no.4 BER2021E4 136 25 

Tree no.5 BER2021E5 136 22.5 
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Table C.2 Number of dates of sampling and/or wood strips and micro cores collected from each of five  

tree samples during each of the growing seasons in SIM (2020-2021) and BER (2020-2021). 

Tree samples SIM 2020 SIM 2021 BER 2020 BER 2021 

Tree no.1 17 22 13 20 

Tree no.2 17 22 13 20 

Tree no.3 17 22 13 20 

Tree no.4 17 22 13 20 

Tree no.5 17 22 13 20 
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Table C.3 Propagaãon of uncertainty (± SD) in carbon isotope discriminaãon (Δ) and relaãve sensiãviães 

 to δ¹³C of atmospheric CO₂ (δ¹³Catm_AMT) and δ¹³Ccam.  

Site/Year 
Δ Propagaãon 
Uncertainty 
( ±SD, ‰) 

Sensiãvity 
δ13Catm-AMT 

Sensiãvity 
δ13Ccam 

SIM 2019 ±0.12 0.0026 -0.0061 

SIM 2020 ±0.12 0.0024 -0.0062 

SIM 2021 ±0.11 0.0016 -0.0061 

BER 2020 ±0.12 0.0023 -0.0059 

BER 2021 ±0.11 0.0017 -0.006 
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Table C.4 Correlaãon coefficients for the relaãonships between iWUEcam and iWUExc each site and  

study year (* p< 0.1, ** p< 0.05, *** p< 0.01). 

Site/year 
Correlation coefficient between 

iWUEcam and iWUExc 

SIM 2020 0.90*** 

SIM 2021 0.79*** 

 BER 2020 0.86*** 

BER 2021 0.88*** 
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Table C.5 Mean Absolute Error (MAE, cells) and Model Efficiency (EF, %) from the GAMs model.  

Site/Year 
Number of cells in different 

phases of growth  
MAE EF (%) 

SIM 2020 

nE 0.34 88 

nW 0.34 95 

nM 0.35 99 

SIM 2021 

nE 0.23 94 

nW 0.38 86 

nM 0.32 99 

BER 2020 

nE 0.18 96 

nW 0.29 95 

nM 0.14 99 

BER 2021 

nE 0.16 96 

nW 0.26 94 

nM 0.86 96 
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