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Résumé

Dans la forét boréale, les températures augmentent et les régimes de précipitations changent, ce qui
entraine une augmentation de l'intensité¢ et de la fréquence des conditions de sécheresse. Ces
changements devraient se poursuivre et avoir des effets complexes et variables sur la végétation de
la forét boréale, notamment la modification de la composition due a la sécheresse, la mortalité des
arbres et la disparition des foréts. L'objectif de cette thése était de fournir une meilleure
compréhension fonctionnelle des relations arbre-eau pour deux espéces d'arbres boréales
communes et co-occurrentes (I’épinette noire; Picea mariana et le méléze laricin; Larix laricina)
a travers la forét boréale de I'ouest du Canada. Pour ce faire, j’ai étudi¢é comment les différents
¢léments de I'hydraulique des arbres, y compris la transpiration, et le déficit hydrique, étaient
affectés par les conditions locales (structure du peuplement, conditions édaphiques et type de
couverture terrestre), les stratégies fonctionnelles des arbres (caractéristiques structurelles et
foliaires) et/ou les conditions climatiques (déficit de pression de vapeur, rayonnement, température
de l'air, pluie et évapotranspiration). J'ai déterminé que 1'utilisation acquisitive des ressources se
traduisait par une productivité plus €élevée chez le méleze laricin, lorsque la disponibilité en eau
¢était ¢levée, que les nutriments n'étaient pas limités et que la concurrence pour la lumiére était
favorable. L'épinette noire, en revanche, avait une acquisition lente des ressources, privilégiant la
conservation de I'eau par rapport a la croissance radiale. J'ai déterminé que la transpiration de
I'épinette noire et du méleze laricin était influencée par I'hétérogénéité du site dans un complexe de
tourbieres boréales boisées, entrainant une variabilit¢ de la contribution de la transpiration a
I’échelle de 1’évapotranspiration de 1'écosystéme. J’ai associé¢ des variables environnementales au
déficit hydrique des arbres au niveau de I'espece afin de déterminer les facteurs de stress hydrique
chez I'épinette noire et le méleze laricin sur cinq sites de la limite sud a la limite nord de la forét
boréale. J'ai determiné que le déficit hydrique quotidien des arbres était contrélé par la
transpiration, tandis que les périodes plus longues (jours a semaines) de stress dii a la sécheresse
¢taient controlées par le rayonnement solaire et la disponibilité de I'eau, et étaient coordonnées
avec les flux d'évapotranspiration a I’échelle du peuplement. Il est important de comprendre les
relations hydriques des especes d'arbres dans le biome boréal occidental du Canada, car la

disponibilité en eau devrait devenir de plus en plus limitée dans cette région. Malgré des stratégies



différentes selon les especes pour faire face aux conditions actuelles de la forét boréale, il existe
des incertitudes quant a la résilience des arbres face aux changements environnementaux prévus.
La poursuite des travaux visant a quantifier les réponses des especes d'arbres communes et
répandues a des conditions progressivement limitées en eau aidera a comprendre la résilience des
foréts boréales face aux changements environnementaux rapides et & maintenir leurs services
écosystémiques liés a la régulation du climat, a la séquestration du carbone, a 1'habitat de la faune

et de la flore, a la culture et a 1'économie.

Mots-clés : déficit hydrique de I'arbre, €pinette noire, évapotranspiration, forét boréale, humidité

du sol, méléze, pergélisol, sécheresse, transpiration



Abstract

In the boreal forest, air temperatures are increasing, and precipitation regimes are changing, leading
to amplified intensity and frequency of drought conditions. Changes are projected to continue,
resulting in complex and variable effects on boreal forest vegetation including drought-induced
forest compositional changes, tree mortality and, in some places, forest loss. The objective 1 of this
work was to provide an improved functional understanding of tree-water relationships for two
common and co-occurring boreal tree species (black spruce; Picea mariana and tamarack; Larix
laricina) across Canada’s western boreal forest. To achieve this objective, I explored how different
elements of tree-water relations, including transpiration, and tree water deficit were affected by
local conditions (stand structure, edaphic conditions, and land cover type), tree functional strategies
(structural and foliar traits), and/or meteorological conditions (vapor pressure deficit, radiation, air
temperature, rain, and evapotranspiration). In Chapter 2, I explored the coordination between
resource-use strategies of tamarack and black spruce, and found that acquisitive resource-use
resulted in higher productivity in tamarack, when water availability was high, nutrients were not
limited and competition for light was favourable. Black spruce, by contrast, had slow resource
acquisition, prioritizing water conservation over radial growth. Next, in Chapter 3, I determined
that transpiration of black spruce and tamarack were influenced by site heterogeneity across a
forested boreal peatland complex, leading to variability in the contribution of stand-level
transpiration to ecosystem evapotranspiration. Finally, in Chapter 4, I paired environmental
variables with species-level tree water deficit to determine the drivers of water-stress in black
spruce and tamarack across five sites spanning the extent of the boreal biome in western North
America from the southern to northern boreal tree-line. I determined that daily tree water deficit
was controlled by transpiration, while longer periods (days to weeks) of drought stress were
controlled by solar radiation and water availability. Both short and long periods of tree water deficit
caused greater stand-level fluxes of evapotranspiration. Understanding water relations of tree
species in Canada’s western boreal biome is of utmost importance as water availability is projected
to become increasingly limited in this region. Although tree species have different strategies to
cope with current conditions in the boreal forest, there is uncertainty regarding the resilience of

black spruce and tamarack to projected environmental changes. Continued work to quantify the



responses of common and widespread tree species to progressively water-limited conditions will
help to understand the resilience of boreal forests in the face of rapid environmental change, and
to maintain their ecosystem services related to climate regulation, carbon sequestration, wildlife

habitat, culture and economy.

Keywords : boreal forest, drought, evapotranspiration, soil moisture, permafrost, black spruce,

tamarack, transpiration, tree water deficit



Table of Contents

RESUMIE ...ttt et e ettt e st e st e e st e e st e e bt e e eaeee e 3
AADSETACT ...ttt et ettt b e e e b e bt e bt e bt e e ab e e bt e eab e e bt e eabeebeenateenne 5
TaADIE OF CONENILS ...ttt ettt ettt st e s at e et e s bt e eabeesae e et e e sabeenbeesaeeenne 7
LSt OF TADIES ...ttt ettt et s e et e st e be e s at e e beesaeeeben 10
LST O FIZUIES ....viiieiieciee ettt e e et e et e e et eeestbeeessbeeessaeesssaeessseeessseeeasseeennseeens 11
LISt Of APPENAICES. ....eiiiiiiiiiiieiiie ettt ettt se e et te e tee e taeeesebeeesbeeessteesssaeessseeessseaessseeensseesns 13
LSt OF ADDIEVIATIONS .....eeitieitieeiie ettt ettt ettt et e s it e e bt e sateebeesabeebeesaeeeneeans 14
ACKNOWICAZIMENTS ......eeiiiiieiie ettt e et e et e et e e etae e s taeessbeeessseeessseeesnseeennseesnseas 16
Chapter 1 — INtrOAUCTION. .......eiiiiiieieeeie et ettt e et e e et e e e sabeeebaeeebeeessseeesnseeessseesnnseeens 18

Boreal forests and climate change .............cceoeeoiiiiiiieiiieeee e 18

Ecology of black spruce and tamarack............cccoeecuiieriiieniiiieiieeecceeeee e 21

Plant reSOUICE-USE SIrAtCZICS.....uuieeuireeieireritieeeiieeeireesteeesaeeessteeessreeessaeessseesseeesnseeennnes 23

Tree-Water TEIAtIONS ......eoiuiiiiiiiie ittt st 25

A F 0] o <o TSRS 28

Methodological approaches to characterize tree-water relations ..........cccceeeeevveeeneeennee. 30

Dendrometers to monitor tree water deficit and growth ...........cccceeeiieeiiieninnennne. 33

Sap flux density to MONItOr tranSPITAtiON .......eeeeeveeerereeerieeerieeerieeeereeeeaeeeeveeeseaeees 36

Micrometeorology to monitor local meteorological conditions............ccceeeeuveenneee. 37

TRESIS COMPOMNENLES ...eeouvvieiiiieeiiieeiiieeeitteeeitteeeteeeeteeessteeesaeeessseeesseessseessseesseeessseeennnes 40

[0 110 ) NSRS 40

(O] 1101 <) S USSR 41

[0 110 <) N S SRS 41
Chapter 2 — Exploring relationships between tree resource-use strategies, tree water deficit and
growth in Canada's western boreal fOrest.........ccuviviiiiiiiieiiie e 43

ADSETACT ...ttt ettt ettt e b e e bt b e st e ebeeeaee 43

INELOAUCTION ..ttt et st e st e b e st eeneeas 44

Materials and mMethods..........c.ooiiiiiiiiiii e 47

SEUAY STEES ..o iutiieeiieeeiie ettt ettt et et e e st e e e saeeestaeeesaseeesseeessaeesssaeesnsaeesnseeennseens 47

Stem radius ChANZE.......cccuviiiiiieeie e e s 49

Tree structural traits and foliar traits ...........coooeeeiiiiiiiiieneee e 51

Meteorological CONAITIONS .........eieiuiieiiiieeiieecee e e 53



StatistiCal ANALYSIS ..eecvvieeiiieeiiieeie ettt et e e e e e sraeeenree s 53

RESULILS ..ttt ettt et e st eb e st eneeas 55
Resource-use strategies of black spruce and tamarack...........cccceevveeciienciiencnnnenne. 55
Growth of black spruce and tamarack ...........c.ccccveeeiiiieniiieniie e 58
Species tree Water deTICT......uuiieiieeeiiieciie ettt ee e e e e s 59

DDISCUSSION. ...ttt ettt ettt ettt et et e et e bt e sabe e bt e eab e e bt e snbeebeesateenbeeeneeeneeas 62
SPECIes’ TESOUICE-USE STTALEZICS ..vveeruvrierrrreeieireerieeesreeesreeessreeessreessaeesseeesseeessees 62
Variation in productivity associated with species’ foliar and structural traits ........ 64
Competition for light and local conditions drove tree water deficit........................ 65
CONCIUSIONS ...ttt st ettt et e st e bt e sateebeesaeeebeeeaee 68

Chapter 3 — Spatial and temporal variation in forest transpiration across a forested boreal peatland

o0 1010] (S SRR PRSRRPT 69
ADSETACT ...ttt ettt ettt ettt e eeht e et e st e ebeenaee 69
INEOAUCTION ..ttt ettt et st e bt e s eneeas 70
Data and mMethods ..........ooiiiiiiiie e 72

STUAY STEE ..veeeniiieeiiee ettt et e et e e eaeeestaeeesaaeeesaeeessaeesssaeesnsaeesnseeennseens 72

Sap flow measurements and conversion to sap flux density (Js)......ccceevvrererveennnenn. 73
Scaling tree-level sap flux density to stand-level transpiration.............cccoeeevveennnee. 74
Stand structural, demographic, and edaphic attributes...........ccccceeveieeeiieerceeennnnn. 76
Evapotranspiration and meteorological conditions ............cceccveeevveeeciiencieencieeenee, 78
StatistiCal ANALYSIS .ieevvieeiiieeiiieeiie et e et aa e e baeeenree s 78
RESULILS ..ttt ettt ettt e st b e st eneeas 80
Temporal variation of plot MEaSUreMENtS..........ccveeeeuiieeiiireriieerieeeiee e e eeee e 80
Spatial variation in grid-cell transpiration across the plot..........ccccccvveeeiviercieennnen. 82
Uncertainties associated with transpiration upscaling...........ccceevveeecveeecieencneeenne. 85
DDISCUSSION. ..ttt ettt ettt ettt et e et e b e et e bt e eab e e bt e sabe e bt e sabeebeesabeenbeesneeaneeas 88
Between-year variability in plot transpiration............cceeeevveerieeeiieeecieeeie e 88
Stand structural and edaphic variation mediates transpiration across a heterogeneous
boreal peatland...........c.coovcviiiiiiiiiieeeee s 90

Stand structural attributes: accounting for basal area...........c.cccccveevvvieeiieencieennnn. 91
Edaphic attributes: accounting for soil moisture and permafrost presence............. 92

Importance of integrating landscape heterogeneity into transpiration upscaling.... 94



CONCIUSIONS ettt e e e e et e e e e e e e e e e e e e e e e e e e e e eaaaaaeeeeeeennennnan 95

Chapter 4 — Radiation, air temperature and soil water availability drive tree water deficit across

temporal scales in Canada’s western boreal forest ..........ccocvvveviieriiiiiiiiece e 97
ADSETACT ...ttt ettt ettt e eeat e et e st e ebeeeaee 97
INELOAUCTION .ttt ettt ettt e b e s e s 98
IMIEEROMS ...ttt ettt et ettt et e st en 100

STt AESCIIPLIONS. ...eeeeuiiieeiiieeiieeeiteeeteeesteeesreeestreeessaeeeereeessseeessseesssseesnseeesnseeensnes 100
Stem radius change MeasuremMENts .........cceeevveeerieeerieeeiiee e eieeeire e e e eee e 100
Eddy covariance and micrometeorological measurements ............ccccceeeeuveerneennns 101
ANALYSIS 1oeeitiieeiie ettt e ettt e e et e et e e et e e e e be e e taee e tbeeetaeeeraeeeaeeeeaaeens 102
RESULLS ..ttt ettt et ettt e st e st en 103
Tree water deficit, and environmental conditions during the study period........... 103
Periodicity in tree water deficit and coherence with environmental controls ....... 105
DISCUSSION ..ttt ettt e ae e et e bt e st e esaee et e esbeeeabeesateenbeesabeenbeesaeeans 108
CONCIUSIONS ..ttt ettt et e bt e e bt e s bt e e bt e sate e bt e saeeebeesaneans 111

Chapter 5 — CONCIUSIONS .....uviieiiieeiiieeiieeecieeeiteeeieeeeteeesteeestaeeestaeeesaeeessaeesssaeessseeessseeessseesnssens 113
SUMMATY OF TESUILS ....vieeiiieecee e et esree e 114
IMPIICATIONS .ottt ettt et e st e et eestaeeesaaeeesaeeessaeesnnneesnsaeesnseeenns 115

N 111 1 TS 0] 4 (USSR 115
N 811 1 TS I Ao T PSSR 116
FUtUIe T€SCATCH ....coiiiiiii et 117
Seasonal tree water deficit and annual growth ...........ccccceveviiieiiiniiiiiieeeee, 117
Improving our knowledge of plant hydraulic strategies..........cccceeerveeevveerrreennne. 118
Integrating dendrometer and sap flow data ...........ccccceeeviiieiiienciie e 119
Benchmark for evaluating change in the boreal forest...........cccceevvieeiiiiniiiencnen, 119

Chapter 6 — ReflECHIONS ....ccuviieiiieeiiieee ettt et e et e e e ta e e e beeessbaeeesseeesnseeessseeenneas 120
First reflection: navigating obstacles in SCIENCE ........cccuveervieerieeeiieeeiee e e 120
Second reflection: western science on traditional lands.............ccccoiiiiiiiniiiinnenn. 120
Third reflection: additional OULCOMES........cocueeriiiiiiiiiieiieie et 121
Concluding rEMATKS........ccciiieeiiieeiieeccie ettt e e steeeseaeeesaeeesaeessaeesnsaeesseeens 122

LB 10] FT0Tea¥21 o) 1) 2RSSR 123

F N o) 153 116 Lo SRR SR 167



List of Tables

Table 2.1 Site information for Old Black Spruce (OBS), Scotty Creek (SCC) and Baker Creek (BAC). ............... 48

Table 2.2 Mean measured tree structural traits, including diameter at breast height, height, crown area and live

crown ratio of the tamarack and black spruce individuals instrumented with dendrometers at Old Black Spruce

(OBS), Scotty Creek (SCC) and Baker Creek (BAC). ....cceeeiuurirereeeeeeeeeiirtreeeeeeeeeeiesrsreseeeeeessssnssssessssesaanns 51

Table 2.3 Average days with full hydration and the portion of the study period that black spruce and tamarack are
hydrated at Old Black Spruce (OBS), Scotty Creek (SCC) and Baker Creek (BAC) in in 2018, 2019 and 2020...... 62

Table 3.1 Acronyms used to describe the adjustments made during transpiration upscaling. ............cceeeeeuneeennnnee 79

Table 3.2 The daily plot transpiration, mean daily evapotranspiration, and the contribution to total evapotranspiration

for 2013, 2017 and 2018, . eeenieiiiie ettt ettt ettt et et ettt e ettt s et een e et ean e e eeaneeees 82

Table 3.3 Akaike’s information criterion (AIC), the difference in AIC between the best fit model and that model
where AAIC = AIC; — AICmin, the Akaike’s weights (w), and the R? for the linear mixed effect models of the

relationship between structural attributes, edaphic attributes, demographic attributes, and daily sap flux density in

2013, 2017 and 2018, ..ottt ettt ettt e et e et e ettt e et ten e e et e e e eaanaeaees 85

Table 3.4 The mean and maximum daily grid-cell transpiration estimate and adjusted daily grid-cell transpiration.

Transpiration to evapotranspiration ratio (T:ET) calculated for the daily mean and daily max Tcen and each

AAJUSTIMENL. +vvveeieeeeeieiutreeeeeeeeseeeetusteeeeeeeeaaaetstraseseaaeeaaaassssssssaaeessaasssssssssesseeasaasssssssesassesansssssssneeseeanaes 87

10



List of Figures

Figure 1.1 Maps representing the climate moisture index and the forest cover loss in Canada. .........cc.ceceuueennnnee 20
Figure 1.2 Key foliar traits to determine the resource-use strategies of boreal trees. ........c.ceeeuueeeruereenieeinneeennnnes 24
Figure 1.3 The s0il-plant-atmoSPhere CONNUUL ......eeeeeeeeeeerrrrerreeeeeeeeeurrreereeeeesssessssseseeeseesessossssseseseesanans 26
Figure 1.4 A schema of COMITEr WOOU. ..eeiiiiieieiiiiiiiiieeeeeeeieitieee e e e eeeeebtreeeeeeeeeesnaaaeeeeeeeeeeeearsraseseeeeeananns 27

Figure 1.5 The plant physiological, environmental and local meteorological conditions included in my analysis of

DOTEAl trEE-WALET TELATIONS. 1eeeeruerrieeeriireeeeriteeeeesiteeeeeitteeeesateeeeesseseeesaasseeeeanseeeesnsssneesennsaeeessnsseeeesnnnnns 30
Figure 1.6 The location of the five study sites within the Canadian boreal forest. ..........ccoeeeeeiiiiiiiiiieiiineennnee. 32
Figure 1.7 A dendrometer installed on a black spruce at Smith Creek..........cc.oeiiiiiiiiiiiiiiiiiiiiiiieeeeeeee 34
Figure 1.8 A heat ratio method sap flow sensor at SCotty Creek. .....ceuviiuiiiiiiiiiiiiiieiie e e e 37

Figure 1.9 An example of a micrometeorological tower and a close- up of an enclosed-path gas analyser and 3-D
sonic anemometer for eddy COVaAriance MEASUTEIMENES. ... .cuuueeuureerneeteueeetueetueetueeenaaeteneeeeneeennaeeneeennaecnnnnns 38

Figure 2.1 The location of Old Black Spruce, Scotty Creek and Baker Creek in North America’s boreal biome.....47
Figure 2.2 Principal component analysis summarizing tree foliar functional traits and structural traits. ................ 56

Figure 2.3 Plant foliar and structural traits associated with black spruce and tamarack..........c...cccoeeeeiieinininnnn.e. 57

Figure 2.4 Cumulative annual radial growth, principal component one (PC1) and principal component two (PC2) of
tamarack and BIACK SPIUCE. ..vvveeieeiiiieiiiiiiieeeeeeeeeiiiiteeeeeeeeeeeettbreeeeeeeeessentatseesaaeeeeaasnnrsaseseaseeeesassrrnneneeens 59

Figure 2.5 Averaged daily tree water deficit of black spruce and tamarack .............ccoeieiniiiiiiiiiiiiiiiiiiininee 61

Figure 3.1 Location of Scotty Creek within the Canadian boreal biome and the Scotty Creek ForestGEO plot. ..... 73

Figure 3.2 Allometric relationship between tree diameter at breast height and sapwood area for black spruce and
BAIMATACK. 1. vvteeeeeiitteeeeetteee e ettt eeeeeiteee e e aateeeeeeaaeeeeasstaeeseannseeeeesssaeeeanssseeeeansseeeeenssneesennsaeeeeannsaeeeennnnes 75

Figure 3.3 The half hourly sap flux density and meteorological conditions for the sampling period. .................... 81

Figure 3.4 Daily grid-cell transpiration (b; T; mm) averaged between 2013, 2017, and 2018 for the Scotty Creek
FOTESEGEQD PIOL. 1eeeeieeiitiireeeeeeeeeietttteeeeeeeeeeettaraseeeaaeeeasasssaseseaaeesaaasssasssaaaaesassassssssseaaseesanssssraseseseesanaes 83

Figure 3.5 The direct effect of stand structural, edaphic and demographic attributes on mean daily sap flux density.

Figure 3.6 The difference in transpiration between the unadjusted estimates of daily grid-cell transpiration and the
daily grid-cell transpiration adjusted for basal area and PCl........c..ceiiuiiiiiiiiiiiiiiiiii et 86

11



Figure 3.7 A comparison of the strategies depicting daily grid-cell transpiration across the plot determined based on
the average daily sap flux density from low flux areas versus those from high flux areas. ..........c...ccoeeeeiiiiinneen. 88

Figure 4.1 Half-hourly measurements of species-averaged tree water deficit in black spruce and tamarack, and
potential environmental controls at Old Black Spruce in 2020. ........eeeeeeeeeeeiiuvireeeeeeeeeeieiiereeeeeeeeeeeenrrreeeeeens 104

Figure 4.2 Wavelet coherence levels between potential environmental controls and tree water deficit of black spruce
and tamarack and BIACK SPIUCE. .....uuvvvrereeeeieeieiittieeeeeeeeieittreeeeeeeeeeasasrsseseeeeeessasssssessseeesssanassssseseseeeannnns 106

Figure 4.3 Across-site Granger-causality between black spruce and tamarack tree water deficit and
evapotranspiration, photosynthetically active radiation, vapour pressure deficit, air temperature, rain and soil

moisture at the daily and > day PETIOAS. ..vveereeeeeeieiiiiiireeeeeeeeeieitreeeeeeeeeeeirtreeeeeeeeeeesensrrreseeeeesesenarrrrseeeaens 107

Figure 5.1 The physiological, environmental, and meteorological conditions that had the greatest influence on
different aspects Of ree-Water TEIALIONS. ....eeieeeevrrrieeeeeeeeieiiitteeeeeeeeeesetrrreeeeeeeeseesrsseeeeaaeessasssssreseeeeesannns 113

12



Appendix I (Chapter 2)

Appendix I (Chapter 3)

Appendix III (Chapter 4)

List of Appendices

13



List of Abbreviations

°C : Degrees Celsius

ASR : Stem radius change

Ag : Ground area

AIC : Akaike’s information criterion

A max : Light-saturated photosynthetic rate
As : Sapwood area

BAC : Baker Creek

B: : Bark thickness

CA : Crown area

CO; : Carbon dioxide

DBH : Diameter at breast height

Emax : Maximum transpiration rate

ET : Evapotranspiration

ForestGEO : Forest Global Earth Observatory
GRO : Growth

gsw : Stomatal conductance to water vapor
H : Tree height

H>O : Water

HPC: Havikpak Creek

HRM : Heat ratio method sap flow sensors
Js : Sap flux density

k : Thermal diffusivity of fresh wood
LCR : Live crown ratio

MAAT : Mean annual air temperature
MAP : Mean annual precipitation

Nmass : Foliar nitrogen concentration

OBS : Old Black Spruce

PAR : Photosynthetically active radiation

PC1 : First principal component

14

PC2 : Second principal component

PCA : Principal component analysis
PERMANOVA : Permutational analysis of
variance

SCC : Scotty Creek

Sq4 : Sapwood depth

SLA : Specific Leaf Area

SMC : Smith Creek

T : Transpiration

Tadj Ba : Transpiration adjusted for basal area
Tadj nigh : Transpiration adjusted to high
productivity areas

Tadj_low Transpiration adjusted to low
productivity areas

Tagj pc1 : Transpiration adjusted for the first
principal component

Tair : Air temperature

Teen : Grid cell level transpiration

TD : Thermal dissipation

Tpiot : Plot-level transpiration

TWD : Tree water deficit

v; : Upstream temperature

v2 : Downstream temperature

Vi : Heat pulse velocity

VPD : Vapor pressure deficit

WUE; : Instantaneous water-use efficiency

x : Distance

813C : integrated water-use efficiency

Y : Water potential



Dedicated to Jonina and Richard,

Parents who fostered a deep love of learning and an even deeper love of the forest.

15



Acknowledgments

The Université de Montréal is located in Tiohtia:ke (Montréal), the non-ceded territory of the
Kanien’keha:ka (Mohawk), and is where I spent most of my time composing my thesis. My
fieldwork took place on Treaties 6, 8, 11, and 1876 territory, which spans the lands of Indigenous
peoples and Nations including the Akaitcho, Cree, Dehcho Dene, Dénéndeh (Dénésytiné Néné),

Gwich’in Settlement Region, Inuit Nunangat A_ 0A®¢ 0 *L°¢ , Inuvialuit, Michif Piyii (Métis),

and the Thcho Ndeé.

A sincere thanks goes to my supervisors Oliver Sonnentag and Jennifer Baltzer who provided me
with scientific, logistical, financial, and emotional support during this process. Their wisdom,
guidance and patience was greatly appreciated. Thanks to the members of my jury and the external
examiners including Julie Talbot, Vincent Maire, and Kathy Steppe, and to my committee chair,
James King, for providing me with valuable critiques that have gone towards strengthening this

dissertation.

Thank you to the Canada Foundation for Climate and Atmospheric Sciences, Canada Foundation
for Innovation, Canada Research Chairs, Centre Etude de la Forét, départment de geography at the
Université de Montreal, Fonds de recherche du Québec - Nature et technologies, Natural Sciences
and Engineering Research Council of Canada, Northern Scientific Training Program, Northern
Water Futures (Global Water Futures), POLAR Knowledge Canada, and the Smithsonian Forest

Global Earth Observatory for various forms of financial support.

Thank you to my co-authors Bram Hadiwijaya, Christopher Spence, Colin Laroque, Gabriel Hould-
Gosselin, Jennifer Baltzer, Katherine Standen, Magali Nehemy, Matteo Detto, and Oliver

Sonnentag for their support and collaboration.

Thanks to the ATMOSBIOS group for being my research family in Montreal and to the long

distance support from the Forest Ecology Research Group at Wilfrid Laurier University. I was

16



lucky to have a wide network of people willing to help me through this journey. A special thanks

goes to:

Mariam, for your inspiring work ethic. You constantly pushed me out of my comfort zone to get
involved and do more, my PhD wouldn’t have been the same without you. Magali, for science
talks, for shared field work, and for a great time together at conferences. You’ve become a real
mentor to me. Jay for taking a risk and flying up to Yellowknife to help a complete stranger in the
field for a week. Chris Spence, for your support, both in and out of the field. Your calm demeanor
and knowledge of the Baker Creek watershed is an inspiration. Penelope, for sharing a summer of
fieldwork that I will forever cherish. It felt powerful to be two young women doing science
together. Haley, for our conversations on how we do science and what we need to change. Gabriel,
for being the lubricant and the glue that kept the lab together. Thanks for keeping an eye out when
I was on the verge of a breakdown. Rose and Camille for your hawk eye edits. Daniel, for all your
support (and there was lots!), but especially during COVID. You were a solid rock, always at the
office holding me accountable. I won’t miss your humming but I will miss working alongside you.
Katie, for joining our group at just the right time. You’ve become an important friend and hopefully
a long lasting colleague. Sophie, for always being there to build me up. Your confidence in me was
invaluable during low times when I all but lost all confidence in myself. Finally, Joce. Thanks for
being a loving cheerleader, patient companion, and for helping me keep a (somewhat) level head.

This was hard, but you kept things in perspective. And you’re right, getting a cat really helped.

17



Chapter 1 — Introduction

Boreal forests and climate change

The boreal biome is the largest forested biogeoclimatic region, spanning North America and
Eurasia, south of the Arctic biome, including ~552 million hectares in Canada (Brandt ef al. 2013,
Price et al. 2013). Boreal landscapes represent a diversity of ecosystems shaped by climatic and
topographic variation, as well as episodic disturbance regimes, including fire, insect outbreaks, and
permafrost thaw (McCullough et al. 1998, Bond-Lamberty et al. 2014, Bergeron et al. 2014, Helbig
et al. 2017, Elliott-Fisk 2000). In Canada alone, the boreal biome provides valuable ecosystem
services in the form of carbon and freshwater storage, wildlife habitat, economic resources, and
recreation, and is of significant cultural and traditional value for many Indigenous communities

(Brandt et al. 2013, Gauthier et al. 2015).

Climate gradients (e.g., temperature, precipitation, radiation), disturbance regimes (e.g., fire, insect
outbreaks, and permafrost thaw), and variation in local conditions (e.g., topography, soil
conditions, and vegetation) control the extent and heterogeneity of forests in the boreal biome
(Bonan and Shugart 1989, Elliott-Fisk 2000). Forest successional stage, local disturbance history,
and site productivity also contribute to boreal landscape heterogeneity by shaping forest structure,
including stand age, size, and canopy architecture (Hamdildinen et al. 2023). Local water
availability is crucially important for forests in the boreal biome. Soil moisture shapes east-to-west
gradients in water availability and forest productivity, and influences the distribution of common
boreal tree species including (but not limited to) black spruce (Picea mariana [Mill.] B.S.P) and
tamarack (Larix laricina [Du Roi] K. Koch, Bonan and Shugart 1989, Bergeron et al. 2014,
D’Orangeville et al. 2016).

In many regions of the boreal biome climate change is causing instability in local conditions,
resulting in changes to forest communities (Price et al. 2013). Canada’s climate has warmed at a
pace that nearly doubles the global average rate, increasing by 1.7°C between 1940 and 2016

(Zhang et al. 2019). Warmer air temperatures have the potential to lengthen the growing season
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and increase productivity in the boreal biome. In northern forests with wet, cold soils, warming has
increased tree productivity and growth (D’Orangeville et al. 2018, Wang et al. 2023). Warmer,
longer growing seasons will increase soil nutrient availability, and ultimately expand species

ranges northward (D’Orangeville et al. 2023).

The positive effect of warming air temperature on boreal forest productivity has not been uniform
across the biome (D’Orangeville ef al. 2016, Sniderhan et al. 2021). Temperature increases have
restricted growth in Canada’s northwestern and western boreal forests (Mirabel et al. 2022), and
increased evaporative demands associated with warming have driven decreases in boreal tree
growth and productivity (Reich ef al. 2018, Mirabel ef al. 2023, Wang et al. 2023). Mean annual
precipitation across Canada has increased over the last few decades but the change has been modest
compared to that of temperature (Zhang et al. 2019). As a result, much of Canada’s boreal forest
are experiencing drying with measurable negative consequences for forest ecosystems (Figure 1.1,
Wang et al. 2014). For example, drought-induced water stress has resulted in widespread tree
mortality across Canada’s southern (Peng ef al. 2011, Mirabel et al. 2022), western (Hogg et al.
2008, Peng et al. 2011, Liu et al. 2023), and central (Silva et al. 2010, Liu et al. 2023) boreal
forests. Longer and more frequent periods of low precipitation and high temperatures have caused
drought induced declines in forest productivity and tree mortality (Buermann et al. 2014, Sanchez-
Pinillos ef al. 2022). Drought frequency has also led to higher mortality among conifer species in

the Canadian boreal biome (Sanchez-Pinillo et al. 2022).

Disturbance regimes that shape the boreal forest are intensifying with warming air temperatures
and climate change (Gauthier et al. 2015, Seidl et al. 2017). More frequent and severe fires have
led to a decrease in the regeneration of black spruce, the most common boreal tree species in North
America, while simultaneously causing an increase in the regeneration of broadleaf taxa (Wang et
al. 2020, Baltzer et al. 2021). Declining black spruce recruitment and forest compositional change
toward deciduous species has also been observed in regions where warming has induced the rapid
thaw of permafrost (ground that remains below 0°C for at least two years, Grosse et al. 2011,
Helbig et al. 2016a, Dearborn et al. 2021). The frequency, severity and extent of insect outbreaks,
fire, permafrost thaw, and drought will increase over the next ~100 years with consequences for

forested ecosystems (Gauthier et al. 2015).
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Figure 1.1 Maps representing the climate moisture index (CMI, a) and the forest cover loss (b) in
Canada. The CMI is the difference between annual precipitation, and potential evapotranspiration
determined from monthly temperature and precipitation records from climate stations in the 30-
year period between 1981 and 2010. Positive CMI indicated wet or moist conditions that can
support closed canopy forests, and negative values indicate dry conditions. Data from Hogg, 1997
and Wang et al. 2014, obtained through the Government of Canada. The change in forest cover (b)
was determined between 2000 and 2022 using a time-series analysis of Landsat images and is
presented at Skm resolution (Hansen ef al. 2013). Forest cover loss is defined as a stand
replacement disturbance or a change from a forested to a non-forested state and is represented as
either no loss (0) or a value from 1 to 20, representing forest loss that occurred in 2000 — 2022,
respectively. Data from (Hansen et al. 2013), obtained through the University of Maryland and the
Global Forest Watch (Hansen/UMD/Google/USGS/NASA).

The rate of temperature change in Canada's boreal zone over the next century will be unprecedented
(increases from 4-11 °C; Saxe et al. 2001, Gauthier et al. 2015, Zhang et al. 2019). Canadian boreal
forests will be exposed to a climate substantially different from what has been experienced in the
past (Sulla-Menashe et al. 2018). Warming and changing disturbance regimes will not only lead to
shifts in community composition (Ameray et al. 2023), but will impact forest resilience to
disturbance and ecosystem functions including carbon storage, water and energy fluxes, and
wildlife habitat (Gautheir et al. 2015, D’Orangeville ef al. 2023, Trivifo et al. 2023). It is difficult
to predict the degree of climate change across Canada’s boreal forest, in part because it remains
unclear how human populations will manage emissions of greenhouse gasses into the future. As

such, the rate of change will likely be variable across Canada’s boreal region with the north-west
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continuing to experience the most rapid rate of warming (Gauthier et al. 2015, Sulla-Menashe et
al. 2018, Zhang et al. 2019). The heterogeneity of conditions in the boreal biome also means that
the response of vegetation to climate change will be variable, making it difficult to predict the
future of Canada’s boreal forests. However, the boreal biome is dominated by just a few species
with broad geographic distributions, including black spruce and tamarack. Thus, investigating the
effect of local conditions on the function and productivity of dominant species will help produce

more accurate predictions of how boreal forests will respond to climate change.

Ecology of black spruce and tamarack

Black spruce is one of the most abundant and widespread conifers in North America’s boreal forest
(Burns and Honkala, 1990, Hermosilla et al. 2022). With a range that extends from the eastern
coast to the northern treeline, black spruce can tolerate a variety of climatic and environmental
conditions (mean annual temperature raging from 7 to -11 °C and mean annual precipitation
between 1500 mm in the east to 150 mm in the northwest; Burns and Honkala, 1990). Black spruce
is often associated with the presence of permafrost, as its shallow rooting habit (typically 10 — 20
cm and up to 60 cm) is suitable for the thin active layer above permafrost (Burns and Honkala,
1990). Growth of black spruce is dependent on climatic factors, nutrient availability, and soil
moisture and is one of the slowest growing northern conifers (Lewis and Morton, 1921, Burns and

Honkala, 1990).

In productive areas with well drained peat with highly decomposed organic material, black spruce
average 12 — 20 m in height with an average diameter at breast height of 23 cm at maturity, and
live up to 200 years (Burns and Honkala, 1990). Despite being shade tolerant, black spruce perform
best on peatlands with limited competition. Lower productivity stands are located on poorly drained
thick organic deposits of partially decomposed sphagnum (Burns and Honkala, 1990).
Waterlogging in the rooting zone of black spruce can reduce hydraulic uptake, stomatal
conductance, and carbon assimilation (Islam and MacDonald 2003), negatively affecting
aboveground growth (Lieffers and Rothwell 1986, Baltzer ef al. 2014) and leading to tree mortality
(e.g., Dearborn et al. 2021). In the north, black spruce are common on well drained sites and are

often found in a dwarfed or shrub stage (Lewis and Morton, 1921). Vegetative reproduction by

21



layering is common in open canopy stands of black spruce, including the north where conditions
for seed development are less favorable and disturbance from fire is less frequent. With semi-
serotinous cones, black spruce is an early colonizer post fire disturbance (Burns and Honkala,
1990). However, regeneration is dependent on an adequate seedbank, and black spruce demonstrate
minimal recovery following severe burns (Baltzer ef al. 2021) and following other disturbances

including permafrost thaw, insect outbreaks, windthrow, and drought (Burns and Honkala, 1990).

Tamarack is also widespread across north America’s boreal forest but is less abundant than black
spruce. With a similar geographic range, tamarack lives under variable climatic regimes with
average January temperatures ranging from - 30 to -1 °C, average July temperatures ranging from
13 to 25 °C, and mean annual precipitation between 1400 mm in the east and 180 mm in the
northwest (Burns and Honkala, 1990). Tamarack’s tall tapered stem contains small needles that
grow in clusters of 12 — 20 and is the only conifer in North America’s boreal forest to shed its
needles each fall (Lewis and Morton, 1921, Gower et al. 1992). As one of the fastest growing
northern conifers, tamarack growth outpaces that of other conifers in short rotations (Foweler
1992). However, nutrient availability, and soil moisture/aeration (including waterlogging and low
soil water availability) limit tamarack growth (Burns and Honkala, 1990). At maturity, tamarack
on average reach 15 to 23 m in height (up to 35 m) with a diameter at breast height between 36 —

51 cm (up to 102 cm), and a maximum age of 150 to 180 years (Burns and Honkala, 1990).

Tamarack is suitable to a range of conditions as it can withstand high moisture (but not
waterlogging), high acidity and low temperatures (Burns and Honkala, 1990, Islam and MacDonald
2003). Compared to black spruce, tamarack has a greater ability for photosynthetic uptake and light
capture in the canopy and requires greater annual nitrogen and water uptake (Gower et al. 1992,
Kloeppel et al. 2000). It is most common in mesic sites such as peatlands with nutrient rich
decomposed organic soils, but can be found growing in loamy sites with mineral soils and shallow
organic matter, or on well-drained shallow soils over bedrock (Burns and Honkala, 1990). South
in its range tamarack grows in association with black spruce mainly in peatlands, bogs and swamps
(Lewis and Morton, 1921). In its northern range, tamarack is found in more well-drained areas
(Lewis and Morton, 1921). Similar to black spruce, tamarack is a pioneer species, being amongst

the first species to colonize filled lakes and bogs, and post burned landscapes (Burns and Honkala,
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1990). However, tamarack is shade intolerant and competition for light severely reduces

performance (Fry and Phillips 1977).

Plant resource-use strategies

To maximize performance, plants balance access to fundamental resources such as light, water,
carbon dioxide, and nutrients, with growth, survival, and reproduction (Calow 1987, Diaz et al.
2016). Functional trait expressions define plant resource-use strategies, and allow plants to acquire
and allocate limited resources, thus providing valuable information related to plant function within
and between species, and across gradients in resource availability (Westoby ef al. 2002). The plant
economic spectrum uses functional trait expression to explain plant growth and survival strategies
as an investment and reinvestment in carbon, nutrients, and water (Wright et al. 2004, Reich 2014).
Plants categorized as fast (acquisitive) prioritize acquisition of resources to support rapid growth
and reproduction, while plants categorized as slow (conservative) favor survival and protection

over growth (Figure 1.2; Westoby et al. 2002, Wright et al. 2004, Reich 2014, Diaz et al. 2016).

Plant functional traits are highly constrained on a global scale, with few key traits representing a
significant amount of variability in plant form and function (Diaz ef al. 2016). Traits related to
plant size (e.g., tall versus short plants), the leaf economic spectrum (e.g., high specific leaf area
and leaf nitrogen, versus low specific leaf area and leaf nitrogen concentration), and in woody
species, competition for light (e.g., crown height and diameter), explain the majority of variation
in resource-use strategies among tree species (Figure 1.2). Therefore, the measurement of key
foliar and structural traits can be used to accurately assess the resource-use strategies of boreal tree

species (Diaz et al. 2016, Maynard et al. 2022).
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Figure 1.2 Key foliar traits to determine the resource-use strategies of boreal trees. Arrows signify
the trait expressions of plants with acquisitive vs. conservative traits. Darker shading indicated high
values (e.g., greater specific leaf area (SLA) is characteristic of acquisitive species, while
conservative species have lower SLA). Adapted from Weemstra et al. 2016.

Throughout the boreal biome, trees demonstrate a range of conservative to acquisitive resource-
use strategies (Osnas et al. 2018, Wright er al. 2004, Reich 2014). The availability of essential
resources, including nutrients, light, and water can shape the resource-use strategies expressed both
within and among species. For example, nitrogen is an important part of the enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase and plays a key role in plant photosynthesis (Taiz and Zeiger,
2002). Species with acquisitive resource-use strategies require more nitrogen to support greater
photosynthesis rates and faster growth, while species with conservative resource-use strategies can
tolerate nitrogen limited environments (Chapin et al. 1980, Reich et al. 1995, Reich 2014).
Similarly, access to, and competition for light will influence tree structure and architecture between
individuals with different resource-use strategies (Maynard et al. 2022). Fast growing acquisitive
species tend to dominate the canopy, with taller trees and a canopy architecture that is better suited
to capture light resources (Hagemeier and Leuschner, 2019). By contrast, conservative species are
often found in the shade below the canopy because their slow growth requires lower photosynthetic
rates and thus, lower light interception (Maynard et al. 2022). Trees with a conservative strategy
have canopy architectures that promotes longevity over access to light. Local water availability

will also influence resource-use strategies and performance of boreal species. Acquisitive species
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require more water to support rapid growth, while conservative species generally have lower
requirements and can tolerate more water limited environments (Reich 2014). Variation in water
availability, including drought frequency and severity, atmospheric water vapor concentration,
precipitation and soil moisture, can drive functional strategies associated with water acquisition,
transport, storage and flux in tree species (Sack and Holbrook 2006, Anderegg 2015, Rosas et al.
2019, Anderegg et al. 2019). Thus, water availability shapes the success of tree species across

different environments and is one of the many important constraint on tree growth.

Tree-water relations

Trees use water for structural support through maintenance of cell turgor (the pressure of water
inside a cell), and for biological and physiological processes including nutrient transport,
photosynthesis and growth (Taiz and Zeiger 2002, Hirons and Thomas 2017). Tree growth is reliant
on water because cell division and elongation requires well-hydrated cells with positive cell turgor
(Deslauriers et al. 2014, Steppe et al. 2015, Hirons and Thomas 2017). Water potential gradients
between the soil, plant and air allow trees to uptake and transport water through the vascular
system, and release water into the atmosphere (the soil-plant-air continuum; Taiz and Zeiger 2002,
Bernacchi and VanLoocke 2015, Venturas ef al. 2017). Lower water potentials in the roots versus
the soil draws water into the tree through uptake; lower water potentials in the leaves versus the
stem draws water towards the canopy through sap flow, and lower water potential in surrounding
air versus the leaves draws water into the atmosphere through transpiration (the evaporation of
water from the leaf surface, Figure 1.3, Tyree and Ewers 1991). Greater tension (negative potential)
is created through transpiration, which in turn pulls water molecules (held together by cohesion)

into the leaves from the vascular tissue and into the roots from the soil (Dixon and Joly, 1894).
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Figure 1.3 The soil-plant-atmosphere continuum. Flow of water and water potentials from soil
(ysoil), root (yroot), stem (ystem), leaf (yleaf), stomata (ystomata), to air (yair). Adapted from
(Tyree and Ewers 1991).

Water moves up the stem via highly specialized xylem cells (sapwood), down the stem via the
phloem, and laterally between both the xylem and phloem (Figure 1.4). Only a small fraction of
water used by trees is incorporated into biomass, the remaining 95 — 99% of water taken up by the
roots is temporarily stored in stem tissue before being moved through the vascular system and
released to the atmosphere via transpiration (Lambers 1998, Steppe et al. 2015, Hirons and Thomas
2017). To support transpiration trees first access water stored in the stem tissue, causing the stem
to shrink and water potentials to drop. Between 5 — 22 % of the stored water in the stem is used
daily for transpiration (Kocher et al. 2013, Steppe et al. 2015), making the changing stem radius
an important indicator of tree hydration (Schulze ef al. 1985, Zweifel and Hasler 2001, Fatichi et
al. 2016, Landsberg and Waring 2016). Lower stem water potentials initiate root water uptake to

support transpiration. However uptake is typically slower then transpiration, causing water to flow
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from living cells into the xylem to support transpiration (Schulze et al. 1985, Steppe et al. 2015).
Root water uptake continues after transpiration declines into the evening, refilling the depleted
storage tissues in the tree, and initiating a stem swelling (Schulze et al. 1985, Steppe et al. 2015).
Tree-water balance is often restored overnight through uptake and stem refilling while the stomates
are closed. When water loss exceeds uptake and stem refilling, the water balance of the tree may
not entirely recover overnight, leading to an accumulation of tree water deficit and a greater daily
stem shrinking (Steppe et al. 2015, Hirons and Thomas 2017). If the supply of water continues to
fall behind the transpirational demand for several days, trees become vulnerable to stress damage

associated with water deficit (Hirons and Thomas 2017).
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Figure 1.4 A schema of the transverse, radial, and tangential (A) sections of conifer wood (B). Sap
water ascends via the xylem (late wood and early wood) and nutritive sap descends via the phloem.
Sap can also be transported radially via the ray cells and tangentially by bordered pits. Adapted
from Plomion et al. 2001. Copyright © 2001 American Society of Plant Physiologists.

Trees possess many strategies to prevent water loss through transpiration, the most important being
stomatal regulation. Stomata offer a pathway of low resistance for water loss via transpiration (i.e.,
water movement through a plant and its loss to the atmosphere through evaporation), while
simultaneously acting as a pathway for leaf carbon dioxide uptake necessary to sustain

photosynthesis (Sack and Holbrook 2006). Thus, trees regulate the opening and closing of stomata
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to balance the needs for carbon gains, against the costs of water loss (McDowell et al. 2008).
Stomatal regulation is dynamic, changing in response to atmospheric conditions (i.e., light,
temperature, CO, concentrations, and VPD), biological conditions within the plant (i.e., xylem
conductance and internal water storage), and edaphic conditions (i.e., soil water availability and

soil droughts, Taiz and Zeiger 2002, Matheny et al. 2017).

The efficiency by which plants withstand water loss is variables across species and environments,
and can be categorized along a spectrum from anisohydric to isohydric (McDowell et al. 2008,
Hochberg et al. 2018). Anisohydric plants apply a resistance strategy; stomata are kept open to
maintain photosynthesis while the leaf water potential decreases with reduced soil water
availability (McDowell et al. 2008, Fatichi and Pappas 2017). Anisohydric plants have traits that
support an acquisitive life strategy, including xylem capable of withstanding negative water
potentials, root systems that facilitate water movement and storage, and higher growth/carbon flux
rates (McDowell et al. 2008, Reich 2014, Aubin ef al. 2016). The investment into costly xylem
with a higher safety margin is paid-off during drought conditions when plants keep stomata open
longer, supporting more photosynthetic uptake of CO> (Reich 2014). These adaptations make
anisohydric plants more able to withstand prolonged drought conditions of lower intensity
(McDowell et al. 2008). Isohydric plants maintain near-constant leaf water potential through the
regulation of stomata, regardless of soil moisture and atmospheric demands (McDowell et al.
2008). The rapid closure of stomata at the onset of water stress prevents high tensile pressure from
accumulating in the vascular tissues of isohydric plants, reducing the likelihood of xylem embolism
and hydraulic desiccation (Brodribb et al. 2014). Thus, isohydric plants can withstand short but
intense droughts. The isohydric strategy is a trade-off, where plants forego carbon assimilated
through photosynthesis in order to minimize xylem cavitation (Brodribb et al. 2014). Isohydric
plants thus adopt a drought avoidance strategy associated with a conservative resource-use strategy

with slower rates of water/carbon flux rates, and total growth (McDowell et al. 2008, Reich 2014).

Main objectives

The primary objective of my dissertation is to provide an improved functional understanding of

tree-water relations for two common and co-occurring boreal tree species (black spruce and
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tamarack) across Canada’s western boreal forest. Plant physiology, environmental conditions and
local meteorology all play important roles in tree-water relations, and their individual influences
can be challenging to disentangle. Thus, in this dissertation, I evaluate the effect of plant
physiology, environmental conditions and local meteorology on different aspects of tree-water

relations in three distinct chapters (Figure 1.5). The chapter goals are :

- To determine the resource-use strategies of black spruce and tamarack, and the influence of these

strategies on tree productivity and tree water deficit at three different sites (Chapter two).

- To determine how spatio-temporal variation in local environmental conditions influence black
spruce and tamarack transpiration, and the implications of this variability on upscaling tree-level

measurements to the forest stand ( ).

- To determine the meteorological drivers of tree water deficit in black spruce and tamarack at

different time scales in Canada’s western boreal forest ( ).
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Figure 1.5 The plant physiological, environmental and local meteorological conditions that were
included in my analysis of boreal tree-water relations. The different colors represent different
chapters; chapter two in purple examines plant physiology alongside growth and tree water deficit,
chapter three in orange examines environmental conditions, and chapter four in green examines

meteorological conditions.

Methodological approaches to characterize tree-water relations

The boreal forest in western Canada is characterized by a heterogeneous landscape. Tree species
that are widespread across the boreal biome must contend with vastly different conditions from one
region to the next. Thus, Canada’s boreal forest provides a unique opportunity for studying how
species’ tree-water relations vary across a range of local conditions. My work took place at five
sites in Canada’s western boreal forest from its southern limit in Saskatchewan (SK) to the forest-
tundra ecotone in the Northwest Territories (NT, Figure 1.6). The sites cover a portion of Canada’s
western boreal forest that is facing great risks from warming and drying (Wang et al. 2014). The

sites cross three ecozones (Boreal Plains, Taiga Plains and Taiga Shield), four permafrost classes
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(permafrost-free, extensive discontinuous, sporadic discontinuous, and continuous; (Brown et al.
1997, Obu et al. 2019), and include forests with differing densities and species compositions. While
the five sites have unique local characteristics, they share an important attribute; each forest stand
is dominated by black spruce and at the three most southern sites, tamarack is present in the forest
stand. The occurrence of these two common boreal tree species allows me to investigate the inter-

and intra-specific variability in tree-water relations across sites.

The southernmost site is Old Black Spruce (OBS), ~100 km northeast of Prince Albert, SK, located
at the edge of the southern delimitation of the boreal forest within the Boreal Plains ecozone (Figure
1.6). Old Black Spruce is the only permafrost-free site. Scotty Creek (SCC) is a subarctic boreal
peatland complex characterized by sporadic discontinuous permafrost, located ~50 km south of
Fort Simpson, NT in the Taiga Plains ecozone (Figure 1.6, Quinton ef al. 2009; Natural Resources
Canada, 2016). SCC has permafrost plateaus dominated by black spruce that are separated by bogs
and fens that are largely treeless apart from infrequent tamarack (Dearborn et al. 2021). Baker
Creek (BAC) is located ~15 km from Yellowknife, NT in the Taiga Shield ecozone (Figure 1.6).
Permafrost in this region is extensive discontinuous, located in the forested areas and peatlands
between bedrock outcrops (Morse et al. 2016). In this high-density mixed forest, overstory
vegetation is dominated by black spruce with sporadic individuals of tamarack, birch and jack pine
(Spence and Hedstrom 2018). Smith Creek (SMC) is a low-density spruce woodland with extensive
discontinuous permafrost located in the Taiga Plains ecozone, near the town of Wrigley, NT
(Figure 1.6, Natural Resources Canada, 2016). The northernmost site, Havikpak Creek (HPC), is
located at the northern boundary of the boreal forest (i.e., the forest-tundra ecotone), ~10 km south
of Inuvik, NT (Figure 1.6). In this region, permafrost is continuous and the land cover consists of

low-density evergreen forests, dominated by black spruce in low-lying areas (Krogh et al. 2017).
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Figure 1.6 The location of the five study sites within the Canadian boreal forest. Sites include Old
Black Spruce (OBS), Scotty Creek (SCC), Baker Creek (BAC), Smith Creek (SMC) and Havikpak
Creek (HPC). The color circles represent which sites contribute to each chapter of the manuscript.

In chapter two, I explore how plant resource-use strategies relate to tree water deficit and growth
at OBS, SCC and BAC, the three southern sites where black spruce and tamarack co-occur. I
examine how resource-use strategies change across sites from three ecozones (Boreal Plains for
OBS, Taiga Plains for SCC and Taiga Shield for BAC, Figure 1.6) and how this variability relates

to productivity and tree water deficit.

In the third chapter, I focused on the influence of local site heterogeneity on tree transpiration at

the forest dynamics plot located at SCC (Figure 1.6). The forest dynamics plot is one of 61 sites
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part of the Smithsonian Forest Global Earth Observatory (ForestGEO) network (Anderson-
Teixeira et al. 2015). Spanning 9.6-ha (800 m east-west by 120 m north-south) divided into 240
grid cells, the forest dynamics plot covers diverse features of a forested boreal peat landscape at
the headwater of the SCC boreal peatland complex (Quinton et al. 2019, Dearborn et al. 2021). 1
use information on forest mortality, recruitment, growth, composition and structure, as well as
local (20 m by 20 m) edaphic conditions available for the plot to investigate drivers of transpiration

across the diverse landscape.

In the fourth chapter I perform a cross-site analysis of tree water deficit traversing Canada’s
western boreal forest using the three sites mentioned previously as well as Smith Creek (SMC),
and Havikpak Creek (HPC, Figure 1.6). With sites spanning from southern to northern tree-lines,
I focus the fourth chapter on investigating the dominant drivers of tree water deficit across the

extent of Canada’s western boreal forest.

Dendrometers to monitor tree water deficit and growth

An important component of tree-water relations is the water stored internally in tree stems. Water
in stems fluctuates diurnally as water flows into the xylem from the phloem, and from root water
uptake. Stems shrink in the day as water is transported to the canopy and used for transpiration,
and then swell at night when internally stored water is resupplied by root uptake (Steppe et al.
2015). Diurnal fluctuations in stem radial swelling and shrinking, or stem radius change (ASR), are
tightly linked to plant transpiration and soil water availability (Cerméak et al. 2007). Thus,
monitoring diurnal and seasonal stem hydraulics through ASR have been used to determine the
dynamic nature of tree hydraulics and its intrinsic link to environmental conditions (e.g., Cermak

et al. 2007, Steppe et al. 2010, De Swaef et al. 2015, Salomon et al. 2022).

Automatic circumference dendrometers are instruments used to acquire near-continuous high
resolution measurements ASR (Figure 1.7). Each dendrometer possesses a thermally stable invar
cable that is wrapped around the stem of a tree and attached to a spring-loaded plunger. As the tree
stem shrinks and swells, the plunger activates a high precision linear potentiometer that measures

the distance moved by the plunger (um). Dendrometers of this type operate with low power

33



requirements and demand minimal maintenance, making them ideal for monitoring stem hydraulics
in remote field sites. | was able to instrument between 8 to 16 trees at each site to obtain near-

continuous dendrometer measurements throughout the summer months.

Figure 1.7 A dendrometer installed on a black spruce at Smith Creek. Photo: Nia Perron.

Values of ASR measured with dendrometers represent both reversible stem shrinkage/swelling
(tree water deficit; TWD) and irreversible radial stem growth (Zweifel ez al. 2001, 2005, Steppe et
al. 2006, Zweifel 2016). Greater TWD in trees (smallest stem diameter) is reached mid-day during
peak transpiration when stem water storage is lowest (Herzog et al. 1995, King et al. 2013, Kocher
et al. 2013). Continuous measurements of TWD in black spruce and tamarack were used in chapter
4 to monitor stem hydration throughout the summer months. To obtain a physiologically realistic
measure of changing water potential in the tree stems, it is necessary to partition total ASR into
growth and tree water deficit (Zweifel 2016). Proposed by Zweifel (2016), the Zero Growth
Method assumes that growth cannot take place during periods of water deficit, as turgor pressure
of cells is insufficient to support cell expansion. In this approach, TWD is identified as periods
when the measurement of ASR falls below a previous maximum ASR, while growth can be
attributed to any measurement falling above the previous maximum ASR (Zweifel 2016). In
chapters two and four, I used dendrometers to derive tree water deficit and growth of black spruce

and tamarack to better understand plant physiological processes and drivers of water stress in trees.
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The Zero Growth method makes assumptions about tree growth that may constrain the partitioning
of ASR. The first assumption is that any decrease in stem radius is a result of decreasing water
potential in the stem (i.e. increasing TWD, Zweifel et al. 2016). This assumption can be erroneous
as bark degradation and thermal contraction can also cause decreases in stem radius. In the winter,
fall and spring, stem radius change can be influenced greatly by freeze-thaw cycles when sub-zero
temperatures cause the bark tissue to contract with freezing and degradation (Zweifel and Hasler,
2000, Zweifel et al. 2021). Stem thawing when temperatures increase can cause stem swelling that
can be (but is not always) associated with water uptake (Zweifel ef al. 2021). To limit the influence
of freezing temperatures on the partitioning of TWD and growth from ASR, I isolated the study

period to the warmest summer months (June, July and August) when freezing is minimal.

The second important assumption of the Zero Growth method is that growth occurs when the stem
radius exceeds the previous maximum measured value (Zweifel et al. 2016). With this assumption,
growth can only take place when the stem is saturated, or near saturated. However, there is evidence
that growth also occurs during periods of TWD when stems are not fully saturated (Zweifel et al.
2016). Additionally, growth partitioned from ASR accounts for cell division and elongation, but is
unable to account for growth associated with cell wall thinking (Zweifel et al. 2021). Thus, the

Zero Growth method may underestimate the growth occurring during the study period.

With dendrometers located over the bark, growth includes bark development, which can account
for a significant portion of growth in trees with a small annual increment (Gri¢ar & Cufar, 2008,
Zweifel et al. 2021). Dendrometers that include changes in bark swelling are also susceptible to
hygroscopic swelling, where rain water flowing along the stem is absorbed by the bark tissue
(Oberhuber et al. 2020, Zweifel et al. 2021). Bark swelling could potentially increase the measure
of stem radius above the previous maximum, resulting in a TWD equal to zero and an erroneous
attribution to growth. To mitigate this influence we removed dead bark, which is susceptible to
water absorption, before installing the dendrometers. A validation of the Zero Growth method with
independent growth measurements would require destructive sampling that was not undertaken as
part of this project. However, validation would have increased our ability to determine growth and

TWD from the two species in this study.
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Sap flux density to monitor transpiration

Another important component of tree-water relations is the transpirational water loss. Transpiration
dictates plant growth and productivity by affecting turgor pressure, links plants to the atmosphere
in the soil-plant-air-continuum, and contributes to forest hydrological and weather regimes through
water and energy fluxes (Steppe et al. 2015, Tyree and Ewers 1991). Transpiration can be estimated
using field based empirical data including upscaled measurements of sap flow from trees (e.g.,
Tang et al. 2006, Oishi et al. 2008, Matheny et al. 2014). While several techniques exist to measure
sap flow in trees, the heat-ratio method (HRM) is a reliable method that has proved effective for
measuring sap flow in small trees, like the ones we found across our northern study sites (Figure
1.8). The HRM sap flow sensors consist of three needles; a central heater probe and two
temperature probes equipped with two thermistors (at 12.5 mm and 27.5 mm). The three needles
are inserted perpendicular into the xylem of the tree, forming a vertical line spaced equidistant (0.6
cm) apart (Burgess et al. 2001). The spacing of the needles is crucial for HRM measurements, and
is determined with the assistance of a spacing guide when the needles are installed. The central
heater probe releases a heat pulse, warming the surrounding sap and transferring heat towards the
downstream and upstream temperature probes. Convection through the warmed sap transfers the
heat towards the downstream and upstream temperature. The temperature differences between the
downstream/upstream temperature probes are used to derive the magnitude and direction of sap
flux density (Js: cm® cm hr'!"). This method takes into account the thermal properties of wood, the
wound correction factor (1.7853 based on measurements in the field and a wound diameter of 0.18
mm), wood density, the specific heat capacity of wood (1200J kg~' °C~! at 20°C), specific heat
capacity of sap (4182 kg™! °C~! at 20°C), the density of water (1,000 kg-m™3), and the water content
of sapwood. For this work, sensors were not calibrated for the site/species, and were not corrected
for needle distance or temperature gradients within the stem. Only measurements from the
thermistor at 12.5 mm are used when the thermistor at 27.5 mm in located in the heartwood tissues.
The Sap Flow Tool software (ICT International Armidale, New South Wales, Australia) is used to
calculate Js and visually correct the time series to ensure that the lowest points on the time series

corresponded with near zero flow rate conditions.
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Figure 1.8 A heat ratio method sap flow sensor installed on the trunk of a black spruce tree at
Scotty Creek in 2018. The sensors and the logger are visible in a), while the installation of the
upstream, central, and downstream probes into the tree stem are visible in b). Photo by Nia Perron.

Measures of sap flow can then be used to derive transpiration estimates at the tree to stand-level
using measures of sapwood area and species-specific allometric relationships with diameter at
breast height (e.g., Warren et al. 2018, see Chapter 3). Ground-based estimates of transpiration can
be collected at a small spatial scale (tree to stand level) but with high temporal resolution over
multiple years, making them an important source of transpiration estimation for understanding
forest productivity, partitioning evapotranspiration and validating land surface models, among
other purposes (Stoy et al. 2019). In chapter three, I used HRM sensors to estimate transpiration of
black spruce and tamarack across the ForestGEO plot. To assess how local heterogeneity influences
stand transpiration, I also used measurements of environmental conditions from across the

ForestGEO plot (Figure 1.5).

Micrometeorology to monitor local meteorological conditions

Micrometeorological approaches are effective for monitoring local environmental and
meteorological conditions, as well as fluxes of water, heat, carbon dioxide, and methane (Figure

1.9, e.g., Helbig et al. 2016b, Baldocchi 2014). Micrometeorological towers can be operated from
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off the grid power supply systems (e.g., solar, wind), making them suitable for remote field
locations. To meet the goals of chapters two and four, I use pre-existing micrometeorological
towers equipped with eddy covariance instrumentation, and instrumentation to measure supporting

environmental variables such as net radiation, air temperature and humidity (Figure 1.9).

Figure 1.9 An example of a micrometeorological tower located at Scotty Creek a) and a close- up
of an enclosed-path gas analyser and 3-D sonic anemometer for eddy covariance measurements on
a micrometeorological tower at Smith Creek near Wrigley, NT (b). Photos by Gabriel Hould-
Gosselin.

As airflow moves vertically and horizontally across a landscape it transports energy and matter
(e.g., water) from the land surface to the atmosphere (Fisher et al. 2011, Wang and Dickinson
2012). The vertical movement, or fluxes of air, energy and matter can be measured from
micrometeorological towers using eddy covariance techniques (Baldocchi et al. 1996, Baldocchi
2014). Eddy covariance techniques use a 3D sonic anemometer with an open- or enclosed-path
infrared CO»/H>O gas analyzers (e.g., Helbig et al. 2016b), or a krypton hygrometer (e.g., Spence
et al. 2020) to quasi-continuously measure water and heat fluxes. Evapotranspiration is the flux of
water and energy from the land surface (evaporation) and from vegetation (transpiration) and is an
important metric that can be used to determine ecosystem energy supply, water balance, and

productivity (Fisher et al. 2011, Wang and Dickinson 2012). Tree-water relations are coupled with
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evapotranspiration as vegetation controls transpiration through root uptake, transport and stomatal
conductance and evapotranspiration regulates the water available for plants through surface

evaporation (Novak 2012).

Additional meteorological variables known to influence tree-water relations including
photosynthetically active radiation (PAR), vapor pressure deficit (VPD), air temperature, and
rainfall can also be measured using instruments on micrometeorological towers. A quantum sensor
1s commonly used to determine PAR by measuring the amount of photons that reach the sensor’s
photodiode within a certain period of time (i.e., the photon flux density, pmol m™ s™!). Vapor
pressure deficit is derived from air temperature and relative humidity measurements taken from
temperature and relative humidity probes, and rainfall can be measured using a tipping bucket.
Micrometeorological stations are also often equipped with instruments to continuously measure
soil moisture (measured as volumetric water content using a Water Content Reflectometer) and to
determine the level of soil water availability at various soil profiles. In chapter four, I used
instrumentation on micrometeorological towers to evaluate the controls (referred to as
environmental controls in Chapter 4) of black spruce and tamarack tree water deficit at various

time scales.

Additional measurements can be taken from near micrometeorological towers to determine the site
characteristics. These measurements can include edaphic conditions (e.g., soil material, and soil
moisture), stand structure, density and composition, and information on permafrost (e.g.,
presence/absence, active layer thickness). For my work, I used measurements of the organic layer
thickness (measures with a 1.5 m auger), fibric layer thickness (the upper layer of less humified
organic soil) and the level of peat humification (with the Von Post scale) to characterize soil
material (Chapter 3). I used continuous measurements of soil moisture to determine the level of
water availability throughout the growing season (Chapter 4) and measures of volumetric soil water
content from the top 5 cm of soil (using time domain reflectometry) to identify areas that were
relatively wet and dry (Chapter 3). Frost table depth was used to determine the active layer
thickness and the presence of permafrost within 2m of the surface (Chapter 3). Measurements of
snow depth (measured in March using an automatic snow depth probe, Snow-Hydro LLC) were

used to determine the amount of snow cover during the winter (Chapter 3). Surveys of tree and
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stand structure (species dominance, tree height, crown area and live crown ratio), stand density,
and species composition were used to understand the spatial variability of trees within and among

forest stands (Chapters 3 and 4).

Thesis components

My thesis consists of five chapters; a general introduction (this current chapter), three chapters
presented in article form, and a fifth chapter with general conclusions. I co-authored the article
chapters with support from collaborators. Below, I provide details about co-author involvement

and the publication status of each chapter.

Chapter 2

Perron N, Sonnentag O, Nehemy M, Standen K, Spence C, Laroque CP, and Baltzer JL. (Reject
and resubmit). Exploring relationships between tree life-history and water-use strategies in

Canada's Western Boreal Forest. Tree Physiology.

In Chapter two, I examine how resource-use strategies of black spruce and tamarack related to
growth and tree water deficit. I collected and processed the dendrometer and tree structural trait
data, performed the statistical analysis, wrote the manuscript, and created all the visualizations.
Magali Nehemy provided assistance with data processing, interpretation and manuscript
preparation. Katherine Standen collected the foliar trait data and provided assistance with
manuscript preparation. Colin P. Laroque and Chris Spence provided assistance with the
manuscript preparation. Jennifer Baltzer and Oliver Sonnentag helped develop the study design,
and provided guidance on the analysis, interpretation and manuscript preparation. The manuscript
resulting from chapter two has been submitted to the journal Tree Physiology where it was rejected
with encouragement to resubmit pending revisions. At the time this thesis was submitted, chapter
two was undergoing revisions. Thus, the resulting manuscript will deviate from the chapters'

current form.
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Chapter 3

Perron N, Baltzer J L and Sonnentag O 2023 Spatial and temporal variation in forest transpiration
across a forested boreal peatland complex Hydrological Processes 37 Online:

https://onlinelibrary.wiley.com/do0i/10.1002/hyp.14815

Chapter three examines how variation in environmental conditions in a heterogenous boreal
peatland complex influences black spruce and tamarack transpiration. I collected and processed the
dendrometer data for 2018, processed the data for 2017, and incorporated processed datasets from
earlier years. I performed the analysis, created the visualizations and prepared the manuscript.
Jennifer Baltzer and Oliver Sonnentag helped develop the study design, and provided guidance on
the analysis and manuscript preparation. A version of chapter three has been published in

Hydrological Processes.

Chapter 4

Perron N, Baltzer J, Detto M, Nehemy M, Spence C, Hould-Gosselin G, Hadiwijaya B and
Sonnentag O (in preparation for Geophysical Research Letters) Radiation, air temperature and soil

water availability drive tree water deficit across temporal scales in Canada’s western boreal forest.

Chapter four determines the environmental controls of tree water deficit in black spruce and
tamarack across various temporal scales. I processed the dendrometer data, performed the analysis,
created the visualizations and prepared the manuscript for chapter four. Matteo Detto assisted with
the analysis. Magali Nehemy, Gabriel Hould-Gosselin, Christopher Spence and Bram Hadiwijaya
provided assistance processing the dendrometer, evapotranspiration, meteorological, and sap flow
data. Jennifer Baltzer and Oliver Sonnentag helped to design the study, guide the analysis, and
prepare the manuscript. At the time of my thesis submission, a version of chapter four is being
prepared for submission to Geophysical Research Letters. Thus, the resulting manuscript may

deviate from the chapters' current form.
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Together, findings from these chapters will help improve our understanding of boreal tree-water
relations, improve how transpiration is estimated in heterogeneous environments, and strengthen
our ability to predict forest responses to environmental and meteorological change. Together with
climate and land surface modeling, this work could help forest managers, conservationists, and
Indigenous communities, identify, and mitigate risks posed to the boreal forest over the upcoming

decades.
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Chapter 2 — Exploring relationships between tree resource-
use strategies, tree water deficit and growth in Canada's

western boreal forest

Nia Perron'?, Oliver Sonnentag 2, Magali Nehemy 4, Katherine Standen °, Christopher Spence®,

Colin P. Laroque * and Jennifer Baltzer’.

! Département de géographie, Université de Montréal, Montréal, Québec, Canada, > Centre d'étude
de la forét, Université du Québec a Montréal, Montréal, Québec, Canada, * Trent School of the
Environment, Trent University, Peterborough, Ontario, Canada, % Mistik Askiwin
Dendrochronology Laboratory (MAD Lab), University of Saskatchewan, Saskatoon, Canada, °
Department of Plant Science, University of Saskatchewan, Saskatchewan, Canada, ® Environment
and Climate Change Canada, Saskatoon, Saskatchewan, Canada, ’ Biology Department, Wilfrid
Laurier University, Waterloo, Ontario, Canada

Perron N, Sonnentag O, Nehemy M, Standen K, Spence C, Laroque CP, and Baltzer JL. (Reject
and resubmit) Exploring relationships between tree life-history and water-use strategies in
Canada's Western Boreal Forest. Tree Physiology.

Abstract

Boreal tree species possess resource-use strategies that balance productivity and safety under
variable environmental conditions. The coordination of these strategies and their combined
influence on tree growth and tree water deficit is understudied across boreal environments. We
used foliar and structural traits to determine the resource-use strategies and high-resolution
measurements from dendrometers to determine the growth and tree water deficit of two widespread
boreal tree species (black spruce; Picea mariana and tamarack; Larix laricina). We evaluated the
influence of resource-use strategies on species performance using cumulative annual growth as an
indicator of productivity and on species tree water deficit. We found consistent trait separation
between species representing foliar productivity, but site specific differences in species structural
traits representing competition for light. Tamarack engaged in an acquisitive resource-use strategy
supported by greater tree water deficit and higher growth at two of the three sites, while black

spruce engaged primarily a conservative strategy coordinated with low growth and lower tree water
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deficit. This work provides a comprehensive evaluation of the relationship between the resource-
use strategies and tree water deficit of two common boreal tree species in northwestern Canada,

and how these strategies influence species performance in changing environments.

Introduction

Across the globe, air temperature has been increasing, and precipitation regimes changing, leading
to amplified intensity and frequency of heat waves and drought (Wang et al. 2014; Dai 2018;
Robinson et al. 2021). Arctic-boreal regions are warming two to four times faster than the global
average, with complex and variable impacts on local vegetation (Sulla-Menashe et al. 2018;
Rantanen et al. 2022). Where water is limited, warming and drying could lead to decreased boreal
ecosystem productivity and health (Gauthier et al. 2015; Girardin ef al. 2016a; Wang et al. 2020).
In areas of the boreal biome with ice-rich permafrost (i.e., ground that remains frozen for a
minimum of two years) thaw is leading to surface subsidence and either improved drainage or soil
waterlogging, triggering tree mortality and forest loss (Osterkamp et al. 2000; Baltzer et al. 2014;
Patankar et al. 2015; Helbig et al. 2016a). However, local to regional increases in vegetation
growth and boreal ecosystem productivity have been observed in wetter portions of the boreal
biome (Wang et al. 2023). To better understand how the boreal biome may be affected by changing

conditions, we must first understand how boreal species respond to local conditions.

To maintain growth, reproduction, and/or survival under spatially or temporally variable
environmental conditions, plants have developed different resource-use strategies (Diaz et al. 2004,
2016; Wright et al. 2004; Reich, 2014). The plant economics spectrum uses coordinated functional
traits to categorise plant resource-use strategies. An acquisitive resource-use strategy has traits that
support rapid growth, and high resource-use; while a conservative resource-use strategy has traits
that promote high survival, resource conservation, and protection mechanisms from herbivores and
pathogens (Niinemets, 2001; Wright et al. 2004; Reich, 2014; Diaz et al. 2016). Two distinct axes
have been identified to describe the ecological trade-offs and global variation in tree traits,
capturing different aspects of the acquisitive and conservative resource-use strategies (Maynard et
al. 2022). A first axis includes key aspects of the leaf-economic spectrum (Wright et al. 2004) and

represents a foliar productivity gradient (i.e., specific leaf area, foliar nitrogen). A second axis
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includes plant structural traits and represents a gradient of plant size and competition for light (i.e.,
tree height and crown size, Maynard et al. 2022). The first axis demonstrates a tree’s photosynthetic
compatibles versus a risk of desiccation at the leaf-level, while the second axis demonstrates a
tree’s ability to intercept light versus their vulnerability to mechanical damage (Maynard et al.
2022). Our understanding of how the resource-use strategies of boreal trees corresponds to the two
axes remains incomplete, highlighting the need for further research on tree resource-use strategies

(Diaz et al. 2016; Reich et al. 2014; Martinez-Vilalta & Garcia-Forner, 2017).

Plant resource-use strategies regulated by functional traits represent trade-offs linked to the
acquisition and allocation of limited resources and provide important information on the potential
resilience of ecosystem functioning to changing resource availability (Wright ef al. 2004; Reich,
2014; Osnas et al. 2018). Tree resource-use strategies can be characterized by measuring foliar
traits associated with photosynthesis, tree hydraulics, nutrient use, and light interception (Wright
et al. 2004; Reich, 2014; Diaz et al. 2016; Maynard et al. 2022). Functional traits along the plant
economics spectrum are sensitive to local environmental conditions, such as air temperature, soil
nutrient and water availability, leading to inter- and intraspecific variation in trait expression (Maire
et al. 2015; Wright et al. 2017; Rosas et al. 2019; Maynard et al. 2022). Thus, an improved
understanding of inter- and intraspecific trait variation and resource-use strategies will enhance the
ability to discern species’ capacity for adapting to anticipated environmental changes through trait
plasticity, or whether vegetation response is more likely through species turnover and vegetation

change (Kichenin et al. 2013; Anderegg, 2015; Standen & Baltzer, 2021).

An important aspect of resources-use strategies, is tree-water relations. Water is crucial for plant
growth and survival, and the capacity to move and lose water influences a species resource-use
strategy (Reich 2014). Continuous information on tree-water relations can be obtained with
measurements of stem radius change (ASR) (Garnier & Berger, 1986; Cermék et al. 2007). To
support transpiration, trees rely on root water uptake and water stored in bark tissue, cambium, and
immature xylem (Meinzer ef al. 2004; Scholz et al. 2008; Zweifel et al. 2016; Salomoén et al. 2022).
As transpiration draws on stored water, stems dehydrate and shrink. However, when transpiration
decreases at night, trees refill depleted tissues, causing stems to swell with rehydration (Garnier &

Berger, 1986; Zweifel et al. 2010, Steppe et al. 2015). When transpiration-induced water loss
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cannot be recovered through water uptake at night, the stem stays dehydrated (Hinckley &
Bruckerhoft, 1975; Zweifel et al. 2016; Dietrich et al. 2018). The state of dehydration and resulting
stem shrinkage can be expressed through tree water deficit (TWD) (Zweifel et al. 2016). During
the growing season, ASR can be partitioned into TWD and cumulative annual growth, thus
providing key information related to plant water status and productivity, which can improve our

understanding of tree resource-use strategies and overall species performance.

With a relatively small number of tree species across the boreal biome, examinations of inter- and
intraspecific variation in tree functional traits and tree-water relations of two dominant species are
tractable. Black spruce (Picea mariana [Mill.] B.S.P) is the most common and widespread tree
species throughout boreal Canada (Hermosilla et al. 2022) and often co-occurs with tamarack
(Larix laricina [Du Roi] K. Koch). However, our understanding of the resource-use strategies of
Picea and Larix species has been largely developed through site-level studies. Black spruce and
tamarack may be expected to demonstrate variable functional traits across the diversity of
environmental conditions that characterize boreal North America, with consequences for forest

productivity.

With this work, we aimed to examine the resource-use, growth and tree water deficit of two
dominant boreal tree species in three ecozones, covering a range of environmental conditions in
Canada’s northwestern boreal biome. Specifically, we asked (1) what are the resource-use strategies
of black spruce and tamarack and how do these strategies vary across sites?, (i1) how do resource-
use strategies influence species productivity?, and (iii) are the resource-use strategies associated
with species tree water deficit? We hypothesized that tamarack would demonstrate an acquisitive
resource-use strategy across sites, coordinated with higher growth rates and higher tree water
deficit. Additionally, we hypothesized that black spruce would demonstrate conservative trait
expression and lower growth with minimal water requirements thus more hydrated trees and lower
tree water deficit. By the end of the 215 century, high-latitude regions, including the boreal biome,
will be exposed to substantially warmer conditions. An increase in air temperature, changes in
precipitation regimes, and accelerated permafrost thaw are projected to continue across the boreal

biome with consequences to tree species (Gauthier ef al. 2015). This work will help us to better
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understand how resource-use strategies influence species tolerance and vulnerability to resource

limitation (water deficit) in rapidly changing environments.

Materials and methods

Study sites

Our work took place at three mature black spruce-dominated forest sites in northwestern Canada,
each located in a different ecozone (Wiken et al. 2011; Figure 2.1, Table 2.1). Old Black Spruce
(OBS; 53.98 °N, -105.12 °W, within the Boreal Ecosystem Research and Monitoring Sites
program) is a black spruce-dominated forest with sporadic tamarack and jack pine (Pinus
banksiana [Lamb.]) (Gower et al. 1997; Jarvis et al. 1997). Located in the Boreal Plains ecozone,
OBS is permafrost-free and the warmest of the three sites, with the greatest projected drying for

the 21% century (Ireson et al. 2015).
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Figure 2.1 The location of Old Black Spruce (OBS), Scotty Creek (SCC) and Baker Creek (BAC)
within North America’s boreal biome (shaded green). Stem radius change (ASR) of tamarack and
black spruce were sampled from all three sites, foliar traits sampling was limited to OBS and SCC.

Scotty Creek (SCC; 61.18 °N, -121.18 °W) is a boreal peatland complex located in the Taiga Plains

ecozone, composed of forested permafrost peat plateaus and largely treeless permafrost-free
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wetlands (Quinton et al. 2019). In more productive areas of SCC, black spruce and tamarack co-
occur (Dearborn et al. 2021). Like much of the southern portion of the Taiga Plains, permafrost at
SCC is sporadic and is strongly associated with raised dry peat plateaus (Ecosystem Classification
Group, 2009; Quinton ef al. 2019; Gibson et al. 2021; Wright et al. 2022). Permafrost at SCC is
experiencing rapid thaw that is likely to continue over the next century. Permafrost thaw below the
center of raised peat plateaus occurs laterally, causing the water table to drop and surface layers to
dry. By contrast, permafrost thaw at peat plateau edges occurs laterally, causing the water table to
rise relative to the subsiding surface, often until inundation (Baltzer ef al. 2014, Patankar et al.

2015).

Table 2.1 Site information for Old Black Spruce (OBS), Scotty Creek (SCC) and Baker Creek
(BAC). The mean annual air temperature (MAAT) and mean annual precipitation (MAP) of each
site represent the 30-year climate normals (1981 to 2010; ECCC, 2021). Forest composition was
determined from three density plots of at least 90 trees at each site. Black spruce refers to Picea
mariana and tamarack is Larix laricina. A more detailed site description can be found in the main
references for each site.

Site OBS SCC BAC

MAAT (°C) 1.4 -2.8 -4.3

MAP (mm) 427.7 390 289

Location 53.98 °N, -105.12 °W | 61.18 °N, -121.18 °W 62.55 °N, -114.43 °W

Ecozone Boreal Plains Taiga Plains Taiga Shield

Permafrost Absent Sporadic (>10 % — 15 % in | Discontinuous (>50 % — 90 % in

arcal extent) arcal extent)

Forest Black spruce 90 % Black spruce 80 % Black spruce 75 %

Composition | Tamarack 10 % Tamarack 11 % Jack pine (Pinus banksiana 14 %)

Birch species complex Paper birch (Betula papyrifera 6 %)
(Betula spp.; 7 %) Tamarack 3 %

Soil Type Poorly drained peat Thick poorly drained Thick organic soil layer atop fine-
(20 — 30 cm) over Organic Soils (wetlands) grained mineral sediment and
coarse-texture mineral | and well-drained Organic bedrock
soil Cryosols (plateaus) atop

mineral soils

References Gower et al. 1997, Dearborn et al. 2021; Spence & Hedstrom, 2018

Jarvis et al. 1997 Standen & Baltzer, 2021
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Baker Creek (BAC; 62.55 °N, -114.43 °W) is an open-canopy mixed forest located in the Taiga
Shield ecozone, and dominated by black spruce (Ecosystem Classification Group, 2008). Mosaic
landscapes are typical of the Taiga Shield with Precambrian bedrock ridges dispersed between
forested hillslopes, peat-filled bedrock depressions, wetlands, and lakes (Spence & Woo, 2002;
Ecosystem Classification Group, 2008). The locally diverse topography gives rise to distinct and
often isolated vegetation types, including forests, and peatlands with discontinuous permafrost
(Morse et al. 2016). Tamarack at BAC can be found mainly in bedrock depressions, and black
spruce are dispersed throughout forest hillslopes below the bedrock ridges and the depressions

(Spence & Hedstrom, 2018).

Stem radius change

We installed circumference dendrometers (DC3, Ecomatik GmbH, Munich, Germany) on four to
eight black spruce and five to eight tamarack at each site for accurate (= 0.1 % of the measured
value) and high-resolution (5-30 minutes) measurements of ASR (mm) (Table 2.2). At each site,
the trees were located in the same forest stand, in an area with a radius of 30 m. Each dendrometer
was installed on a branch-free section of the main stem near breast height (1.3 m; Figure SI.1). Up
to four dendrometers were recorded on a single HOBO data logger (UX120-006M, Onset, Bourne,
MA), and averaged at 30-minute intervals for near continuous time series of ASR starting April
Ist, 2018 (2019 for two sites, SCC and BAC) and ending October 1st, 2020. Gaps in the data (= 3
h) were filled using linear interpolation. Longer periods with missing data (>3 hours) due to data

logger failure and/or animal damage to instruments were not gap-filled (Nehemy et al. 2022).

To examine the ASR related to tree hydraulics and growth, we focused on ASR during the peak
summer months, June, July and August, herein referred to as the study period. These months were
all part of the transpiration period for each species, defined as the time of year when trees were
actively transpiring and could initiate growth. The transpiration periods were delineated from the
individual ASR time series each year (2018 — 2020) using the daily mean ASR approach (King et
al. 2013). Briefly, daily mean ASR was subtracted from the half-hour measurement of ASR to
detrend each ASR time series (King et al. 2013). The transpiration period of each tree began with

transpiration onset; the first day of a consecutive series of days (>5 excluding days with rain), in

49



which the sinusoidal pattern of detrended ASR switched from being air temperature-driven
(negative sinusoidal) to transpiration-driven cycle (positive sinusoidal), reaching a maximum in
the night/early morning and a minimum mid-day (Zweifel et al. 2001; Pierrat ef al. 2021; Nehemy
et al. 2023; Figure SI.2). The end of the transpiration period was identified as the day when the
temperature-driven sinusoidal pattern returned, with maximum ASR during the day and minimum

ASR at night.

Cumulative annual growth of the stem radius (herein referred to as growth; mm) and tree water
deficit (TWD; um) of each tree were partitioned from ASR using the ‘Zero Growth’ method during
the study period (Zweifel et al. 2016). The ‘Zero Growth’ method assumes no growth occurs during
periods of stem shrinkage because turgor pressure is insufficient to facilitate cell division and
enlargement (Lockhart, 1965; Hinckley & Bruckerhoff, 1975; Zweifel et al. 2016; Dietrich et al.
2018). Growth was measured as the difference between the given measure of stem radius change
(ASR¢) and the previous maximum (ASRmax) when ASR;> ASRmax (Zweifel, 2016; Zweifel et al.
2021). This created a stepwise increase in growth where ASRmax was reset to a new higher level

when the current ASR; exceeded the previous ASRmax.

Growth was subtracted from the ASR time series to obtain TWD (Zweifel et al. 2016). The value
of TWD represents the volume of water required for a stem to fully re-hydrate. Bark degradation
in the winter, and temperature fluctuations, including freeze-thaw events can also influence ASR
and TWD (Zweifel et al. 2021). Thus, our study period was isolated to the summer months (June,
July August) when temperatures are above freezing to limit the influence of bark degradation and
thermal expansion. During heavy rainfall, the ASR may increase as a result of bark absorbing water
flowing along the stem, resulting in TWD of zero that does not fully reflect tree growth. We were
unable to distinguish between periods of TWD coordinating with bark absorption versus growth.
We assumed that a TWD equal to zero represented fully hydrated stem tissue, and a positive TWD
(> 0) represented dehydrated stem tissue. The number of days trees reach full hydration (TWD =
0) thus provides key information related to re-hydration and drought stress (Hinckley & Lassoie,
1981; Zweifel et al. 2005; Drew et al. 2011; Kocher et al. 2013; Dietrich et al. 2018). At all three

sites, ASR was synchronous among black spruce and tamarack, but the amplitude of stem shrinkage
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and swelling varied. Species-averaged ASR, TWD and growth were calculated for each site (e.g.,

Zweifel et al. 2016; Maillet et al. 2022) and used for demonstrative purposes in figures.

Tree structural traits and foliar traits

Structural traits, including tree height (m), diameter at breast height (1.3 m; DBH; cm), crown area
(measured as the elliptical crown area occupied by the foliage which considers the widest length
of the plant canopy through its center and the perpendicular canopy width; CA; m?), and the live
crown ratio (percentage of the stem supporting live foliage from crown base to top relative to the

tree height; LCR %), were measured for each tree instrumented with a dendrometer (Table 2.2).

Table 2.2 Mean (standard deviation) for measured tree structural traits, including diameter at
breast height (DBH, c¢m), height (m), crown area (CA, m?) and live crown ratio (LCR; %) of the
tamarack and black spruce individuals (n) instrumented with dendrometers to measure stem radius
change at Old Black Spruce (OBS), Scotty Creek (SCC) and Baker Creek (BAC). Tree species
include black spruce (Picea mariana) and tamarack (Larix laricina), n indicates the number of
trees instrumented with dendrometers for which structural traits were measured and interval
indicated the measurement interval period (in minutes).

Site | Species n Interval DBH [cm] | Height [m] CA [m?] LCR [%]
OBS | Tamarack 7 30 min 15 (£4) 13.5(£2.7) 10.8 (£2.9) 62 (£3)
Black spruce | 4 30 min 10(£1) 9.1 (£2.1) 3.9 (£0.8) 62 (£9)
SCC | Tamarack 8 5 min 10 (£2) 8214 45(=1.9) 59 (11
Black spruce | 8 5 min 16 (£5) 10.6 (£2.6) |54((1.3) 85(x£9)
BAC | Tamarack 5 5 min 14 (£5) 8.9 (x2.6) 9.7 (£3.8) 84 (£ 18)
Black spruce | 5 5 min 81 7.1 (£0.8) 3.71.1D 81 (£5)

Foliar traits were measured from five black spruce (n = 5) and three tamarack trees (n = 3) on July
19" (OBS) and June 28" (SCC), 2017, respectively. Foliar traits included specific leaf area (SLA;
cm? g!), foliar nitrogen concentration (Nmass; mg N g leaf), area-based light-saturated
photosynthetic rate (Amax; pmol CO, m?2s™), stomatal conductance to water vapor (gsw; mol H2O
m' s7!), integrated (measured in the needles; %o) and instantaneous water-use efficiency (WUE;;

pumol CO, mmol! H20). WUE; was determined by dividing Amax by the maximum rate of
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transpiration (Emax). Foliar traits, including SLA, Nmass, Amax and gsw, inform potential productivity,
while water-use efficiency can be derived from measures of WUE; and 6'3C (Wright et al. 2004;
Seibt et al. 2008).

Simultaneous measurements of Amax, Emax and gsw were performed on branchlets with healthy
needles using a portable photosynthesis system (LI-6400XT; LI-COR Biosciences Inc., Lincoln,
NE) equipped with the opaque conifer chamber (L16400-22) and the RGB light source (LI-6400-
18A; LI-COR Biosciences). For each measurement, the sample chamber CO» concentration was
maintained at 400 pmol CO, mol! with chamber humidity ranging from 30 % to 60 % (Pérez-
Harguindeguy et al. 2013). To conserve battery power while operating in the field without
immediate power sources, we used ambient air temperature and took all measurements before solar
noon (no later than 13:00 to avoid peak heat of the day). Gas exchange measurements were made
under saturating light (photon flux density = 1500 pmol m s™!) with equal intensities of each color
light in the RGB light source. Each gas exchange measurement is an average of five point measures
taken within a 30 second interval after stabilization of gas exchange within the chamber and
corrected for leaf area. After measurement, all needles were removed from the branchlet and
digitized to determine needle area (see below). Needle area was used to correct Amax, Emax and gsw

measurements returned by the LI640XT system.

To determine SLA, Nmass, and 8'3C, needles measured for gas exchange were collected and
immediately put in sealed plastic bags to maintain hydration. Within 2-3 hours of sampling, the
fresh needles were scanned to determine leaf area using Imagel] (Schneider et al. 2012). To
calculate SLA (the ratio between fresh area and dry mass), needles were oven-dried at 50 °C for
five days and weighed (scale accuracy of 0.001 g). These samples were then ground using a ball
mill for the determination of Nmss and foliar 8'3C. During photosynthesis, ribulose-1,5-
bisphosphate carboxylase oxygenase discriminates against 1*C over the lighter '>C (Farquhar et al.
1989), as stomata close, the concentration, and uptake, of '*C increases. Therefore, §'*C can be
used as a proxy for stomatal control and WUE over an integrated period (i.e., carbon gained vs.
water lost). Samples were processed for §'3C by the University of California Davis Stable Isotope
Facility using a PDZ Europa ANCA-GSL elemental analyser interfaced with a PDZ Europa 20-20

isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). To obtain Niass, ground samples were
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analyzed using a 2,400 Series Il CHNS/O Elemental Analyzer (Perkin Elmer, Waltham, MA) with

an acetanilide standard and an accuracy of <0.3 %.

Foliar traits were collected from OBS and SCC as part of a separate project aimed at understanding
plant trait variability across the Northwest Territories and were not paired with structural trait,
TWD, and growth data at the tree-level (Standen, 2022). Measurements of foliar traits were not

obtained for BAC.
Meteorological conditions

Regional climate normals (1981 - 2010) were obtained from air temperature and precipitation
measurements made at the nearest Environment and Climate Change Canada meteorological
station (OBS: Prince Albert, SK, ca. 90 km; SCC: Fort Simpson, NT, ca. 50 km; BAC:
Yellowknife, NT, ca. 10 km). The daily data from the meteorological stations were also used to
determine mean air temperature and total rainfall during the summer (May to September 2018,
2019 and 2020). Additionally, local mean air temperature and total rainfall for the three summers
were computed from half-hourly measurements made at micrometeorological stations located at
the sites themselves. There, air temperature and relative humidity were measured using temperature
and relative humidity probes (HPM45C, Campbell Scientific Inc., Logan, UT). Rainfall was
measured using precipitation gauges outfitted with altar shields (OBS and SCC: T-200B, GENOR
Inc., Augusta, NJ) and a tipping bucket rain gauge (BAC: TE525, Texas Instruments, Dallas, TX).

Statistical analysis

To determine the resource-use strategies of black spruce and tamarack we performed a principal
component analysis (PCA) using the PCA function from the R package FactoMineR (L¢€ et al.
2008). The PCA was used to assess co-variation among structural and foliar traits within and
between black spruce and tamarack individuals. Trait data was scaled (standardized) to
accommodate different measurement scales. We extracted the eigenvalues using the
get eigenvalue function from the R package factoextra to determine the number of principal
components to keep in the analysis (Kaiser, 1961). Only principal components with eigenvalues

>1 were kept (Girden & Kabacoff, 2011). The first three principal components, represented by the

53



first three axes, were kept. Individuals were grouped using 95 % concentration ellipsoids to
visualize the clustering within a species, overlap between species, and species’ relative locations
in trait space. We used the adonis2 and the betadisper functions in the vegan package (Oksanen et
al. 2018) to assess the statistical differences in foliar and structural traits among- and within sites.
We performed a permutational analysis of variance (PERMANOVA) and a beta dispersion test to
determine whether the PERMANOVA results were due to differences among centroids or due to
differences in dispersion around the centroid of each site (i.e., beta dispersion). We used the
Student’s t-test and the Wilcoxon rank sum test for comparisons of normally and non-normally

distributed foliar and structural trait data, respectively.

To determine how resource-use strategies influenced species productivity, we compared radial
growth between black spruce and tamarack among- and within sites. We determined the growth
for individual trees at OBS, SCC, and BAC from June to August 2018 —2020. We used a Wilcoxon
rank sum test to compare growth between tamarack and black spruce at the site level and species
level (all sites combined). We also compared the values associated with the first and second
principal component for tamarack and black spruce at the site level and species level (all sites

combined), however the sample size was too small for meaningful statistical comparisons.

Finally, to determine if the resource-use strategies were associated with species TWD, we used a
Wilcoxon rank sum test to compare TWD between tamarack and black spruce at the site level. Data
processing and statistical analyses were performed in R (version 3.6.3, R Core Team, 2020) with a
significance level set to a = 0.05. Figures were created with ggplot2 (Wickham, 2016) and ggpubr
(Kassambara, 2023).
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Results

Resource-use strategies of black spruce and tamarack

The first three axes of the PCA analysis, performed with foliar and structural traits, explained a
combined 85.4 % of the total variance and revealed site and species-specific resource-use strategies
of tamarack and black spruce (Figure 2.2a and b). The first principal component (PC1) explained
46.6 % of the total variance and represented a productivity gradient with positive PC1 values
reflecting higher values of Amax, gsw, Nmass, and SLA, key aspects of the leaf-economic spectrum
(Wright et al. 2004, Figure 2.2a). Black spruce and tamarack separated along the first axis, with
tamarack having a more productive suite of traits compared to black spruce. Tamarack had
significantly greater SLA (p < 0.05), Nmass (p < 0.005), Amax (p < 0.005), and g (p = 0.001)
compared to black spruce at both OBS and SCC (Figure 2.3a-d). The second principal component
(PC2) explained 26.4 % of the total variance and represented a gradient of tree size and competition
for light with positive PC2 values representing larger-diameter individuals that were generally
taller with a fuller canopy (higher CA, DBH, and H; positive PC2 values; Figure 2.2a and b). Black
spruce and tamarack were separated along PC2, but the separation was site specific. The crown
area of tamarack was significantly larger then black spruce across all three sites (p < 0.05) but tree
height and LCR varied across sites (Figure 2.3g-1). The third principle component (PC3) explained
12.5 % of the variance and represented a gradient of water-use efficiency (6'°C and WUE;) with
positive PC3 values representing lower water-use efficiency (Figure 2.2b). Sites separated along
the third axis, with black spruce and tamarack showing higher water-use efficiency at OBS
compared to SCC. Black spruce and tamarack were not well separated along PC3 and there was no

significant differences in the WUE; or §'*C values between species (Figure 2.3¢e & f).
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Figure 2.2 Principal component analysis summarizing tree foliar functional traits and structural
traits. The first three principal components are displayed with principal component one (PC1)
representing productivity gradient of functional foliar traits (a), principal component two (PC2)
representing a gradient of tree size and competition for light (a and b), and principal three (PC3)
representing a gradient of water-use efficiency (b). Individual trees at Old Black Spruce (OBS),
Scotty Creek (SCC) and Baker Creek (BAC) are represented by symbols. The teal and purple
shaded areas are concentration ellipsoids representing regions containing 95 % of the tamarack and
black spruce samples, respectively. Variance explained by each principal component is indicated
in parentheses. Structural traits included tree height (H; m), diameter at breast height (DBH; cm),
live crown ratio (LCR; unitless ratio) and crown area (CA; m2). Foliar traits include specific leaf
area (SLA; cm? g!), foliar nitrogen concentration (Nmass; mg N g! leaf), maximum photosynthetic
rate (Amax; pmol CO, m™ s-1), integrated water-use efficiency (8'°C; %o), instantaneous water-use
efficiency (WUE;; pmol CO, mmol! H,0) and stomatal conductance to water vapor (gsw; mol H>O
m! s!). Variables were scaled and centred before analysis.
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Figure 2.3 Plant foliar and structural traits associated with black spruce and tamarack. Foliar traits
(a— 1) include specific leaf area (SLA; cm? g*!), foliar nitrogen concentration (Nmass; mg N g! leaf),
maximum photosynthetic rate (Amax, tmol CO> m? s!), stomatal conductance to water vapor (gsw;
mol H,O m™!' s!), instantaneous water-use efficiency (WUEi; pmol CO, mmol!' H>0), and
integrated water-use efficiency (8'°C; %o). Structural traits (g — 1) included tree height (H; m), live
crown ratio (LCR; unitless ratio) and crown area (CA; m?). The difference between species was
compared using a Wilcoxon rank sum test (NS. = not significant,* p = 0.05, ** p = 0.01, *** p <
0.001).

Results from the PERMANOVA analysis revealed a significant difference between the structural
traits within- (p = 0.004) and among sites (p = 0.012). The variation between species (F = 10.3, R?
= 0.17) was similar to the variation between sites (F = 5.4, R? = 0.17). Both black spruce and
tamarack were fairly evenly spread across the two axes, and the beta dispersion test revealed no
significant difference in the distribution of variance between species (F =2.6, p =0.11) or among

sites (F =2.8, p=0.07).
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Growth of black spruce and tamarack

Black spruce and tamarack productivity (i.e., growth) were assessed across sites. Growth primarily
occurred in early summer (June), followed by a plateau in the mid-to-late summer (July — August;
Figure S1.3). Growth averaged across years and sites, was almost two times greater in tamarack
(0.612 mm £ 0.46 mm) compared to black spruce (0.313 mm + 0.26 mm; p = 0.001, Figure 2.4).
At OBS and BAC, tamarack growth was significantly greater than black spruce (p <0.001 and p =
0.04, respectively), but at SCC, growth did not differ between the two species (Figure 2.4b).
Tamarack and black spruce growth was greatest at OBS, and significantly higher compared to SCC
and BAC (Figure 2.4c¢).

The two main principal components were also assessed across sites. The PC1, representing a foliar
productivity gradient was higher for tamarack compared to black spruce at OBS and SCC (Figure
2.4d and e). Foliar traits were not measured at BAC. The foliar productivity gradient was similar
among sites for each species (Figure 2.4f). The PC2, representing a gradient of tree size and
competition for light, was similar between species (Figure 2.4g). At OBS tamarack had higher PC2
values and larger, and taller trees with a wider canopy, while at SCC black spruce had larger PC2
values (Figure 2.3a, b and Figure 2.4g). Baker Creek also had lager PC2 values for black spruce,
however, only DBH was larger. Tamarack height, CA and LCR were all greater than black spruce
at BAC (Table 2.2).
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Figure 2.4 Cumulative annual radial growth (Growth; mm) of tamarack and black spruce across
all sites (a), at each site (b) and between sites for each species (c). Each point represents the total
growth of an individual tree in 2018, 2019 or 2020 at Old Black Spruce (OBS), Scotty Creek (SCC)
and Baker Creek (BAC). The lower panels compare the principal component values between
species across all sites (d, g and j), at each site (e, h, and k) and between sites for each species (1, 1,
1). Each point represents the principal component value assigned to each measured individual.
Principal component one (PC1) represents a gradient in productivity associated with functional
foliar traits and principal component two (PC2) represents a gradient in tree size and competition
for light associated with tree structural traits. The difference were compared using a Wilcoxon rank
sum test (NS. = no significance,* p = 0.05, ** p =0.01, *** p <0.001).

Species tree water deficit

Regional meteorological conditions were generally wetter and cooler than normal during the study
period. As indicated by the local meteorological observations, the summers of 2018, 2019 and 2020

had more rain and cooler air temperatures compared to the 1981-2010 normals (Figure S1.4). The
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only summer with drier conditions than average was BAC in 2019, and the only summer with

temperatures warmer than average was SCC in 2018.

Tree water deficit was determined from the ASR of each tree measured at OBS, SCC and BAC
(Figure 2.5 a - f; Figure SI.3). The daily pattern of TWD, averaged by species, were similar between
black spruce and tamarack, with differences in amplitude and the number of days in which trees
were fully hydrated (Figure 2.5 a, c and e; Table 2.3). At OBS, tamarack TWD was significantly
higher (p < 0.05) than that of black spruce, indicating a greater water deficit (Figure 2.5b, Table
SI.1). However, tamarack was more responsive to rain events at OBS and rehydrated quickly,
spending 13 days (+ 5 days) fully hydrated, representing 14 % of the study period compared to 11
days (+ 3 days) for black spruce (12 % of the study period; Figure 2.5a, Table 2.3). At SCC, black
spruce had higher TWD than tamarack (not significant, p = 0.1; Figure 2.5d, Table SI.1), and spent
only 7 days (& 5 days), or 5 % of the study period fully hydrated, compared to 12 % for tamarack
(Table 2.3). At BAC, tamarack was better at rehydrating than black spruce and spent nearly five
times as many days fully hydrated (15 days &+ 6 days vs. 3 + 1 day for black spruce), representing
17 % and 3 % of the study period, respectively (Table 2.3). However, there was no statistically
significant difference between the TWD of black spruce and tamarack at BAC (Figure 2.5¢ and f).
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Figure 2.5 Averaged daily tree water deficit (TWD) of black spruce and tamarack at Old Black
Spruce (OBS; a — b), Scotty Creek (SCC; ¢ - d), and Baker Creek (BAC; e - f). Points denote the
average daily TWD for each species, while the shaded areas represent the standard deviation among
individuals. The panels on the right demonstrate the average annual TWD for each individual of
black spruce and tamarack at OBS (b), SCC (d) and BAC (f). The difference between species
average annual TWD was compared using a Wilcoxon rank sum test (NS. = no significance,* p =
0.05, ** p=0.01, *** p <0.001).
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Table 2.3 Average days (and standard deviation) with full hydration (i.e. days the tree water deficit
returning to zero within a 24 -hour period) for of black spruce and tamarack at Old Black Spruce
(OBS), Scotty Creek (SCC) and Baker Creek (BAC) in in 2018, 2019 and 2020. The portion
hydrated (%) represents the number of day with full hydration, compared to the study period length.
The study period is variable as not all trees recorded continuous measurements from June 15 2018
to August 301 2020 due to variable installation times, animal damage and power supply challenges.

Tamarack Black spruce Tamarack Black spruce
Days with full hydration (days) Portion hydrated (%)
BAC 15 (£ 6) 3(x1) 17.5(x£9.9) 2.4 (£2.4)
SCC 9(+4) 7 (£5) 11.9 (£7.0) 4.6 (x4.2)
OBS 13 (£ 6) 11 (x3) 14.0 (£ 6.4) 11.7 (£3.2)

Discussion

Species’ resource-use strategies

Our work found that that tamarack and black spruce traits partitioned into the same primary axes
that describe global trait variation in trees, with one axis representing the leaf economic spectrum,
and a second representing tree size and competition for light (Maynard et al. 2022). A species
separation was found along the first axis of foliar productivity, indicating a distinction between
acquisitive and conservative resource-use strategies for tamarack and black spruce that was
consistent across sites (Burns and Honkala, 1990, Fleming et al. 1994, Wright et al. 2004).
Tamarack had more positive values along the first axis (Figure 2.2a and Figure 2.4d) with traits
indicative of an acquisitive resource-use strategy, as previously reported for the species (Gower
and Richards, 1990). Higher foliar Nm.ss was found in tamarack, corresponding to a greater
potential for photosynthetic CO» uptake and a greater demand for nitrogen acquisition (Evans,
1989; Wright et al. 2004). In correspondence with higher foliar Nmags, tamarack had leaves with
higher SLA and faster CO; uptake (Amax, and gsw; Figure 2.3a-d; Wright et al. 2004; Lambers et
al. 2008). As a deciduous species, tamarack requires greater investment in photosynthetic CO»
uptake and fixation to support annual needle loss and shorter periods of growth (Reich et al. 1992;

Wright et al. 2004). Black spruce was on the other side of the foliar productivity gradient, with
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traits associated with structural resistance at the cost of photosynthetic potential, indicating a
conservative resource-use strategy (Figure 2.2a; Wright et al. 2004). The thick, long-lived needles
of black spruce (with lower SLA) offer protection against frost damage, nutrient limitation, and
desiccation (Figure 2.2a and Figure 2.4a; Onoda ef al. 2011). However, the lower Nmass and Amax
of black spruce likely limited photosynthetic CO» uptake (Reich et al. 1992; Wright et al. 2004).
Tree resource-use strategies cannot be determined based on their foliar productivity alone, as tree

structure contributes to the function diversity of tree species (Maynard ef al. 2022).

The resource-use strategies of black spruce and tamarack were dependent, to some extent, on local
environmental conditions that affected the structural traits of trees at each site. The separation of
black spruce and tamarack along the second axis (PC2), representing tree size and competition for
light, was dependent on site (Figure 2.2a and b). Trees compete for light by investing resources
into growing taller, expanding their canopy area and depth (i.e. LCR, Maynard et al. 2022).
However, structural traits, including crown diameter, crown height, and stem diameter are sensitive
to local environmental conditions (Maynard et al. 2022). Tree height and crown size of both black
spruce and tamarack are positively affected by precipitation (Maynard et al. 2022), temperature
(Dufour-Tremblay et al. 2012, Joyce et al. 2017, Oboite et al. 2019) and soil nutrient concentrations
(Tilton 1978). At one of the three sites (OBS), tamarack demonstrated acquisitive traits along PC2,
characterized by larger and taller trees with a wider CA (Figure 2.2a). OBS is the warmest of the
three sites, and has sandy loam soils that provides better access to soil nutrients (CASCC, 1998,
Qu et al. 2023). Thus, tamarack likely had access to the nutrient resources needed to support taller
trees with a wider crown area (Tilton 1978, Reich 2014). By contrast, tamarack at SCC had shorter
trees with smaller CA, LCR, and DBH (Figure 2.2a, Table 2.2). Scotty Creek is nutrient-poor
peatland complex where thick organic soils limit plant access to underlying mineral material
(Braverman & Quinton, 2016; Dearborn ef al. 2021). As an acquisitive species, tamarack has higher
nutrient demands than black spruce, thus, the shorter and smaller tamarack at SCC likely resulted

from nutrient, not water, limitation (Islam & Macdonald, 2005).
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Variation in productivity associated with species’ foliar and structural traits

The coordination of growth with foliar productivity aligned with our hypothesis; the acquisitive
resource-use strategy of tamarack contributed to greater radial growth compared to black spruce at
two of our three sites (OBS and BAC) and across the three sites combined (Figure 2.4a,c and d).
Indeed, foliar traits supporting greater resource acquisition and use such as high Amax and Nimass
have been associated with higher growth (Poorter ef al. 2008; Martinez-Vilalta et al. 2010; Gibert
et al. 2016). At OBS and BAC, tamarack maximised photosynthetic CO; assimilation with trees
that were better at intercepting light (taller with higher CA and LCR) and had higher foliar
productivity, resulting in significantly higher growth compared to black spruce (Dusenge et al.

2020; Figure 2.4b).

We expected total radial growth of tamarack to exceed that of black spruce at SCC, mirroring
observations at OBS and BAC because the species separation along the first principle component
of foliar productivity was consistent across sites (Figure 2.2a). Additionally, black spruce
productivity at SCC is reportedly low (e.g., Sniderhan et al. 2021) because permafrost thaw-
induced drying of the hydrologically and biogeochemically active layer reduces transpiration,
causes decreased growth, and mortality in black spruce but not tamarack at the site (Baltzer et al.
2014; Patankar ef al. 2015; Sniderhan & Baltzer, 2016; Dearborn et al. 2021). However, we found
no difference in growth between black spruce and tamarack at SCC. For this study, the two species
co-occurred in a low-lying stand bordering a fen, where soil nutrient concentrations were are high,
relative to the rest of the peatland complex (Dearborn et al. 2021). We surmise that our sampled
black spruce had adequate water and nutrient resource availability to maintained with its
conservative foliar productivity strategy (Tilton 1978, Islam & Macdonald, 2005). By contrast,
tamarack growth is positively correlated with nutrient supply, but with acquisitive foliar
productivity nutrient demands are much higher (Burns & Honkala, 1990, Dearborn et al. 2021).
Thus, nutrient availability at SCC was likely inadequate for tamarack, restricting the species’
ability to dominate the canopy and compete with black spruce for light (as reflected by tamarack’s
position along PC2), resulting in low growth (0.394 + 0.27 mm) relative to OBS and BAC (Figure
2.4b; Table SI.1) (Burns et al. 1990, Dearborn et al. 2021).
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Competition for light and local conditions drove tree water deficit

We expected an acquisitive resource-use strategy for tamarack to be coordinated with higher TWD.
To support photosynthetic CO, assimilation water is lost via transpiration (McDowell et al. 2008;
Warren et al. 2021). Thus, an acquisitive resource-use strategy with higher growth and higher
photosynthetic rates are often associated with greater transpiration and water loss (Gower et al.
1991, Reich 2014). We observed that, although TWD exhibited a degree of coordination with tree
growth, it was also influenced by the gradient reflecting tree size and competition for light. As a

result, species differences in TWD varied between sites.

At OBS, tamarack’s acquisitive foliar productivity and enhanced competition for light allowed for
more growth but resulted in TWD that was significantly higher than black spruce at OBS, and
higher than tamarack at the other sites (although not significantly). Tamarack TWD increased
sharply following periods of full hydration and radial growth suggesting tamarack maintained open
stomata to maximise CQO; assimilation at the expense of increased tree stem dehydration
(Oberhuber et al. 2015; Warren et al. 2021; Figure 2.5a). These results could be explained by
tamaracks reportedly anisohydric stomatal regulation (Oberhuber et al. 2015b; Sullivan et al. 2017,
Dusenge et al. 2021; Warren et al. 2021). With stomatal conductance that allows for continued
water loss during periods of high atmospheric demand and low soil water availability (Dusenge et
al. 2020; Dusenge et al. 2021), tamarack are more likely to experience greater TWD. Lower water
potential, which occur with greater TWD, has been associated with greater soil water uptake in
Larix spp. (Oberhuber et al. 2015). Thus, higher TWD in tamarack likely contributed to greater
water uptake which supported higher growth in tamarack compared to black spruce at OBS

(Oberhuber ef al. 2015; Figure 2.2b and Figure 2.5a).

With conservative foliar productivity and reduced competition for light black spruce at OBS had
lower growth but maintained a lower and more constant TWD (Figure 2.5a). Black spruce TWD
increased more gradually following periods of full hydration and growth (Figure 2.5a), suggesting
stomates closed to minimize water loss during dry periods (McDowell et al. 2008; Sullivan et al.
2017; Dusenge et al. 2021). Tight stomatal regulation has been reported for Picea sp. in response
to natural and experimental drying and warming (Macdonald & Liefters, 1990; Pepin et al. 2002;
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Oberhuber et al. 2015; Warren et al. 2021; Dusenge et al. 2021). The conservative resource-use
strategy of black spruce comes as trade-offs (Salomoén et al. 2022). By closing stomata earlier, the
stem water potentials remain higher and can restrict root water uptake. As a result, stem refilling
in black spruce was more limited after periods of full hydration, leading to fewer days with fully
hydrated trees (12% of the study period, as opposed to 14% for tamarack, Figure 2.5a). While we
did not measure the response of stomatal conductance to changing water availability, the low gsw

of black spruce indicates stomatal regulation that could limit growth (Figure 2.3d).

At SCC, TWD was more coordinated with species growth and ability to compete for light then
with foliar productivity. Black spruce, with conservative foliar traits, but taller trees and had greater
TWD than tamarack (not significant). In boreal species, tree architecture that enhances access to
light impacts tree hydraulic functioning by increasing sap flow and transpiration rates (Pappas et
al. 2018). The taller black spruce with larger crowns, likely had higher water demands then
tamarack. To maintain stem water potentials when demands are high, black spruce are known to
downregulate stomatal conductance (isohydric regulation), favouring protection from water stress
over foliar productivity and growth (Pepin et al. 2002; Sullivan ef al. 2017; Warren et al. 2021;
Dusenge et al. 2021). However, the strategy to limit water loss reduces the capacity for stem
refilling and does not fully prevent stem dehydration (Salomon et al. 2022). Lower stem refilling
was apparent at SCC, with black spruce only able to fully rehydrate for 4.6 % of the study period
(compared to 11.9 % for tamarack). Additionally, black spruce had higher 8'*C (used as a proxy
for integrated water-use efficiency; Farquhar ef al. 1989), indicating greater water stress compared
to tamarack at SCC, and compared to black spruce at OBS (Warren et al. 2001; Martinez-Vilalta
et al. 2004; Figure 2.3f and Figure 2.4b; Figure SI.5). Thus, the higher water demands in the larger
trees and the reduced ability for water uptake likely contributed to a TWD that was higher for black

spruce compared to tamarack at SCC.

At BAC, the TWD was similar between species despite tamarack growth being significantly greater
than that of black spruce (Figure 2.4b and Figure 2.5¢). Black spruce had higher values along PC2,
however, only DBH was greater for black spruce. Thus, structural traits including height, CA and
LCR did not offer black spruce a competitive advantage for light (Figure 2.2a). Instead,
environmental conditions likely played a pivotal role in driving TWD (and growth) at BAC. Like
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much of the Taiga Shield, BAC is a mosaic landscape with soil moisture content ranging from <
10 % on the ridges to > 85 % in the depressions (Wolfe ef al. 2011). Forests are clustered between
bedrock outcrops where water flows into the depressed patches from upland outcrops and
accumulates in the active (seasonally thawed) layer (40 — 130 cm thick) (Spence & Woo, 2002;
Wolfe et al. 2011; Morse et al. 2016). Black spruce and tamarack co-occur at BAC but occupy
different parts of the landscape (Evans et al. 2016). Black spruce grow on drier, elevated portions
of the site, while tamarack occupies the deeper wetter depressions. However, the summer of 2018
witnessed the highest recorded rainfall in the past 50 year (Spence ef al. in prep), leading to high
water availability across the site during the three years in the study period (Spence et al. in prep).
Thus, black spruce and tamarack at BAC were unconstrained by water limitations, resulting in very
similar TWD between species. With an acquisitive strategy, tamarack was better at accessing water
and nutrients compared to black spruce, resulting in more days of full hydration for tamarack, and

over twice as much growth than black spruce (Tilton 1978; Figure 2.4f and Figure 2.5b).

There are limitations to inferring stomatal regulation and iso/anisohydric classification without
explicit measures of plant water potential, xylem vulnerability, or stomatal conductance at each
site (Martinez-Vilalta & Garcia-Forner, 2017; Hochberg et al. 2018). Stomatal regulation, and thus
1so/anisohydric strategies vary with environmental conditions (Martinez-Vilalta & Garcia-Forner,
2017; Hochberg et al. 2018). From high to low soil water availability, plants of the same species
will exhibit a range of stomatal regulation from anisohydric, to isohydric, respectively (Hochberg
et al. 2018). While work at other boreal site have used needle and branch water potentials, and
stomatal conductance to observe anisohydric and isohydric regulation for tamarack and black
spruce, respectively, previous work using sap flux density and stem radius change measurements
at OBS have described more isohydric regulation for tamarack (Pappas et al. 2018, Dusenge et al.
2021; Warren et al. 2021). Thus, more work is needed to confirm that higher growth and TWD in
tamarack can be associated with anisohydric stomatal regulation at OBS, and that isohydric

regulation constrained growth and TWD in black spruce at OBS and SCC.
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Conclusions

With this work, we determined that resource-use strategies of black spruce and tamarack varied
across sites when both foliar and structural traits were considered. Greater competition for light
and enhanced foliar productivity at OBS led to more dehydration in tamarack (higher TWD)
compared to black spruce, but increased tamarack’s ability to rehydrate frequently throughout the
study period, resulting in higher growth. However, in nutrient-poor conditions, tamarack exhibited
reduced height and competitiveness for light, resulting in constrained growth, despite possessing
acquisitive foliar traits. Thus, despite the importance of foliar productivity, structural traits and site
conditions, including nutrient availability, contributed greatly to species productivity and tree water
deficit, emphasizing the need for a more complete trait spectrum to understand tree functional
diversity (Maynard et al. 2022). Although tree species have strategies to cope with current
conditions in the boreal forest (Gauthier ef al. 2015), there is uncertainty regarding how resource-
use strategies will influence the resilience of black spruce and tamarack to projected environmental
changes. Continued work to quantify the responses of common and widespread tree species to
progressively water-limited conditions will help to understand the capability of boreal forests to
manage changing environmental conditions, and to maintain their ecosystem services related to
climate regulation, carbon sequestration, wildlife habitat, culture and economy (Gauthier et al.

2015).
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Abstract

Transpiration is a globally important component of evapotranspiration. Careful upscaling of
transpiration from point measurements are thus crucial for quantifying water and energy fluxes. In
spatially heterogeneous landscapes common across the boreal biome, upscaled transpiration
estimates are difficult to determine due to variation in local environmental conditions (e.g., basal
area, soil moisture, permafrost). Here, we sought to determine stand-level attributes that influence
transpiration scalars for a forested boreal peat landscape consisting of sparsely-treed wetlands and
densely-treed permafrost plateaus as land cover types. The objectives were to quantify spatial and
temporal variability in stand-level transpiration, and to identify sources of uncertainty when scaling
point measurements to the stand-level. Using heat ratio method sap flow sensors, we determined
sap flux density for black spruce and tamarack for two-week periods in 2013, 2017 and 2018. We
found greater basal area, well drained soils, and the presence of permafrost increased daily sap flux
density in individual trees, suggesting that local environmental conditions are important in sap flux
density. When sap flux density was scaled to stand-level transpiration using gridded 20 m % 20 m
resolution data across a ~10 ha plot, we observed significant differences in daily plot transpiration

between years (0.17 to 0.30 mm day™'), and across land cover types. Daily transpiration was lowest
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in grid-cells with sparsely-treed wetlands compared to grid-cells with well-drained and densely-
treed permafrost plateaus, where daily transpiration reached 0.80 mm, or 30 % of the daily
evapotranspiration. When transpiration scalars (i.e., sap flux density) did not represent the different
land cover types (i.e., permafrost plateaus and wetlands), scaled stand-level transpiration was
overestimated by 42 %. To quantify the relative contribution of trees to evapotranspiration, we
recommend sampling designs stratify local environmental conditions to accurately represent
variation associated with land cover types, especially with different hydrological functioning as

encountered in rapidly thawing boreal peat landscapes.

Introduction

Transpiration is the evaporative loss of water from plants to the atmosphere (Taiz and Zeiger,
2002). This process involves a phase change from liquid to gas which absorbs energy, cooling the
surrounding area (Wang and Dickenson et al. 2012). Thus, transpiration is a key functional process
that affects how vascular plants contribute to regional water cycling, the land surface energy
balance and regional and global climate through its contribution to evapotranspiration (Bonan
2008, Price et al. 2013, Schlesinger and Jasechko 2014). Controls of transpiration include abiotic
conditions (e.g., atmospheric water vapour and carbon dioxide concentrations, air temperature, net
radiation, and soil water availability; Jarvis and McNaughton, 1986; Schulze 1986) and plant
physiological function (e.g., leaf/stomatal conductance, root water uptake and transport; Taiz and
Zeiger 2002, Fisher ef al. 2011). In boreal forests, transpiration can contribute an estimated 65 %
(= 18 %) to evapotranspiration (Schlesinger and Jasechko 2014) and thus, a better understanding
of its drivers is needed to constrain estimates of forest ecosystem responses to global change

(Poyatos et al. 2020).

Transpiration can be estimated using sap-flow methods comprising point measurements (e.g., sap
flux density) of water fluxes through plant stems that are scaled to tree- or stand-level transpiration
using species- or stand-specific characteristics (e.g., sapwood or leaf area per unit ground area;
Granier 1987; Cermék and Nadezhdina 1998, Waullschleger et al. 1998, Oren et al. 1998; Poyatos
et al. 2016). One challenge inherent in scaling sap flow from point measurements to stand-level

transpiration is the variability in transpiration scalars (i.e., sap flux density and sapwood area)
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within and among individual trees and forest stands (Ford et al. 2007; Angstmann et al. 2012;
Poyatos et al. 2020). Heterogeneous landscapes are characterized by spatial variation in stand
structural attributes (e.g., tree age and diameter, and canopy architecture and density) that cause
variation in transpiration scalars (Zimmermann et al. 2000; K&stner 2001; Ewers et al. 2005; Moore
et al. 2004; Forrester et al. 2015). Local environmental conditions, including edaphic

characteristics, can also influence transpiration scalars (Traver et al. 2010; Mackay et al. 2010).

Variation in transpiration has been associated with soil moisture (Oren and Pataki, 2001;
Angstmann et al. 2012; Looker et al. 2018), nutrient availability (Ewers ef al. 2000; Cramer et al.
2008), topography (Looker et al. 2018; Gutierrez Lopez et al. 2021), and permafrost thaw (Cable
et al. 2014; Patankar et al. 2015; Kropp et al. 2017). In forest stands in North America, transpiration
rates were highest where environmental conditions did not limit growth (Traver et al. 2010;
Mackay et al. 2010; Angstmann ef al. 2013). While some work has been done to identify stand
structural attributes (e.g., tree size distributions) required for accurate transpiration estimates (e.g.,
Kume et al. 2010, Berry et al. 2018), we lack detailed information on how structural, edaphic, and
demographic attributes influence stand-level transpiration in northern boreal forest stands

(Angstmann et al. 2012).

Understanding the temporal and spatial variability of stand-level transpiration, and the drivers of
this variation, is especially important for boreal forests because they are one of the fastest warming
systems on the planet. With rising air temperatures, the atmospheric demand for vapor pressure has
increased, resulting in increased boreal biome evapotranspiration (Helbig et al. 2020). To
understand the mechanisms behind forest evapotranspiration, and how it may change under future
climate conditions, our goal was to better understand what is affecting stand-level transpiration. To
achieve this goal, we deployed sap flow sensors in a forested boreal peat landscape with spatial
variation in stand structure, edaphic, and demographic conditions in the southern Taiga Plains
ecozone of the Northwest Territories, Canada. Our objectives were to (i) determine the temporal
and spatial variability in transpiration, (ii) to identify key stand structural, edaphic, and
demographic attributes affecting individual tree sap flux density and, in consequence, transpiration,
and (ii1) to demonstrate the potential sources of uncertainty associated with transpiration upscaling

in a heterogeneous boreal peat landscape.
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Data and methods

Study site

Our work was undertaken in the headwater portion of Scotty Creek, a 152 km? drainage basin
located ~50 km south of Fort Simpson, NT (61° 180 N, 121° 180 W) (Quinton et al. 2019). This
portion of Scotty Creek is characterized by forested permafrost plateaus underlain with
discontinuous permafrost and surrounded by largely treeless, permafrost-free thermokarst wetlands
(Quinton et al. 2009, 2019). The permafrost plateaus are composed primarily of Organic Cryosols,
while the permafrost free thermokarst features have Organic Soils (Dearborn et al. 2021). Mean
annual air temperature at Fort Simpson between 1981 and 2010 was -2.8 °C with a mean July
temperature of 17.4 °C and a mean January temperature of -24.2 °C (Quinton et al. 2019). The
mean annual precipitation for the same period was 390 mm, with only 38 % as snowfall (Quinton

etal.2019).

A 10-ha forest dynamics plot was established within Scotty Creek as part of the Smithsonian
Institute’s Forest Global Earth Observatory network (ForestGEO) (Anderson-Teixeira et al. 2015,
Davies et al. 2021, Dearborn et al. 2021). The Scotty Creek ForestGEO plot (herein referred to as
“the plot”) is 800 m (east-west) by 120 m (north-south), divided into 240 20 m x 20 m grid-cells
that encompass a gradient of edaphic and forest conditions (Dearborn ef al. 2021; Figure 3.1). The
forest is dominated by black spruce (Picea mariana [Mill] B.S.P, 80 % of all stems), followed by
tamarack (Larix laricina (Du Roi) K. Koch, 11 % of stems), birch species, which form a species
complex (Betula spp., 7 % of stems), and other common boreal tree and large shrub species (2 %)

(Dearborn et al. 2021).

The establishment and re-census of the plot is detailed in Dearborn ef al. (2020). Briefly, between
2012 and 2014 each live stem within the plot with a diameter at breast height (DBH, measured 1.3
m above the ground surface) greater than or equal to 1 cm was tagged, mapped, measured, and
identified to species (or species complex in the case of birch, total of 40,584 stems). In 2018, a
partial re-census was performed to identify the status of each tree (alive vs. dead) and to tag,

measure and map any new stems with a DBH >1 cm (Anderson Teixeira et al. 2015; Dearborn et
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al. 2021). DBH re-measurements were not performed during the second census due to the slow

growth at the site (Sniderhan & Baltzer, 2016).
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Figure 3.1 Location of Scotty Creek within the Canadian boreal biome (a); and the Scotty Creek
ForestGEO plot subdivided into 20 m x 20 m grid-cells overlain on land cover imagery (b), (source:
ESRI World Imagery). Coloured trees represent trees sampled for sap flow with the different
colours reflecting sampling years and the size of the tree representing the sample size at each
location. The blue star represents the location of the forest eddy covariance tower (EC TWR).

Sap flow measurements and conversion to sap flux density (Js)

We used heat ratio method (HRM) sap flow sensors (SFM1 Sap Flow Meters; ICT International,
Armidale, NSW, Australia) to obtain sap flux density (J, mm?® mm s') of black spruce and
tamarack trees in 2013 (n = 21), 2017 (n = 6), and 2018 (n = 12). To ensure a consistent
measurement period across years, the measurement start and end dates were 27 June to 11 July for
each year (hereafter referred to as the “sampling period”). Outside of this period, data availability
was limited. The instrumented trees spanned 15 grid-cells in the plot (Figure 3.1b). To minimize
permanent damage to trees in the plot, only trees with a DBH > 6.0 cm were instrumented following

the procedures outlined in Burgess et al. (2001) and Vandegehuchte et al. (2015).
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The HRM uses a central heater probe in the conducting xylem (sapwood) of a tree stem, positioned
equidistant between an upstream and downstream temperature probe (Burgess et al. 2001). Each
temperature probe has two thermistors, the first located at 12.5 mm and second at 27.5 mm into the
stem. For our analysis, only the first thermistor (12.5 mm) was used as the second thermistor (27.5
mm) was located in the non-conducting wood tissues (heartwood) of the sampled trees. The central
heater probe released a heat pulse of 10 Joules which warms the surrounding sap and transfers heat
towards the downstream and upstream probes. The temperature differential between the upstream
and downstream probes, recorded at 10 (2017 and 2018) and 30 (2013) -minute intervals, was used
to derive 30-minute heat pulse velocity (Vi; cm s), calculated following Burgess et al. (2001) and

Marshall (1958):
Vp,=-1In (v—l) Equation 1

where k is the thermal diffusivity of fresh wood (2.5 x 103 cm? s!), x is the distance between the
heat pulse probe and the temperature probes (0.6 cm); v; and v are temperature (°C) in the upstream
and downstream temperature probes. Corrections for wounding and probe misalignment were
applied according to Burgess et al. (2001). Using the Sap Flow Tool software package (ICT
International), the corrected Vi were converted to Js (mm? mm™ s') based on sapwood density and
water content constants (Burgess et al. 2001). The 30-minute J; time-series were manually adjusted
using a linear transformation to coordinate zero-flow conditions with periods of no biophysical
drivers of sap movement (i.e., night-time periods when vapour pressure deficit was near zero, or
during or immediately following a precipitation event; Eliades ef al. 2018). Small gaps in the data
set (< 3 hours) were filled using linear interpolation, representing up to 4 % of each time series. If
days had gaps longer than three hours, data from that day was removed from the analysis. We
determined the total daily Js for each tree over the two-week period before taking average daily

value across all trees for each year (2013, 2017, and 2018) separately.

Scaling tree-level sap flux density to stand-level transpiration

Field surveys were conducted in 2016 and 2019 at Scotty Creek to measure sapwood area (As) for

black spruce (n = 58) and tamarack (n = 31). This data was combined with samples from
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northwestern Canada (Figure 3.2, Bond-Lamberty 2002) to develop species-specific allometric
relationships between As and DBH for black spruce (n= 201, DBH range = 0.34 - 21.8 cm) and
tamarack (n= 64, DBH range = 5.3 —28.6 cm). To derive As, the equation (A, = a X DBH?) was

used, where a and b are species-specific coefficients.
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Figure 3.2 Allometric relationship between tree diameter at breast height (DBH; cm) and sapwood
area (As; cm2) for black spruce (n =201) and tamarack (n = 64). Samples were taken from trees at

Scotty Creek and other boreal forest stands in northwestern Canada (Bond-Lamberty 2002).

At Scotty Creek, As was not measured directly from trees instrumented with HRM sensors to
reduce damage that may influence the Js measurements. A core (5.1 mm) was extracted from the
main stem of nearby trees and held against the sunlight to identify the wet and translucent sapwood
from the drier heartwood section, and to measure sapwood depth (Sq) and bark thickness (By; i.e.,
Warren et al. 2018). The Sq and B: were used alongside stem DBH to derive A for each tree
(Quinionez-Pinén and Valeo 2017).

Ag=m (22— Bt)2 —(%2-B, - sd)2 Equation 2
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The relationship between DBH and As could be best described by the formula A= 10 0408 x
DBH!7%¢ for black spruce and As= 10 %767 x DBH 92! for tamarack (Figure 3.2, Figure SII.1). The
allometric relationships were used to determine the As of each tree instrumented with HRM sap

flow sensors, and each black spruce and tamarack with a DBH > 1 cm in the plot.

Daily transpiration for each grid-cell (Tcen, mm) in the plot was determined by upscaling daily Js

using the total As of all the trees in the plot (As tti) and the grid-cell area (Ag; 400 m?).

— ]s As_total

Equation 3
Ag

Tcell

The daily transpiration across the whole plot (Tpior) was determined by taking the average Teen from

the 240 grid-cells in the plot.

Stand structural, demographic, and edaphic attributes

Stand structural attributes were determined for each 20m x 20 m grid-cell using data collected
during the 2012 — 2014 census (Dearborn et al. 2021). These included stem density (number of
trees per grid-cell) and basal area (m? per grid-cell). To characterize the demographic attributes of
each grid-cell, we tallied the total number of black spruce and tamarack deaths and recruits in each
grid-cell between 2012 and 2018 (Dearborn et a/.2020). Demographic data for other taxa were not
included because the other taxa are rare in the plot and they had more consistent populations
(Dearborn ef al. 2021). However, these other taxa were included in grid-cell stem density and basal

area estimates.

The edaphic attributes of the plot were determined between 2012 and 2018 for each grid-cell, as
outlined in Dearborn et al. (2020). Briefly, spatial patterns of soil moisture for the top 5 cm of soil
were determined based on volumetric soil water content (g cm™) measurements collected on July
19, 2012 using time domain reflectometry probes (ThetaProbe, Delta-T Devices, Cambridge, UK,
and Stevens Hydra Probe, Stevens Water Monitoring Systems Inc., Portland, OR) and corrected
using site-specific calibrations (Warren, 2015; Dearborn et al. 2021). The July 19, 2012

measurements correlated strongly with measurements taken from subsections of the plot for two
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days in 2012, four days in 2013 and one day (at multiple depths) in 2017, confirming that the initial
measurements represented spatial patterns of soil moisture across the plot. Snow depth was
measured in 2013 using a GPS automatic snow depth probe (Snow-Hydro LLC) and re-measured
with the same instrument in 2015 to assess the representativeness of the measurements through
time in terms of snow depth rankings across grid-cells. In August 2018, the fibric layer depth (m),
organic layer thickness (m), and peat humification (using the von Post scale; von Post, 1922) were
determined for each grid-cell. Frost table depth (cm) as a depth to refusal was measured on July
19, 2012 using a 2 m steel rod. Since over 50 % of the frost table depth measurements were beyond
the length of the probe (i.e., > 2 m), the values were categorized into three groups (< 50 cm, 50 -
200 cm, and > 200 cm). A full description of the edaphic sampling efforts and variables can be
found in Dearborn, et al. (2020).

Dearborn et al. (2020) found that the edaphic variables (soil moisture, organic layer thickness,
fibric layer depth, peat humification, frost table depth, and snow depth) covaried strongly. To
account for the covariation, they used principal components analysis (PCA) to identify the major
environmental gradients across the plot. The edaphic variables were both categorical (organic layer
thickness, peat humification, and frost table depth), and continuous (soil moisture, fibric layer
depth and snow depth), so a mixed PCA was used. This technique performs a multiple
correspondence analysis on the categorical data, and a PCA on the continuous variables, before
combining the two analyses into one ordination (Chavent et al. 2014). The first two principal
components were retained for this analysis. The first principal component (PC1) explained 21.4 %
of the variance in edaphic variables across grid-cells and represented a gradient of soil moisture
and permafrost presence with high values of PC1 corresponding with dry soils and the presence of
permafrost. The second principal component (PC2) explained 13.3 % of the variance in edaphic
variables and reflected a gradient of organic layer thickness, peat humification and snow depth
with high PC2 values corresponding with mineral soils nearer to the surface, more highly humified
peat and a larger snow depth. Here, we use grid-cell PC1 and PC2 scores from Dearborn et al.

(2020) as continuous variables reflecting edaphic conditions in the plot (Baltzer et al. 2020).
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Evapotranspiration and meteorological conditions

Meteorological conditions and evapotranspiration (ET; mm) were estimated from measurements
made on a micrometeorological tower installed in 2013 (Helbig ez al. 2016b). The 15 m tower was
located on a forested peat plateau ~200 m southwest of the plot. Photosynthetically active radiation
(PAR) measured as photosynthetic photon flux density (um m s™'; PQS1, Kipp and Zonen, Delft,
The Netherlands), air temperature (T.ir; °C), and relative humidity (HC2-S3, Rotronic AG,
Bassersdorf, Switzerland) were measured at 30 min intervals. Vapour pressure deficit (VPD, hPa)
was derived from the measurements of Tair and relative humidity. Precipitation (mm) was measured
at 30 min intervals using a tipping bucket rain gauge (TR-5251, Texas Electronics Inc., Dallas, TX)
located near the tower. Estimates of ET were obtained with the eddy covariance technique
comprising sonic anemometer (CSAT3A; Campbell Scientific Inc., Logan, UT) and CO»/H>O
open-path infrared gas analyser measurements (EC150; Campbell Scientific Inc.), both collected
at 10-Hz frequencies. A detailed description of the Scotty Creek eddy covariance set-up and data

processing can be found in Helbig et al. (2016b).

Statistical analysis

All statistical analyses were carried out in R (version 3.6.3, R Core Team, 2020). To determine the
drivers of Js in the plot, we fitted linear mixed models (Ime4 package, Bates et al. 2015) with the
grid-cell stand structural (basal area and stem density), edaphic (PC1 and PC2) and demographic
(black spruce and tamarack deaths and recruits) attributes as fixed effects and year as a random
effect. We compared the difference in Akaike’s information criterion (AIC) between full and
reduced models where AAIC = AIC; — AlCwin to determine which attributes best describe the
dependence of daily Js. Values of AAIC < 2 reflect little difference in the appropriateness of the
models (Burnham & Anderson 2002), therefore the most parsimonious model with an AAIC < 2
was used. For all models, we examined residuals plotted against predictors to confirm no patterns

that indicate autocorrelation. For all statistical tests, the significance was set to a = 0.05.

Four different adjustments were made to Tcen to demonstrate the sensitivity associated with

upscaled transpiration (Table 3.1). First, we adjusted Tcen to account for stand structural, edaphic,
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and demographic attributes with the strongest relationship to daily Js. To account for the effect of
stand structural attributes, Tcen was adjusted for basal area (Tagj Ba; see section 3.2), reflecting the
potential neighbourhood effects of the surrounding trees located in the same grid-cell. To account
for edaphic attributes, Tcen was adjusted for PC1 (Tagj_pc1), reflecting the impact of local (grid-cell)
growth conditions on transpiration. We did not develop an adjustment for demographic attributes
as they were not significantly related to daily Js. We used the predict() function from the Ime4()
package to obtain adjusted daily Js values for each grid-cell. These values were then used to scale

grid-cell daily Js to grid-cell daily adjusted transpiration (Tagj Ba and Tagj pc1).

Table 3.1 Acronyms used to describe the adjustments made during transpiration upscaling.

Adjustment Description
Unadjusted Teen The daily grid-cell transpiration.
Unadjusted Tplot The daily plot transpiration averaged across grid-cells (n = 240).

Stand  structural | Tag Ba The daily grid-cell transpiration, adjusted for stand structure; basal area.
attributes
Edaphic attributes | Tagj pc1 | The daily grid-cell transpiration, adjusted for the first principle
component of edaphic attributes (PC1), a gradient with higher values
representing drier soils and permafrost presence.

High productivity | Tagj nign | The daily grid-cell transpiration, adjusted to represent high- productivity
(average across the 10 % of cells with the highest daily transpiration).
Low productivity | Tagj ow | The daily grid-cell transpiration, adjusted to represent low- productivity
(average across the 10% of cells with the lowest daily transpiration).

We then adjusted Teen to reflect a spatially clustered sampling effort where only one part of the
landscape was sampled, including permafrost plateaus (high productivity areas) or wetlands (low
productivity areas). The high productivity areas were identified as the 24 grid-cells (ten percent of
the plot) with the highest daily Tcen. The low productivity areas were identified as the 24 grid-cells
with the lowest daily Teen. We used the average predicted daily Js across the high and low
productivity areas for estimating upper estimates of daily grid-cell transpiration (Tadj nign) and lower
estimates of daily grid-cell transpiration (Tadgj 1ow), respectively. We compared the four Teen
adjustments to the unadjusted estimates of Tcel to evaluate the level of uncertainty that is introduced

during transpiration upscaling in spatial heterogeneous landscapes.
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Results

Temporal variation of plot measurements

During the sampling period (27 June to 11 July), Js followed a diurnal pattern with peaks occurring
mid-day (Figure 3.3a). In 2018, the Js reached greater daily maximums than in 2013 and 2017. For
all three years, daily Js was affected by meteorological conditions (Figure SII.2). The Tair for the
sampling period was 19.7 °C in 2013 (£ 5.3 °C), 18.6 °C in 2017 (£ 4.5 °C) and 17.12 °C in 2018
(£ 5.7 °C; Figure 3.3b), all of which were close to the 30-year climate normals (1981-2010) for
July (17.4 °C). The mean annual temperature for 2013 (-2.5 °C) was also close to the 30-year
climate normal (-2.8 °C) but 2017 and 2018 were both warmer (-0.9 and -1.0 °C, respectively). The
mean VPD and PAR during the sample period were both lowest in 2017 (0.8 kPa + 0.5 kPa and
386.8 umol m? s £ 175.8 umol m? s™!), followed by 2018 (1.0 kPa + 0.6 kPa and 417.6 umol m
251+ 107.3 umol m? s7") and then 2013 (1.0 kPa = 0.5 kPa and 419.3 umol m? s! + 152.1 pmol
m~ s7'; Figure 3.3¢, d). Rainfall was greatest in 2017 with 49.0 mm falling during the sampling
period (Figure 3.3e). Rainfall for the same period was 14.2 mm in 2013 and 11.5 mm in 2018.
Precipitation as rain for the snow-free period (May to October) for the three years was slightly
higher than the 30-year climate normals (241 mm) with 255 mm falling in 2013, 287 mm in 2017,
and 246 mm in 2018.

80



0.02 4

0.01

304 (b)

20

Tar [°Cl Jg [mm® mm?2s )

30
20
10 4

1500 + (d)
1000 +

500

20 1

15 4 W 2013
10 W 2017
M 2018
5-
- _——

T 1 T 1 1 I 1 L]
Jun-26 Jun-28 Jun—30 Jul- 02 Jul- 04 Jul- 06 Jul- 08 Jul- 10

Rain [mm] PAR [um m™s™'] VPD [hPa]

Figure 3.3 The half hourly sap flux density (Js, mm s’!, a) and meteorological conditions, including
air temperature (Tair; °C, b), vapor pressure deficit (VPD; hPa, c), photosynthetically active
radiation (um m s!, d) and total daily rainfall (mm, ¢), for the sampling period (27 June to 11
July) in 2013, 2017 and 2018.

Daily Js was scaled to daily Tcenn and Tpiot for the three years in the study (Figure SII.3). The highest
rate of daily Tpiot occurred in 2018 (0.30 = 0.22 mm, Table 3.2). The daily Tcen varied significantly
between 2018 and 2013 (0.17 £ 0.13 mm; p < 0.001) and 2017 (0.16 = 0.12 mm; p < 0.001). The
average daily Tcen for 2018 was also significantly different than the average daily Tcen across the
three-year period (0.21 £ 0.16 mm; p < 0.001). Mean daily stand-level ET per square meter during
the sampling period was highest in 2017 (2.83 = 1.13 mm) and lowest in 2013 (2.52 + 0.89 mm;
Table 3.2). Transpiration from black spruce and tamarack in the plot accounted for 6 to 12 % of

the total ET (T:ET).
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Table 3.2 The daily plot transpiration (Tpior; mm), mean daily evapotranspiration (ET; mm) and
the contribution of Tpio to total ET (T:ET ratio) for 2013, 2017 and 2018. Tplot was determined by
upscaling the daily Js with the total sapwood area of black spruce and tamarack in each grid-cell,
and then taking the averaged across the 240 grid-cells. The mean values represent the average
across all three years.

Year Tpiot (Mmm) ET (mm) T:ET ratio
2013 0.17 (£ 0.13) 2.52 (£0.89) 7%

2017 0.16 (£ 0.12) 2.83 (£1.13) 6 %

2018 0.30 (£ 0.22) 2.59 (£0.77) 12 %
Mean 0.22 (£ 0.16) 2.65 (£ 0.93) 8%

Spatial variation in grid-cell transpiration across the plot

Daily Teen, averaged across the three years, varied spatially (Figure 3.4). In the western third (0 —
240 m on the x axis), Tcen was lowest, with an average of 0.12 mm (= 0.09 mm). In the central (240
— 520 m) and eastern thirds (520 — 800 m) of the plot, Tcen was twice as high as in the western third
but relatively comparable one another at 0.26 mm (= 0.16 mm) and 0.24 mm (£ 0.16 mm),
respectively. The contribution of black spruce and tamarack transpiration to evapotranspiration
also varied across the plot. In the western third, daily Tcen represented less than 1 % of the total ET
(T:ET as low as 0.4 %). Grid-cells located in the central and eastern thirds with daily Tcenn measuring

as high as 0.5 mm represent close to 19 % of the total ET.
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Figure 3.4 Scotty Creek ForestGEO plot (a; ESRI World Imagery) subdivided into 20 m x 20 m
grid-cells. Daily grid-cell transpiration (b; T; mm) averaged between 2013, 2017, and 2018 for the
sampling period (27 June to 11 July). Transpiration was determined using diameter at breast height
(DBH) measurements of black spruce and tamarack measured in the plot between 2012 and 2014.

We determined the stand attributes driving tree-water fluxes using linear mixed effect models. The
stand structural attribute (i.e., basal area and density) with the strongest positive relationship with
daily Js was basal area (p < 0.001 and conditional R? = 0.26; Figure 3.5; Table 3.3). For edaphic
attributes, PC1 had a significantly positive effect (p = 0.004) on daily Js. The best model for edaphic
attributes included PC1 and PC2 (Table 3.3), however the model with just PC1 was equally
effective at predicting daily Js (AAIC = 1.08) but was simpler and was therefore selected as the best
fit model for the edaphic attributes (conditional R? = 0.20). There was no significant relationship

between the demographic attributes and daily Js.
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Figure 3.5 The direct effect of stand structural (density and basal area), edaphic (PC1, a gradient
with higher values representing drier soils and permafrost presence, and PC2, a gradient with higher
values representing the presence of mineral soil, decomposed peat and a deep snowpack) and
demographic (deaths and recruits) attributes on mean daily sap flux density (J;; mm® mm= s!).
Each point represents an individual tree that was measured in 2013, 2017, or 2018 and the attributes
for the grid-cell in which that tree was located. Linear fits were only drawn when the relationship
was significant (p < 0.05).
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Table 3.3 Akaike’s information criterion (AIC), the difference in AIC between the best fit model
and that model where AAIC = AIC; — AICmin, the Akaike’s weights (w;), and the R? for the linear
mixed effect models of the relationship between structural attributes (basal area and stem density),
edaphic attributes (PC1, a gradient of soil moisture and permafrost presence and PC2, a gradient
of organic layer thickness, peat humification and snow depth), demographic attributes (black
spruce and tamarack deaths and recruits), and daily sap flux density in 2013, 2017 and 2018. The
best fit model for each set of attributes is in bold. Each model was fitted with year as random effect
(formula: ~1 | Year).

Model | AIC | AAIC | Wi R’
Structural attributes
Basal area 618.03 0.00 0.74 0.26
Basal area + density 620.46 2.43 0.22 0.29
Density 625.28 7.24 0.02 0.10
Null 625.90 7.87 0.01 -
Edaphic attributes
PC1 + PC2 619.80 0.00 0.61 0.27
PC1 620.88 1.08 0.35 0.20
Null 625.90 6.10 0.03 -
PC2 628.38 8.58 0.01 0.11
Demographic attributes
Null 625.90 0 0.59 -
Deaths 628.20 2.30 0.19 0.10
Recruits 628.39 2.49 0.17 0.11
Deaths + Recruits 630.84 4.94 0.05 0.11

Uncertainties associated with transpiration upscaling

We used the stand attributes with a significant relationship to daily Jsto determine how daily Tecen
differs when grid-cell variation is accounted for in upscaling. First, we adjusted daily transpiration
to account for stand structure (basal area; Taqj Ba) and edaphic attributes (PC1; Tagj pc1). The spatial
patterns and magnitude of difference between the unadjusted transpiration estimates, Tecen, and
Tadj Ba and Tagj pc1 showed strong congruence but slight variations existed between adjustments
(Figure 3.6). Specifically, there were several grid-cells in the western third of the plot that increased
for Tagj pc1 but decreased for Tagj Ba. Maximum adjusted grid-cell values reached as high as 1.66
mm for Tagj Ba and 1.37 mm for Taqgj pc1, with grid-cells contributing as much as 59 % of the total

ET when stand structure (Tagj Ba) Was accounted for.
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The averaged plot Tagj Ba and Tagj pc1 were both not significantly different from the unadjusted
estimate of Tpiot (0.22 + 0.16 mm), and their contribution to ecosystem ET fluxes was similar to
that of the unadjusted Tpiot (T:ET ratio of ~ 8 % ; Table 3.4). However, Tcen was higher than the
adjusted values, Tagj Ba and Tagj pc1, in 78 and 76 % of the grid-cells, respectively (Figure 3.6). In
these grid-cells, the unadjusted Tcenn overestimated daily transpiration by an average of 0.04 mm (+
0.02 mm) and 0.06 mm (£ 0.05 mm) compared to Taqj Ba and Tagj pc1, respectively. The difference
between the unadjusted Tcen and the adjusted transpiration estimates were never greater than 0.08
mm for Tagj BA and 0.3 mm for Tagj pc1. In 22 and 24 % of the grid-cells, the unadjusted estimate
of daily Tcen was lower than the adjusted values with a mean underestimation of 0.16 mm (£ 0.19

mm) and 0.12 mm (£ 0.14 mm) compared to Tagj Ba and Tagj pc1, respectively.
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Figure 3.6 The difference in transpiration (T; mm) between the unadjusted estimates of daily grid-
cell transpiration (Tcen; mm) and the daily grid-cell transpiration adjusted for basal area (a; Tagj BA)
and PCI (a gradient with high values indicating drier soils and permafrost presence; b; Tagj pc1).
Grid-cells in purple indicate higher values of Tcenr versus Tadj Ba and Tagj pc1 (overestimation of
Teen) and grid-cells in yellow represent lower values of Tcen versus Tag Ba and Tagj pci
(underestimation of Tcen).
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Table 3.4 The mean and maximum daily grid-cell transpiration estimate (Tcen; mm) and adjusted
daily grid-cell transpiration. Tcen was adjusted to better represent stand structural attributes (i.e.,
grid-cell basal area; Tagj Ba), grid-cell edaphic attributes (PC1, a gradient with high values
representing drier soils and permafrost presence; Taqj pc1), and spatially clustered sampling efforts
where only certain parts of the landscape were sampled, including low productivity wetland areas
(Tagj 1ow) and high productivity permafrost plateau areas (Tagj nigh). The transpiration to
evapotranspiration ratio (T:ET) was calculated for the daily mean and daily max Tcen and each
adjustment. ET and Tcen was determined as the mean ET between June 27" and July 11 for 2013,
2017 and 2018.

Teent Tadj BA Tadj pci Tadj 1ow Tadj high
Mean | 022 (£0.16) | 0.20 (£0.25) | 0.19(x0.19) | 0.19 (£0.14) | 0.38 (= 0.28)
Max 0.80 1.53 1.00 0.68 1.38
T:ET 0.083 0.077 0.073 0.072 0.15
T:ETmax | 0.30 0.59 0.39 0.26 0.53

Adjustments to Tcen were also made to represent scalars (i.e., daily Js) from areas with low
productivity (Tagj 1ow) versus areas with high productivity (Tagj nigh; Figure 3.7). Daily Tadj tow
averaged across the plot was 0.21 mm (range from 0.0 to 0.76 mm) and daily Tagj nigh averaged
across the plot was 0.41 mm (0.0 to 1.49 mm). There was a significant difference between
unadjusted Teen and both Tagj 1ow (p = 0.019) and Tagj nigh (p < .001). With Tagj nigh, the mean
contribution of tree transpiration to total ET fluxes nearly doubled (~15 %) compared to

contribution of the unadjusted Tcen (Table 3.2).
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Figure 3.7 A comparison of the strategies depicting daily grid-cell transpiration across the plot
determined based on the average daily sap flux density from low flux areas (i.e., the wetlands; a)
versus those from high flux areas (i.e., the permafrost plateaus; b). Low flux areas were identified
as the 24 grid-cells with the lowest daily transpiration and high flux areas were identified as the 24
grid-cells (ten percent of the plot) with the highest daily transpiration.

Discussion

Between-year variability in plot transpiration

The daily Tpiot at Scotty Creek varied across years by a factor of ~2, with highest values observed
in 2018. Reported values of daily Tpiot over the three years were between 0.17 and 0.30 mm day™',
within the range of those reported for black spruce- and tamarack-dominated stands in boreal North
America (0.13 to 3 mm) (Ewers ef al. 2005, Van Herk et al. 2011, Angstmann et al. 2012), but
higher than daily rates previously reported for Scotty Creek (0.02 mm) (Warren ef al. 2018). The
daily Tpior compared to other sites was expected given the low productivity and slow growth at
Scotty Creek (Sniderhan & Baltzer, 2016). Low daily Tpiot 1s likely a result of low nutrient
concentrations (Iijima et al. 2014; Dearborn et al. 2021), the permafrost dynamics (Patankar et al.
2015), and tree structure (smaller and shorter trees) at Scotty Creek compared to other boreal sites
(Ewers et al. 2005, Angstmann et al. 2012). Former work at Scotty Creek used lidar-derived canopy

height models and species-specific allometry to determine tree DBH across the landscape. Lidar is
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less successful at identifying small versus large trees on the landscape (Krtacek, et al. 2020). Our
direct DBH measurements of all trees with a DBH > 1 cm therefore more accurately represented
sapwood area on the landscape and accounting for some discrepancies between estimates. When
scaling to stand-level transpiration, we recommend that the sapwood area of even the small

individuals be included, when possible, to prevent underestimations.

In this study, the variation in daily Js between years is unlikely a result of variation in
meteorological conditions. Growing season meteorological conditions are strong drivers of diurnal
and seasonal sap flow patterns in black spruce (e.g., Waring and Running 1998, Van Herk et al.
2011, Patankar et al. 2015), but are less associated with between-year variability (Zhang et al.
2015). If the meteorological conditions were a strong driver of between-year daily Js (and daily
Tpiot), we would expect consistently higher values of Js for all trees in one year compared to the
other (i.e., consistently higher values in 2018 where conditions were more amenable to greater Js).
When daily Js was examined for the same trees instrumented in 2017 and 2018 there was no
systematic difference in Js between years (Figure SII.4). We would also expect years with high
daily Tpiot to have high ET, if meteorological conditions were responsible for the between-year
variation in daily Js (and daily Tpiot). However, the highest ET occurred in 2013, when the daily
Tpiot Was comparable to the mean across years, and the lowest ET occurred in 2018 when daily Tpiot
was highest. At Scotty Creek, evaporation contributes more to ET than transpiration (Helbig et al.
2016, Warren et al. 2018). High evaporation rates can limit the water available for plant water
uptake and reduce transpiration rates, especially for black spruce and tamarack with rooting
primarily limited the top 10 cm of soil (Lieffers and Rothwell, 1987, Yang et al. 2023). When ET
was low in 2018, evaporation from the soil surface was likely lower, reducing the constrains on

water uptake by trees, resulting in higher transpiration rates in that year.

The differences in daily Tpiot and daily Js between years may instead be explained by tree- and
stand-level variability (Wullschleger and King, 2000; Ford et al. 2007). At the tree-level Js can
vary with radial (Oren et al. 1998, Fiora and Cescatti 2006) and circumferential flow (Cermak et
al. 2004), and at the stand level Js can vary with differences in sapwood area, leaf area index, and
tree size between individuals (Ford et al. 2007, Kume ef al. 2010, Berry et al. 2018). The higher
daily Js in 2018 compared to either 2013 or 2017 may therefore be a product of variation within
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and between trees sampled across years. We did not have enough tree-specific data (i.e., paired
sapwood area, leaf area index) from our sampled trees to examine the impact of the sampled

individuals in more detail.

Stand structural and edaphic variation mediates transpiration across a

heterogeneous boreal peatland

Our results revealed considerable variation in daily Tcenn between neighbouring grid-cells that was
explained by variation in local environmental conditions (Figure 3.4). These pronounced changes
from one grid-cell to the next were associated with forest structural and edaphic variability. Basal
area was the strongest positive predictor of daily Js, followed by PC1 (where drier soils and the
presence of permafrost led to higher daily Js). The demographic attributes of the plot (i.e., tree

deaths and recruits) were not significant predictors of tree-level Js or, as a consequence, Teel.

Scotty Creek has distinct land cover types, including forested peat plateaus underlain by
permafrost, and permafrost-free wetlands (Quinton et al. 2019), that are well characterized by the
stand structural and edaphic attributes with the strongest relationship to daily Js. The edaphic
attributes represented by higher values of PC1 (dry soils and the presence of permafrost) are
indicative of relatively well-drained permafrost plateaus, while low values are indicative of
permafrost-free wetlands (Dearborn ef al. 2021). The edaphic attributes represented by PC2 are a
gradient of organic layer thickness, peat humification and snow depth. High values of both PCI
and PC2 corresponded to well-drained permafrost plateaus with higher nutrient availability
(mineral soils nearer to the surface and more highly humified peat) and greater insulation in the
winter (a larger snow depth). Conditions which lead to greater forest productivity. As a result,
forest structure is also used as a proxy for discerning permafrost plateaus from permafrost-free
wetlands as the former has a distinctly higher basal area, stem density and species richness and the
two have distinctive plant communities (Dearborn et al. 2021; Standen and Baltzer 2021). When
Tpiot Was adjusted to account for the effect of these predictors (basal area and PC1), both daily
Tadj Ba and Tagj pc1 revealed major underestimations of daily Teenn from the productive permafrost

plateaus and minor overestimations of daily Tcen from wetlands and sparsely-treed grid-cells. We
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can infer from our results that trees from permafrost plateaus have higher rates of daily Js compared

to trees located in wetlands.

Stand structural attributes: accounting for basal area

When adjusted to account for basal area at the grid-cell level, daily Taqj Ba ranged from 0.0 to 1.53
mm, almost twice the range for the original, unadjusted Tcen (0.0 to 0.80 mm). Basal area has
previously been identified as a stand characteristic that effectively explains the variability in stand
transpiration across heterogeneous boreal landscapes (e.g., Angstmann et al. 2013). Our results
corroborate these findings. By adjusting for basal area, we found a large increase in the maximum
contribution of daily Tagj Ba to ET, with a T:ET reaching 59 % (almost double the upper limit of
the unadjusted T:ET of 30%). This contribution is well above previous estimates for Scotty Creek
(1 %), but within the range reported for boreal and subarctic forests in Canada, Sweden, and China

(14 — 84 %; Kozii et al. 2020, Hadiwijaya ef al. 2020, Sabater ef al. 2020, Liu et al. 2020).

Basal area can represent both tree size, and the density of stems in a stand. While the permafrost
plateaus at Scotty Creek have denser forest cover than the surrounding wetlands (Quinton et al.
2019; Dearborn et al. 2021), stem density was not included in the best-fit models that predicted
daily Js (Table 3.3). This suggests instead that the relationship between daily Js and basal area is
more representative of a correlation with tree-size (trees in grid-cells with higher basal area had
higher average DBH; data not shown). This finding is supported by previous work that found
positive relationships between tree size (DBH) and tree-water fluxes (Cermak et al. 2004; Menzier
et al. 2005; Berry et al. 2018). In many ecosystems, a small number of large individuals contribute
disproportionately to total stand transpiration (Kostner et al. 1992, Arneth et al. 1996, Martin et al.
2001, Cermak et al. 2004). When tree level J; was scaled up to Teen across the plot, we observed a
similar tendency. A small number of cells that represent permafrost plateaus with high basal area
and large trees have high daily Tcen and contribute a disproportionate amount to the total Tpiot.
Twenty percent of the grid-cells (n = 48) represented almost half (43 %) of the total daily Thpiot,

while over 100 grid-cells combined contributed 15 % of total Tpiot.
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Edaphic attributes: accounting for soil moisture and permafrost presence

When grid-cell transpiration was adjusted to reflect the edaphic attributes across the plot, the
maximum contribution of Tagj pc1 to ET was 39 %, an increase of almost 10 % from the unadjusted
Teenn contribution of 30 %. The largest positive difference between Teen and Tagj pc1 occurred on the
permafrost plateaus, suggesting that drier soils and the presence of permafrost leads to higher
transpiration rates. Permafrost plateaus are elevated 1-2 m above the surrounding wetlands,
allowing water to drain during the growing season, leading to drier soils compared to the
surrounding wetlands (Quinton et al. 2009; 2019; Patankar et al. 2015). Previous work at Scotty
Creek has also reported higher tree-water fluxes atop permafrost plateaus compared to wetlands
(Baltzer et al. 2014, Patankar et al. 2015). Well-drained forest stands are known to have higher
productivity, higher tree biomass (Van Cleve et al. 1981), and higher stand level transpiration due
to nutrient availability and lower likelihood of waterlogging stress (Angstmann et al. 2013). Trees
growing where permafrost is absent or degrading (i.e., in permafrost-free wetlands or at permafrost
plateau-wetland margins) have lower daily Js because they experience waterlogging throughout the
growing season (lijima et al. 2014, Patankar et al. 2015, Baltzer et al. 2014). Our results showed
considerable overestimation of the unadjusted Tcen from the wetland areas, when compared to
Tadj pc1, supporting the claims that excess water and the absence of permafrost leads to lower

transpiration.

Black spruce, the most abundant species in the plot, (Dearborn ef al. 2021) and to a lesser extent
tamarack, are intolerant to high soil water content (Islam et al. 2003). Waterlogging inhibits
transpiration through diminished root function (Drew 1997; Baltzer et al. 2013; lijima et al. 2014)
and lower soil nutrient availability (Van Cleve et al. 1981, Lieffers and Rothwell 1987, Wolken et
al. 2011, Gobel et al. 2019). When soil pores fill with water, oxygen required for root respiration
is excluded (Pan et al. 2021). Most root water and nutrient uptake is an active process that is
coupled with root respiration. Thus, when root respiration is limited, water and nutrient uptake is
restricted, resulting in reduced energy production, stomates that close, lower photosynthetic
activity, and lower transpiration (Pan et al. 2021). Soil waterlogging has been linked to stunted
growth, including but not limited to, reduced sapwood area, an important covariate of tree level

transpiration (Bond-Lamberty et al. 2004, Angstmann et al. 2013). At Scotty Creek, waterlogging
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has led to reduced Js by up to 65 % in black spruce (Patankar et al. 2015), and wetland expansion
(in the presence of mineral soil), has been associated with an increase in tamarack recruitment
(Dearborn et al. 2021). Therefore, deciduous species with a higher tolerance for wet conditions,
may be less affected by high soil water content at Scotty Creek. However, there has been a net
decrease in the recruitment and the radial growth of other deciduous species at Scotty Creek (e.g.,
Betula spp.), likely due to the nutrient poor conditions across the plot (Dearborn et al. 2021,
Dearborn and Baltzer 2021).

When examining grid-cells that represent wetlands with higher soil moisture content (i.e., 20 % of
grid-cells in the plot with the lowest daily water fluxes), the average daily Tagj Ba was 0.034 mm,
a value far greater than what we would expect from wetlands (<0.01 mm; Warren et al. 2018). This
could be due to the relatively large tamarack found in many of the wetland sections of the plot. The
averaged Tagj pc1 across the same cells was lower (0.00lmm) and more comparable to values
previously found for wetlands at Scotty Creek (Warren et al. 2018). This provides evidence that
by failing to account for soil moisture and permafrost, wetland transpiration in the plot will be
overestimated. However, even by accounting for the differences in soil moisture between wetlands
and permafrost plateaus, this work may fail to fully capture the drought effect that occurs on

permafrost plateaus throughout the growing season.

As the active layer thickens in permafrost plateaus, the water table can drop below the shallow
rooting zone (10 — 20 cm; Lieffers and Rothwell 1987) of black spruce (Patankar et al. 2015,
Sniderhan and Baltzer 2016). Lower surface soil moisture can lead to drought induced stress and a
decrease in stand transpiration, but often not until it drops below a certain threshold (Bovard et al.
2005, Van Herk et al. 2011). At Scotty Creek, drought-induced stress on permafrost plateaus
mainly occurs towards the end of the growing season when the active layer is thickest (Patankar et
al. 2015) and there is evidence of increasing drought stress in trees at Scotty Creek over the last
several decades (Sniderhan et al. 2021). It is unlikely that our daily Js measurements over relatively
short sampling periods captured this seasonal phenomenon, and the fact that we did not follow the

same trees through time negates the possibility of detecting a vertical thaw signature.
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Importance of integrating landscape heterogeneity into transpiration upscaling

A major challenge in scaling point-measurements of sap flow to stand-level transpiration is
ensuring that samples are representative of, and therefore reduce the uncertainty associated with,
structural and environmental heterogeneity (Adelman et al. 2008; Angstmann et al. 2013). Tree-
water fluxes can vary with tree size (Cermak et al. 2004), therefore, it has become common practice
for sap flow studies to sample across a range of tree size (DBH) classes to establish a representative
plot that is then used to scale up to stand-level T (Granier et al. 1996; Oren et al. 1998, 1999). This
methodology can prove problematic in a heterogeneous landscape like Scotty Creek where the
complete range of tree size classes can be found in a single land cover type. For example, a single
grid-cell on the permafrost plateau has trees ranging from 1 cm DBH (smallest trees in the plot) to
24 cm DBH (largest tree in the plot). It would be possible to obtain a subsample of trees with
individuals from each size class on a single permafrost plateau. While this subsample would
adequately represent the size distribution of the plot, it would fail to accurately represent the water

fluxes from trees growing in wetland or sparsely-treed areas.

We demonstrated how daily Tcen and Tpior would change if sap flow measurements were typical of
just a single land cover type (permafrost plateaus vs. wetlands). Restricting sampling to just
productive areas, Tagj nhigh averaged across the plot was 0.41mm, nearly double the unadjusted Thpiot
(0.22 mm). This indicates that scaled estimates of plot transpiration could be overestimated by up
to 42 % if trees were only sampled from productive permafrost plateaus where basal area is high,
permafrost is present, and the soil is dry. Across the southern Northwest Territories (Helbig et al.
2016a, Wang et al. 2020), including at Scotty Creek (Baltzer et al. 2014, Dearborn et al. 2021),
permafrost thaw is leading to wetland expansion at the expense of forested permafrost plateaus
(Quinton et al. 2019), reducing tree-water fluxes (Patankar et al. 2015), growth (Baltzer et al.
2014), and increasing mortality of the dominant tree species (Dearborn et al. 2021). Scaled
estimates of plot transpiration based on trees from permafrost plateaus alone are unlikely to capture
the full effect of permafrost thaw and could therefore lead to large-scale misrepresentations of

transpiration fluxes.
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The daily Tag;j 10w, representing spatially clustered sampling from wetlands, was just 5 % lower than
the unadjusted daily Tpioc but had a range of grid-cell Tagj 1ow that was smaller than any other
estimate (Tcel, Tadj BA, Tadj pc1 and Tagj nigh). In their work in northern Manitoba, Angstmann et al.
(2013) found that trees growing in close proximity had more similar transpiration rates compared
to more distal trees (suggesting spatial autocorrelation of hydraulic function). They argued that the
homogeneity at a smaller scale (i.e., 25m x 25m) needs to be evaluated cautiously, as it may mask
the heterogeneity that exists at a larger scale after upscaling (e.g., stand-level; Angstmann et al.
2013). Our findings support those of Angstmann et al. (2013), demonstrating that sampling from
just one land cover type could result in a failure to capture the variation of transpiration at the plot-

level and to an over- or underestimation of scaled fluxes.

In our work, we have examined the consequences of variation in the Js scalar (Equation 2). A
limitation to this study is that we did not account for the variability in the Asscalar. Across the plot,
As was determined using species-specific allometric relationships with DBH. However, we are
likely missing information on the intraspecific variability in A that has been reported to vary with
edaphic conditions including soil water availability (Ewers et al. 2000; McDowell et al. 2002).
Unfortunately, we do not have spatially explicit measurements of A across the plot, but this should

be a consideration in future upscaling studies.

Conclusions

The goal of this work was to better understand the environmental attributes affecting stand-level
transpiration. We examined the between-year differences in plot transpiration, identified the stand
structural, edaphic, and demographic attributes that drove spatial variation of transpiration across
the plot, and demonstrated potential sources of uncertainty associated with transpiration upscaling.
We determined that between-year differences in mean daily Tpioc were not well explained by annual
meteorological conditions. Instead, the multi-year data served to better capture variation in Teen
attributed to within-tree and between-stand variation in transpiration scalars, including daily Js. The
pronounced spatial variation in daily Tcen are explained by differences in the stand structural and
edaphic attributes that describe the distinct land cover types across the plot. Permafrost plateaus,

with their presence of permafrost, drier soils, and high basal areas, represent the grid-cells with the
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highest daily Tcen compared to the permafrost free wetlands. When upscaling to transpiration in
heterogeneous boreal peatlands, we must account for the effect of stand attributes on daily Js, and
ensure sampling procedures adequately represent land cover types. A failure to do so will lead to
overestimated Tcenn in wetlands and a marked underestimation of Tcenn from permafrost plateaus.
More rigorous scaling methods of transpiration that integrate structural and edaphic gradients
across spatially diverse boreal landscapes could help to constrain the partitioning of water and
energy fluxes, and alter our understanding of forest water loss and latent energy exchanges in the

boreal region.
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Abstract

Changes are projected for the boreal biome with complex and variable effects on forest vegetation
including drought-induced compositional changes, tree mortality and forest loss. With both soil
and atmospheric conditions governing drought intensity, the specific drivers of tree water stress
can be difficult to disentangle across temporal scales. We used wavelet analysis and causality
detection to identify the potential environmental controls (evapotranspiration, soil moisture,
rainfall, vapour pressure deficit, air temperature and photosynthetically active radiation) on daily
tree water deficit, and on longer periods of tree dehydration in black spruce and tamarack. Daily
tree water deficit was controlled by photosynthetically active radiation, vapour pressure deficit and

air temperature causing greater stand evapotranspiration. Prolonged periods of tree water deficit (>
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day) were regulated by photosynthetically active radiation and soil moisture. We provide empirical
evidence that continued warming and drying will cause short-term increases in black spruce and

tamarack transpiration, but greater drought stress with reduced soil water availability.

Introduction

Water, carbon and energy fluxes regulated by the boreal biome are important components of the
global water and energy budgets and climate regimes (Bonan 2008, Price ef al. 2013). By 2100,
climate change is expected to warm the boreal biome by 3 to 8 °C leading to increased water
limitation and stress (Berner et al. 2005, Gauthier et al. 2015). Water stress is a complex yet
critically important condition influencing boreal forest health (Allen et al. 2010, Peng et al. 2011)
and resilience to disturbance (Baltzer ef al. 2021, Whitman et al. 2019, Yi and Jackson 2021, Yang
et al. 2022). Without an increase in precipitation, forests in the boreal biome will experience more

frequent and severe droughts over the next century (Wang et al. 2014, Zhang et al. 2019).

Drought (i.e., water stress) refers to the duration and frequency of water limitation, and the intensity
of water deficit (Cook et al. 2014, McDowell et al. 2008, Seidl et al. 2017). In boreal forests, like
other systems, there are various controls that contribute to drought stress in trees, including air
temperature (Barber et al. 2000, Reich et al. 2022, Ruiz-Pérez and Vico 2020), reduced rainfall,
soil water content (Hogg et al. 2005, Peng et al. 2011) and atmospheric water demand (Babst et al.
2019, Beck et al. 2011, Mirabel et al. 2022). These same controls contribute to increased
evapotranspiration (ET) which in turn reduces water available for plant uptake, exacerbating

drought stress in trees (Zhao ef al. 2022).

Traditionally, the environmental controls on boreal tree species have been explored with
dendrochronology by examining annual growth increments. These studies have determined that
tree growth is stimulated by greater water availability combined with warmer temperatures
(D’Orangeville ef al. 2016, Wang et al. 2023, Zhang et al. 2019), but limited by high atmospheric
water demand, low water availability (Lloyd and Bunn 2007, Babst et al. 2019, Sniderhan et al.
2021, Mirabel et al. 2023) and/or the timing and severity of drought stress (Mood et al. 2021).

However, few studies have assessed the impact of environmental controls on water stress in boreal
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trees at higher temporal resolution (from hours to multiple days) (e.g., Balducci et al. 2019,
Dulamsuren et al. 2023, Maillet et al. 2022, Salomon et al. 2022). Thus, it remains unclear if the
environmental controls of annual growth increment are also controlling water stress in boreal trees

at smaller temporal scales.

By measuring variation in tree radius, automatic stem dendrometers are suitable for quantifying
temporal dynamics of water stress in trees (De Swaef et al. 2015, Drew and Downes 2009, Zweifel
et al. 2000, Zweifel and Hasler 2001). Changing water content (i.e., radial water potentials) in the
stem tissue causes reversible shrinkage when transpiration is high, and swelling when stems refill.
The amplitude of the reversible shrinking/swelling is a reliable measure of tree water deficit (TWD;
Zweifel 2016, Zweifel et al. 2005, Dietrich et al. 2018). Environmental controls that limit stem
refilling can lead to prolonged periods (days to weeks) of stem shrinkage, stem dehydration and
potential drought stress in trees (Oberhuber ef al. 2015b, Salomon et al. 2022, Schifer et al. 2019,
Zweifel et al. 2005). Previous studies using automatic stem dendrometers have focused on the
relationship between stem radial change (growth) and environmental controls (Dulamsuren et al.
2023, Maillet et al. 2022), with few investigating the drivers of TWD across multiple sites and
temporal scales (but see Salomoén et al. 2022). To our knowledge, this is the first study to
investigate the drivers of TWD in two widespread boreal species along a large latitudinal range in

Canada’s western boreal forest.

Our goal is to quantify environmental controls of tree water deficit in black spruce (Picea mariana,
(Mill.) B.S.P.) and tamarack (Larix laricina (Du Roi) K. Koch), from southern to northern treeline
in Canada’s western boreal forest during peak growing season (June to August). Specifically, we
asked: Are the environmental controls of tree water deficit consistent across temporal scales in
black spruce and tamarack? We predict atmospheric water demand to be the strongest driver of
daily tree water deficit, given its influence on tree-level transpiration, and we anticipate the
environmental conditions influencing water availability, including soil water content and rainfall,
will determine the tree water deficit of each species over multiple days during the growing season.
Identifying the controls of seasonal water stress in trees provides a more holistic understanding of
tree health, resilience, and ecosystem dynamics. This knowledge is essential for making informed

decisions about forest management and conservation in the face of rapid environmental changes.
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Methods

Site descriptions

Our work took place at five black spruce dominated forest stands spanning ~2000 km in Canada’s
western boreal biome (Figure SIII.1). From south to north, Old Black Spruce (OBS) is located ~100
km northeast of Prince Albert, SK at the southern edge of the boreal treeline and was the only
permafrost-free site. Scotty Creek (SCC) is a subarctic boreal peatland complex characterised by
sporadic discontinuous permafrost with forested permafrost plateaus interspersed with sparsely
treed permafrost-free wetlands, located ~50 km south of Fort Simpson, NT (Dearborn et al. 2021;
Quinton et al. 2019). Baker Creek (BAC) is ~15 km north of Yellowknife, NT with extensive
discontinuous permafrost and forests located between bedrock outcrops (Morse et al. 2016).
Similar to SCC, Smith Creek (SMC) is a subarctic boreal peatland complex characterised by
extensive discontinuous permafrost (Natural Resources Canada, 2016; Schulze et al. in prep), ~15
km from Wrigley, NT. Havikpak Creek (HPC), is a woodland located in the forest-tundra ecotone
~10 km south of Inuvik, NT where permafrost is continuous (Krogh ez al. 2017, Table SIII.1)

Stem radius change measurements

Mature, healthy black spruce and tamarack were instrumented with automatic circumference band
dendrometers (model DC-2 and 3, Ecomatik, Munich, Germany) to obtain measurements of stem
radius change (ASR). Black spruce ASR was measured at OBS (n= 8 ), SCC (n = 8), BAC (n=5),
SMC (n = 12) and HPC (n = 8) and tamarack ASR was measured at OBS (n=9), SCC (n = 8) and
BAC (n = 5). Data from up to four dendrometers were recorded on a single HOBO data logger
(UX120-006M, Bourne, MA), and averaged at half-hourly intervals during the peak growing
season (June 1% to August 31 in 2018, 2019 and 2020. Measurements began between June 6 -

15,2018 at SCC, BAC SMC, and HPC. Data gaps < 3 hours from data logger failure and/or animal
damage were gap-filled using linear interpolation. Gaps longer than 3 hours were not filled (Pierrat
et al. 2021). The amplitude of ASR among individuals of black spruce and tamarack varied, but
were synchronous; therefore, we derived species-averaged ASR at each site (e.g., Zweifel et al.

2016, Maillet et al. 2022).

100



Measurements of ASR represent reversible stem shrinkage/swelling related to water status (i.e.,
TWD) and irreversible radial stem growth (Steppe et al. 2015, Zweifel et al. 2016, 2005).
Irreversible growth trends were removed from the species-averaged ASR time series to derive
species-averaged TWD using the ‘Zero Growth Concept’, which assumes growth cannot occur
during periods of stem shrinkage because turgor pressure is insufficient to facilitate cell division
and enlargement (Figure SIII.2, Dietrich et al. 2018, Hinckley and Bruckerhoff 1975, Lockhart
1965, Zweifel et al. 2016). A positive TWD represents a departure from full hydration where larger
values signify greater water deficit, and TWD of zero represents fully hydrated stem tissue (Drew
et al. 2011, Kocher et al. 2013, Zweifel et al. 2005). We assumed trees were at full saturation
(TWD = 0) at the start of the measurement period in June of each year given the large hydrological
inputs of snowmelt in April-May across the sites. Stems refill within a 24 hour cycle with TWD
refill zero, except during water deficit. Tree water deficit above zero for multiple consecutive days
represents stem dehydration causing drought stress and growth suppression (e.g., Nehemy et al.

2021, Zweifel et al. 2021).

Eddy covariance and micrometeorological measurements

Stand-level evapotranspiration (ET) and potential environmental controls of TWD including
photosynthetically active radiation (PAR; measured as photosynthetic photon flux density; pmol
m~ s!), air temperature (Tair; °C), vapour pressure deficit (VPD, derived from Tair and relative
humidity; kPa), and rain (mm) were measured continuously on micrometeorological towers located
near the instrumented trees (OBS: Barr ef al. 2012, Nehemy et al. 2023, SCC and HPC: Helbig et
al. 2016b, 2016b, BAC: Spence et al. 2018, SMC: Schulze et al. in prep). Only peak growing
season (June, July and August) measurements from 2018, 2019, and 2020 were used. Rain data at
HPC were obtained from the Environment and Climate Change Canada station located at the Inuvik
airport (<1 km from the site, ECCC 2023). Near-surface soil moisture (0; %), was measured from
the top 5 - 10 cm of the ground surface at each site and calibrated using site-specific coefficients,
or coefficients specific to the organic matter at the soil surface (e.g., Warren 2015, Spence et al.

2020).
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Stand-level ET was estimated using gas analyser-based eddy covariance measurements of H,O
(mmol m? s!) flux at OBS, SCC, SMC and HPC (Barr et al. 2012, Helbig et al. 2016b, 2016b,
Nehemy et al. 2023, Schulze et al. in prep), and hygrometer-based eddy covariance measurements
at BAC (Spence et al. in prep). The eddy covariance instrumental set-up varied across sites (Table
SIII.2) and was updated at OBS in 2018, resulting in a large data gap that was not filled (25 August
2018 to 22 July 2019). The half-hourly fluxes from SCC, BAC, SMC, HPC, and OBS were
processed using in-house MATLAB codes (version: 9.13.0 (R2022b), MATLAB, Natick,
Massachusetts) following standardised methodologies and the EddyPro software (version 6.1, LI-
COR Biosciences, Lincoln, NE, see Helbig et al. 2016b for details), or downloaded from the Wiski
web server using the R package WISKIr (Shook 2015).

Analysis

We used wavelet coherence analysis with the Morlet wavelet to identify the correlation and
temporal structures between paired time series of environmental drivers (ET, PAR, VPD, Taj, rain
and 0) and the species-averaged TWD (Torrence and Compo 1998, Hatala ef al. 2012, Harmon et
al. 2021, Lestianska et al. 2020). Hereafter, the predictor terms are denoted as X and TWD as Y.
The wavelet coherence is computed by normalizing the continuous cross-wavelet power spectrum
(the product of the wavelet transform of X and Y) by the individual continuous wavelet power
spectra (Torrence and Compo 1998), producing a measure of correlation from 0 to 1 (Yu and Lin
2015). The wavelet coherence best identifies oscillations with a period larger than the data
collection time step, and shorter than the data collection period, thus, we isolated our frequencies
of interest between three hours to biweekly (Torrence and Compo 1998, Harmon et al. 2021).
Statistical significance of the wavelet coherence was estimated using Monte Carlo simulations (n
= 1000) with a significance level of @ = 0.05 (Grinsted ef al. 2004, Torrence and Compo 1998).
Analysis of species-specific wavelet coherence was done for each site in 2018, 2019 and 2020
(depending on data availability) using the Morlet wavelet implemented in the ‘WaveletComp’ R
package (Rosch and Schmidbauer 2018). An ensemble was created for each species and site by

time-averaging the continuous wavelet coherence and averaging across years.
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Granger causality (or G-causality) analysis (Granger 1969) was used to determine if the coherence
identified in the analysis described above can represent causal relationships. G-causality, originally
developed for economics and now used in many disciplines including geosciences (e.g., Salvucci
et al. 2002, Detto et al. 2012, Hatala et al. 2012, Wu et al. 2020, Li et al. 2022, Zhang et al. 2022),
exploits the temporal order of events and statistical prediction to infer cause and effect (Granger
1988, Barraquand et al. 2021). A causal relationship exists between variables if time series X is
better predicted when including the past values of time series Y than using the past values of X
alone (or vice-versa; Granger 1969; Detto ef al. 2012). We applied the unconditional bivariate G-
causality to the spectrally transformed series to identify causal relationships as a function of periods
ranging from 0.5 to 1.3 days and > 1.3 to 14 days, herein referred to as daily and > daily,
respectively (e.g., Detto ef al. 2012). The daily period ranges from 0.5 to 1.3 to account for a
variable daylength across sites and to capture any lag between variables on the daily scale. Initial
observations of the TWD time series indicated that periods of TWD typically ranged from one day
to two weeks. Thus, the >1.3 to 14 day period captures relationships that occur during these time
scales. The analysis was performed for each species, at each site in 2018, 2019 and 2020, where
data were available. Confidence intervals were evaluated using a bootstrap threshold of a = 0.05
with the “Granger.inference.unconditional” function in the “grangers” R package (Farné and
Montanari 2018). Data processing, statistical analysis and graphics were performed in R (version

3.6.3, R Core Team 2020).

Results

Tree water deficit, and environmental conditions during the study period

The study period experienced weather that was generally cooler and wetter than climate normals
between 1980 and 2010. For June, July and August, only SCC and BAC had warmer than average
temperatures (in 2018 and 2020, respectively). As an example, Figure 4.1 shows the time series of
tree water deficit and associated environmental variables for OBS in 2020. Mid-day there was
greater stem shrinkage (i.e., larger TWD), and at night swelling increased (i.e., reduced TWD,
closet to zero) a diel pattern typical for boreal trees during peak growing season (Figure 4.1a - c).

The diel pattern of TWD was more pronounced during periods of water deficit (consecutive days
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without TWD returning to zero), compared to periods with no water deficit (periods with TWD
returning to zero at night; Figure 4.1a-c, and g-1). Rainfall was associated with an increase in 6 and
decreased TWD, Tair, VPD, PAR and ET (Figure 4.1d - i). The time series for other sites are
presented in Figure SIII.3 - Figure SIIL.7.

0.94a)
061
0.3 Ll VA
0.04

ET [mm] TWD [mm] TWD [mm]

15004d)
10001
5001 JUTRRURATATIR | L

3000 1
2000 1
1000 1

VPD [kPa] PAR [W/m™]
o

Tair [oc]

—

£

E®2;

€ o 10

= @ 101

g l | il L 1

o 0+ : Y ST | Y S P LA ke 1 . i U PN -
Jun Jul Aug Sep

=== TWD Black spruce == TWD Tamarack m— ET PAR == \/PD w— T = Rain — O

Figure 4.1 Half-hourly measurements of species-averaged tree water deficit (TWD) in black
spruce (a) and tamarack (b), and potential environmental controls at Old Black Spruce in 2020.
Environmental controls include evapotranspiration (ET, c¢), photosynthetically active radiation
(PAR, d), vapour pressure deficit (VPD, e), air temperature (Tair, ), rain (g), and soil moisture (0,
g). Weekly average TWD, ET, PAR VPD and Tair are represented with grey lines (a-f).
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Periodicity in tree water deficit and coherence with environmental controls

The wavelet analysis revealed common and significant periodicities in tamarack and black spruce
TWD that were consistent across sites and between years. Wavelet power spectra of TWD were
high for the daily and > daily (Figures SIII.6 and SIII.7), which is typical for environmental and
eco-physiological series (Stoy et al. 2009). Wavelet coherence evaluated between TWD and the
potential environmental controls was high at the same periodicity; coherence was highest daily and
at > daily periods (Figure 4.2). Wavelet coherence was also observed at higher frequencies (< 0.5
day), but the wavelet power of TWD was not statistically significant at these frequencies and were

therefore deemed unimportant (Figure 4.2 and Figure SIII.8 - Figure SIII.14).

For daily periods TWD had the highest coherence with PAR (not measured at BAC) followed by
VPD, ET, and Tair (Figure 4.2a - h). Higher daily PAR, VPD, ET and T.ir were correlated with
higher TWD at the sites OBS, SCC, BAC and SMC. At HPC, greater TWD was also correlated
with higher VPD, ET and Tair but with lower PAR (Figure SIII.15). High daily 6 at SCC, BAC,
SMC, and HPC was correlated with higher TWD however, the coherence at these sites was low
(Figure 4.2a - d, f and g). By contrast, OBS had the lowest 6 of all five sites but high coherence
with daily 6 TWD (Figure 4.2¢ and h). Rain had a weak coherence with daily TWD across all sites
(Table SIII.3, Figure SIII.15).

At > daily, wavelet coherence was strongest for PAR, followed by VPD, 6 (not significant at HPC),
rain (not significant at SCC and BAC), and ET (not significant at HPC or BAC; Figure 4.2a - h).
Higher PAR, VPD and ET were correlated with greater TWD while high 6 and rainfall was
correlated with a decrease in TWD. Air temperature had the lowest coherence with > daily TWD,

and was only significant at SCC (Figure 4.2a - h, Table SIII.3, Figure SIII.15).
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Figure 4.2 Wavelet coherence levels (0 - 1) between potential environmental controls and tree
water deficit of black spruce and tamarack at Old Black Spruce (OBS), Scotty Creek (SCC), and
Baker Creek (BAC), and black spruce at OBS, SCC, BAC, Smith Creek (SMC) and Havikpak
Creek (HPC). Sites are listed from south (bottom) to north (top). Potential environmental controls
include evapotranspiration, photosynthetically active radiation (PAR), vapour pressure deficit
(VPD), air temperature, rain and soil moisture. Circles with dark shading indicate significant (a =
0.05) coherence between tree water deficit and environmental condition.

From the G-causality analysis we found differences in the interactions among the potential
environmental controls at the daily and > daily periods. Daily, Tair and PAR controlled TWD
(Figure 4.3b and d). Higher Tair and PAR caused greater TWD in both species. At > daily periods,
PAR and Tair remained important controls of TWD (above the significance threshold in Figure 4.3h
and j), however the causal effect was diminished compared to the daily period. The causal

relationship between TWD and VPD varied between time periods. Daily, VPD had a strong causal
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effect on TWD, but during longer periods the causal effect of TWD on VPD was stronger for both
species (Figure 4.3c and 1). Tree water deficit also has a strong causal effect on ET, a relationship
that was consistent across time scales (Figure 4.3a and g). Increasing TWD in both species, but
especially tamarack, led to greater ET during daily and longer periods. Soil moisture had a
consistent causal effect on TWD daily and during > daily periods (Figure 4.3f and 1), however, the
coherence was low at the daily timescale (Figure 4.2a — h). There was little indication that rain had
a direct causal effect on TWD at either timescale (Figure 4.3¢ and k), despite rain having high

coherence with TWD during > daily periods (Figure 4.2a — h).
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Figure 4.3 Across-site Granger-causality (G-causality) between black spruce and tamarack tree
water deficit (TWD) and evapotranspiration (ET; a and g), photosynthetically active radiation
(PAR; b and h), vapour pressure deficit (VPD; c and 1), air temperature (Tair; d and j), rain (e and
k) and soil moisture (6, f and 1) at the daily and > day periods (1.3 to 14 days). Individual points
represent the causal effect of environmental controls on black spruce (circles) and tamarack
(triangle) tree water deficit (TWD) at each site. Dark symbols represent the species-averaged
granger-causality across sites, while the semi-transparent symbols represent site-specific values.
Dashed lines indicate the significance threshold (@ = 0.05). Environmental controls have a causal
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effect when the G-causality of the environmental control on tree water deficit is higher than the G-
causality of tree water deficit on the environmental control (and vice versa).

Discussion

Our goal was to quantify the environmental controls that shape tree-water stress in Canada’s
western boreal forests. Central to our investigation was to determine if daily TWD, and extended
periods of stem dehydration were determined by the same environmental controls across a large
latitudinal range and between two of the most common tree species. Our analysis revealed that the
environmental controls of TWD in black spruce and tamarack varied across temporal scales. At the
daily timescale PAR, Tair, and VPD, exhibited the highest coherence and strongest causal influence
on TWD. However, during > daily periods, PAR and 0 emerged with the highest coherence and
strongest causal effect on TWD (Figure 4.2a - h and Figure 4.3b - d, h and 1).

Photosynthetically active radiation, Tair, and VPD are known to affect transpiration in boreal (e.g.,
Oogathoo et al. 2020, Pappas ef al. 2018, Patankar ef al. 2015, Van Herk et al. 2011), temperate
(e.g., Harrison et al. 2020) and tropical tree species (e.g., Brum et al. 2018, Ghimire et al. 2022).
A high correlation between PAR and stem water storage, measured with dendrometers and
electrical resistivity imaging, has been reported for ponderosa pine (Pinus ponderosa) in the
temperate forest (Harmon et al. 2021), but has not been reported for boreal tree species.
Photosynthetically active radiation promotes greater stem shrinking by increasing water loss via
transpiration when incoming PAR is high and days are longer (i.e., larger window for
photosynthetic uptake; Ahedor ef al. 2018). Being higher in latitude, HPC had a lower potential for
PAR, thus, the relationship between TWD and PAR was weaker at this site. Air temperature and
VPD both increase alongside PAR, further driving transpiration and stem shrinking (Sack and
Holbrook 2006, Taiz and Zeiger 2002, Zweifel and Hasler 2001). We found that daily TWD peaked
after evapotranspiration and transpiration (derived from sap flow measurements at OBS, SCC,
SMC and HPC between 2018 and 2021, Figure SIII.17), further confirming that transpiration, and
the environmental controls of transpiration were the dominant causes of daily TWD. Increasing
TWD with higher PAR, Tair and VPD had repercussions at the whole forest stand scale, driving an
increase in ET at the daily period (Figure 4.3a).
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With an expected increase in Tair and VPD during the peak growing season throughout the western
boreal biome (Gauthier et al. 2015, Mirabel et al. 2023), there will likely be increased daily TWD,
and thus greater daily transpiration (Van Herk et al. 2011). Greater daily transpiration could lead
to increased forest productivity, consistent with observations of forest growth stimulated by
increased temperatures in areas of the boreal biome (D’Orangeville ef al. 2016, Reich et al. 2018,
Babst et al. 2019, Wang et al. 2023). However, soil water content strongly affects boreal tree
productivity by constraining water available for uptake, to refill stem water storages, sustain
transpiration and support growth. Water supply and availability (i.e., rainfall and 0) were high
during the study period compared to the climate normals between 1980 and 2010, and likely did
not reach below the wilting point for either species at the daily timescale. Additionally, rainfall and
0 had minimal, often negligible daily cycles. Thus, the observed impact of rainfall and 6 on TWD
was limited at the daily time scale (Figure 4.2a - h, Figure 4.3¢ - f).

While soil moisture was not the primary driver of daily TWD, it was a significant environmental
control during > daily periods of TWD. Lower 0 was strongly correlated with TWD, causing greater
stem dehydration in both black spruce and tamarack (Figure 4.2a - h and Figure 4.31). These
findings were consistent with Maillet et al. (2022) who found that stem radius change of three
boreal conifers was most strongly correlated with water availability (rainfall) at the weekly
timescale. To support normal functioning, including transpiration, trees rely on internal water in
stem reserves and water uptake (Cermak et al. 2007, Mészaros et al. 2011, Nehemy et al. 2021,
Steppe et al. 2006, Zweifel and Hasler 2001). However, as TWD intensifies between rainfall
events, trees increasingly rely on 0 to support transpiration and stem refilling. Trees operate at
narrow safety margins with respect to drought tolerance (Choat et al. 2012). Thus, with summer
precipitation in western Canada projected to decrease (or stay stable) by the end of the 21st century
while temperatures continue to rise (Zhang et al. 2019), boreal trees could experience greater TWD,
drought stress and growth reductions during dry periods. The relationship between > daily TWD
and 0 was strongest in the south at OBS where 0 was lowest of the five sites. Thus implying that
the southern boreal forest may experience higher occurrences of water deficit before northern
locations. However, with increased soil drying associated permafrost thaw (Helbig et al. 2016,
Sniderhan et al. 2021, Foster et al. 2022), areas of the boreal forest with discontinuous permafrost

may be susceptible to drying as well.
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In the face of a warmer and drier climate projected for western Canada, intermittent wet and warm
periods may promote increased growth in black spruce and tamarack, leading to enhanced
productivity (D’Orangeville et al. 2018, Wang et al. 2022). Additionally, certain species, such as
black spruce, have demonstrated low sensitivity of basal area increment to summer 6 (Girardin et
al. 2021), and prolonged stem dehydration has not consistently resulted in stress induced growth
reduction (Belien ef al. 2014). Consequently, boreal trees could exhibit resilience to anticipated

drier and warmer conditions in the near future.

Species resilience may be attributed to specific physiological strategies that allow trees to maintain
physiological function and growth during water deficit. Although the contribution of black spruce
and tamarack transpiration is only a minor component of ET (Warren et al. 2018, Perron et al.
2023), we found that increasing TWD caused greater ET during > daily periods (Figure 4.3g). This
suggests that black spruce and tamarack maintain transpiration despite reduced access to available
soil water and increased TWD. Greater decoupling of ET to water deficit has been previously
reported in moist sites where plants either regulate their stomata and hydraulic conductance, or
access water deep in the soil column to maintain transpirational activity during dry periods
(Giardina ef al. 2023). Black spruce and tamarack have shallow rooting zones, thus were likely not
able to access deeper soil water after top 10 - 20 cm were depleted. Thus, stomatal regulation to
limit water loss during transpiration in the short term likely facilitated continued transpiration in
both species, allowing for sustained ET during > daily periods with higher TWD (Dusenge ef al.
2021, Giardina ef al. 2023).

We expected VPD to drive tree dehydration in black spruce and tamarack during > daily periods
of TWD. Vapour pressure deficit is known to influence tree-water stress by driving transpiration
(Harmon et al. 2021, Nehemy et al. 2021, Salomoén et al. 2022, Xue et al. 2022), and has been
negatively correlated with weekly TWD in larch species (Tian et al. 2018) and growth in spruce
species (Mirabel et al. 2023). However, we found that while TWD and VPD were coherent during
> daily periods, TWD caused (i.e., led the relationship with) VPD, not the other way around. The
effect of TWD on VPD was greatest at OBS, the denser southern forest with lower 6 and higher
Tair, ET, and transpiration compared to the sparsely forested sites further north (Figure SIII.18 and

Figure SIII.19). In response to high atmospheric water demands, boreal species have demonstrated
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greater coupling between stem water content and VPD, as well as sensitive stomatal control (Ewers
et al. 2005, Dusenge et al. 2021). Thus, black spruce and tamarack likely responded to atmospheric
demands at OBS and across sites, by closing stomata before VPD peaked. Root water uptake
continues after the stomates close, allowing storage tissue to refill and stems to swell, resulting in
changes to TWD that occurred before VPD decreased in the evening. Air temperature, which drove
TWD during > daily periods (Figure 4.3j), is also known to drive VPD. Warmer air has a greater
atmospheric holding capacity for water, thus, the causal effect of TWD on VPD over longer periods

may have been, in part, the effect of increasing Tair.

Limitations in the methodology to determine TWD could have also contributed to the causal
influence of > daily TWD on VPD (Zweifel ef al. 2021). The dendrometers used have a high
thermal sensitivity, but have the potential for sensor drift with changing temperature (< 0.2
um/°C). Cooler air temperatures over several days may have prompted thermal contraction of the
sensors, resulting in higher TWD that preceded changes in VPD. Additionally, any method to
partition TWD from ASR makes assumption about growth during periods of stem shrinkage
(Zweifel et al. 2016). In the Zero Growth concept applied here, we assumed no growth took place
during periods with TWD > 0 (i.e., during stem shrinking when current ASR was less than the
previous maximum ASR, Zweifel ef al. 2016). With TWD at a consistent zero during growth, we
cannot fully detect the influence of VPD during these periods. Moreover, growth in the form of
cell division and elongation, could have taken place during periods of stem shrinkage. During >
daily periods of stem shrinkage, growth could have accumulated sufficiently over several days
(ranging from 1.3 to 14 days), to reduce the measured values of TWD, and decouple from the

influence VPD.

Conclusions

This work determined that the environmental controls on tree water deficit (TWD) in black spruce
and tamarack vary across temporal scales. Photosynthetically active radiation (PAR), Tair, and VPD
emerged as crucial controls of TWD at the daily scale, contributing to transpiration-driven stem
shrinking. In contrast, PAR and soil water availability (6) controlled TWD at daily to biweekly,

where tree dehydration and potential drought stress became pronounced. With warming and drying
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predicted for Canada’s western boreal biome, trees will see greater daily TWD with benefits to
productivity through increased transpiration and ET. However, with a decrease in the frequency
and intensity of rainfall events throughout the peak growing season, soil water availability may be
limited. Tree species will experience more numerous, longer, and more extreme periods of stem
dehydration during dry periods, with potential consequences to boreal tree growth and forest
vulnerability. This research underscores the challenges posed by warming and drying trends in
boreal forests, highlighting the delicate balance between soil water availability, air temperature,

and tree dehydration.
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Chapter S — Conclusions

The three article chapters that make up my thesis provide an improved functional understanding of
tree-water relations in Canada’s western boreal forest. In the second chapter I found that resource-
use strategies affected species growth and tree water deficit throughout the growing season. In the
third chapter, I examined the effect of site heterogeneity on transpiration and determined that
transpiration was highly sensitive to local environmental conditions. In the fourth chapter, I
examined the drivers of tree water deficit across five sites in Canada’s western boreal biome and
determined that solar radiation, air temperature, and soil moisture were the strongest and most

consistent drivers of water deficit in black spruce and tamarack across temporal scales (Figure 5.1).

WUEi
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Tree water Meteorological

deficit Conditions  * Meteorological Conditions

Air Temperature

Solar Radiation (PAR)

Figure 5.1 The physiological (purple, Chapter 2), environmental (orange, Chapter 3) and
meteorological (green, Chapter 4) conditions that had the greatest influence on different aspects of
tree-water relations. The dark boxes represent variables that we found had the greatest effect on

tree water deficit and transpiration for each chapter.
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Summary of results

In chapter two, I show that black spruce and tamarack employed contrasting resource-use strategies
(acquisitive versus conservative) associated with the leaf economic spectrum, resulting in high
growth rates for the acquisitive tamarack, and lower growth for the conservative black spruce
across sites in Canada’s western boreal forest (Chapter 2). However, there was species overlap in
traits associated with tree height and competition for light. In nutrient poor conditions, tamarack
was unable to maintain a competitive advantage for light, resulting in low growth but also lower
tree water deficit. When water was abundant, tree water deficit was similar between species, and
the conservative black spruce demonstrated slow growth compared to the fast growing acquisitive
tamarack. These findings suggest that resource-use strategies of black spruce and tamarack offer
complementary strategies for growth and survival when other resources are not limited. Tamarack
was able to maintain higher growth rates by accessing water more consistently throughout the
growing season. In contrast, black spruce resisted water stress by constraining growth thereby

limiting excess water loss.

In chapter three, I found that transpiration rates were influenced by land cover type. Local
environmental conditions characteristic of peat plateaus, including higher basal area, drier soils,
and the presence of permafrost resulted in higher transpiration rates. This was in contrast to the
wetlands which were wet, permafrost-free and had trees with lower transpiration rates. As in
chapter two, there was no difference in tree water deficit between tamarack and black spruce; both
species exhibited similar tree-level transpiration. This study emphasizes the importance of
sampling trees across various land cover types to ensure accurate transpiration estimates in

heterogeneous landscapes.

In chapter four, I took a broader perspective by investigating the meteorological conditions,
referred to as potential environmental controls in the chapter, that contributed to water deficit in
trees. The study revealed that patterns of tree water deficit could be divided into two periods: daily
tree water deficit driven by transpiration, and multi-day periods indicative of drought stress. Solar
radiation and air temperature drove the daily cycling of stem water, while drought stress was

primarily regulated by solar radiation and soil moisture. Surprisingly, vapor pressure deficit, known
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to strongly affect transpiration and growth limitations in boreal trees (Mirabel et al. 2023), was not

a primary factor influencing water status in trees.

Implications

The outcomes of my three chapters have implications for ecological and atmospheric sciences, by
enhancing our understanding of boreal forest function. Collectively, this work advances scientific
knowledge of boreal tree species which is crucial for refining predictions of how boreal forests will
respond to ongoing environmental changes. To highlight the cumulative implications of the three
chapters, I present two syntheses that illustrate the current conditions for black spruce at Scotty
Creek and tamarack at Old Black Spruce. I chose to examine black spruce at Scotty Creek because
the species is on the decline at this site. Black spruce at Scotty Creek is undergoing reduced
productivity (Patankar ef al. 2015, Sniderhan and Baltzer, 2016), and a mortality rate that exceeds
recruitment (Dearborn ef al. 2021). I chose to examine tamarack at Old Black Spruce because this
site is at the southern edge of the boreal biome and recent work indicates that Larix species,
including tamarack, are more vulnerable to climate change at the southern margins of its range
(Mamet et al. 2018). Each synthesis also offers a predictive insight into the potential changes each

species may experience at these sites.

Synthesis one

At Scotty Creek, black spruce trees predominantly grow atop peat plateaus with dry soils underlain
by permafrost. The peat plateaus exhibit higher stand basal area and transpiration rates compared
to surrounding wetlands . The high soil drainage and greater organic matter decomposition on peat
plateaus has a positive effect on transpiration rates (Chapter 3). These suitable growing conditions
have allowed black spruce to dominated the canopy at Scotty Creek, with individuals were
generally taller, and lager with a more expansive crown compared to tamarack. However, with a
larger canopy comes a greater need for water to support photosynthesis and thus, black spruce
demonstrated higher tree water deficit (Chapter 2). Daily fluctuations in black spruce water deficit
at Scotty Creek are primarily controlled by air temperature, vapor pressure deficit, and soil moisture

(Chapter 4, Patankar et al. 2015), with higher daily transpiration occurring on warm, dry days when
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soil water availability is high. As the active layer (the seasonally thawed ground layer above the
permafrost) thickens during the growing season, peat plateaus gradually dry out, reducing water
availability in the rooting zone of black spruce. The decrease in soil moisture throughout the

growing season, resulted in an increase in tree water deficit for black spruce(Chapters 2 and 4).

Permafrost thaw at Scotty Creek will further degrade peat plateaus through the deepening and
drying of the active layer due to vertical permafrost thaw. Drought stress in black spruce at Scotty
Creek, characterized as a multi-day tree water deficit, is controlled by solar radiation, rain, and soil
moisture (Chapter 4). Thus, black spruce located on permafrost plateaus experiencing vertical thaw
and surface drying are likely to encounter more frequent and prolonged periods of tree water deficit.
As trees become more reliant on rainfall to recharge the soil moisture in the rooting zone, the
conservative black spruce will likely reduce growth to prevent water loss, further decreasing its
productivity (Chapter 2) with consequences for growth, water, and energy fluxes across the forest
stands (Patankar ef al. 2015, Warren et al. 2018, Sniderhan and Baltzer 2016). Given the projected
increase in air temperature for Scotty Creek (Zhang et al. 2019), black spruce may be susceptible
to severe drought stress, resulting in forest mortality and changes in community composition in
drier and warmer conditions (Dearborn et al. 2021, Sanchez-Pinillos et al. 2022, Balducci et al.
2015, Whitman et al. 2019). Scotty Creek could also see a decrease in black spruce productivity as
lateral permafrost thaw triggers plateau collapse into wetlands (Quinton and Baltzer 2013), where
surface flooding limit root function, and thereby further limiting productivity of black spruce

(Chapter 3, Patankar et al. 2015, Baltzer et al. 2014, Perron et al. 2023).

Synthesis two

At Old Black Spruce, soil moisture had a more pronounced impact on the daily tree water deficit
of tamarack compared to any other site for both species (Chapter 4). As a consequence of its
acquisitive resource-use , tamarack relies greatly on water availability to support growth (Chapter
2). Even after rain events, tamarack rapidly use stored stem reserves, leading to faster dehydration
(and higher tree water deficit) compared to black spruce (Chapters 2 and 4). During extended water
deficit periods when tamarack draws on soil water reserves to prevent dehydration, resulting in the

depletion of water from the top ~10 cm of soil (Chapter 4).
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Tamarack’s high water resource requirements proved to be a successful strategy in conditions of
abundant water availability. For example, our study period consisted of summers that were cooler
and wetter than average for Old Black Spruce, and tamarack growth appeared to be uninhibited by
water availability (Chapter 2). However, as warming and drying decrease water availability in the
southern boreal forest (Zhang et al. 2019, Wang et al. 2014), and changing precipitation patterns
alter the timing of rainfall through the summer (Zhang et al. 2019), tamarack may not have access
to enough water to sustain such high growth rates. Potentially resulting in reduced productivity and
even mortality at Old Black Spruce, as reported elsewhere throughout the southern range limit of

the Larix sp. (Mamet ef al. 2019).

Future research

My thesis presents empirical evidence that enhances our understanding of how plant physiology,
environmental factors, and meteorological conditions influence tree-water relations. As
temperatures rise and precipitation patterns shift, drought-induced stress will become a growing
concern for boreal forests. To anticipate the effects of drought on forest composition, tree mortality,

and overall forest health, it will be crucial to understand tree hydraulics in greater depth.

Through the creation of a dataset that combines high-resolution dendrometer measurements with
supporting environmental and meteorological data for an underexplored region within North
America's boreal biome, my thesis makes an important contribution towards better understanding
tree water relations. This dataset has a wide range of potential applications including to improve
our understanding of drought stress, plant functioning, growth, carbon relations, phenology, and

dendroclimatology (De Swaef et al. 2015, Zweifel 2016, Salomon et al. 2022).

Seasonal tree water deficit and annual growth

An exciting research avenue would be to integrate seasonal tree water deficit information with
interannual tree growth variability. While my work identified key controls of tree water deficit in
black spruce and tamarack (Chapter 4), it did not explore how periods of water deficit affect the

annual growth of either species. Future research opportunities include addressing questions such
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as: ‘Does seasonal tree water deficit reduce growth in black spruce and tamarack?’ and ‘Do
meteorological drivers of tree water deficit in boreal trees also limit growth?’. For instance, I found
that vapor pressure deficit was not a strong driver of tree water deficit in black spruce and tamarack,
but recent research has revealed interannual declines in tree growth linked to increasing vapor
pressure deficit (Mirabel ef al. 2023). Growth information can be obtained from dendrometer
measurements (Chapter 2); nevertheless, the interpretation of absolute growth rates poses
methodological challenges (Zweifel et al. 2016). To partition growth, assumptions must be made
about when growth occurs (during water deficit or not) which can result in under or overestimations
of radial growth. Therefore, integrating dendrometer data, site environmental and meteorological
data and dendrochronological measurements, including microcores to determine intra-annual
variation of growth, would provide a more reliable approach to addressing these questions (e.g.,

Deslauriers et al. 2014, Kannenberg et al. 2019).

Improving our knowledge of plant hydraulic strategies

For a deeper understanding of how resource acquisition strategies coordinate with tree hydraulics,
future research should include more functional trait data. In this thesis, I focused on foliar traits
associated with the leaf economic spectrum and overlooked several traits related to tree hydraulics
that could have provided important insights. For instance, traits measuring stem wood density,
Huber values, the ratio of cross sectional sapwood area to leaf area, (Tyree and Ewers, 1991),
sapwood-specific and leaf-specific stem hydraulic conductivity, vulnerability to xylem embolism
and turgor loss point are all important hydraulic, leaf, and stem traits (Rosas ef al. 2019, Rosas et
al. 2021). Many traits related to the leaf economic spectrum and tree hydraulics exhibit temporal
variability (e.g., Ma et al. 2010, Anderegg 2015, Yang et al. 2016). However, specific traits are
often quantified from campaign-based measurements that fail to capture important temporal
variation in plant responses to changing environmental conditions, including water availability,
throughout a growing season. Incorporating additional hydraulic and stem traits into future
research, and increasing the sampling rate of these traits to multiple times during a single growing
season, and over the course of several years, would provide a more comprehensive understanding

of the resource-use strategies employed by boreal trees (e.g., Rosas et al. 2021).
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Integrating dendrometer and sap flow data

One of the initial objectives of my PhD research was to combine dendrometer data with sap flow
measurements. Trees at all research sites (Old Black Spruce, Scotty Creek, Baker Creek, Smith
Creek and Havikpak Creek) were instrumented with paired dendrometers and custom-made
Granier-style thermal dissipation sap flow sensors. Unfortunately, technical challenges during the
measurement period and limitations imposed by the COVID-19 pandemic prevented me from using
most of the sap flow data. However, some of the sap flow data was used to support the analysis in
Chapter 4. Thus, an unrealized opportunity with this dendrometer data lies in its pairing with sap
flow measurements to enhance our interpretation of tree hydraulics. Paired data would not only
instill greater confidence when assessing drought stress in trees but would also enable a deeper
understanding of plant physiological behavior (e.g., Jezik et al. 2015, Sanchez-Costa et al. 2015).
Additional sap flow measurements would offer opportunities to estimate transpiration from more
forest stands, and allow us to determine the contribution of tree-level transpiration to stand-level

evapotranspiration across research sites beyond Scotty Creek.

Benchmark for evaluating change in the boreal forest

Forest dynamics plots serve as invaluable research tools used to untangle complex forest ecosystem
processes (Davies et al. 2021, Anderson-Teixeira et al. 2015). However, within the Smithsonian’s
ForestGEO network, the majority of plots are concentrated in temperate and tropical regions. The
scarcity of forest dynamics plots situated in the boreal biome make Scotty Creek ForestGEO
valuable for observing forest processes beyond tropical and temperate forest biomes. My study
(Chapter 3), which assessed transpiration across the plot, not only expanded upon the existing
datasets within the ForestGEO network but also provided new information on forest processes
specific to this location. Now that a forest fire has eradicated a substantial portion of the ForestGEO
plot at Scotty Creek, this work, in combination with previous research (Dearborn et al. 2021,
Standen and Baltzer 2021), has the potential to serve as a foundation for characterizing the pre-fire

state of the boreal peatland complex and for assessing post-fire recovery.
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Chapter 6 — Reflections

Through this thesis, I have presented the research outcomes of my PhD, but this left little room to
delve into some of the most significant aspects of my doctoral journey. Therefore, I would like to

take a moment to share some reflections I had during this experience.

First reflection: navigating obstacles in science

Originally, I had intended for my thesis to center on sap flow, with my main objective being to
partition transpiration (T) from stand level fluxes of evapotranspiration (ET). As mentioned earlier,
this objective could not be achieved. I believe that transpiration partitioning to determine T:ET
across boreal forest sites could have made a more substantial contribution to the scientific
community compared to the current results of my thesis. Transpiration estimates from trees would
have held significant value in reducing uncertainties in climate, earth system and hydrological
modeling (Coenders-Gerrits et al. 2014, Fatichi and Pappas 2017). Moreover, transpiration
partitioning could have been used to determine the relative importance of trees in the water and
energy balance in the western boreal forest. Failing to achieve this objective has taught me a great
deal about loss, disappointment and significant setbacks often experienced but rarely discussed in
academia. While I appreciate the valuable lessons learned, when I reflect upon my thesis and its
value, I cannot help but feel a tinge of disappointment. However, similar to black spruce and
tamarack thriving amid challenging and rapidly changing conditions, I persevered through these

unforeseen challenges, managing to sustain only minor disruptions to my productivity.

Second reflection: western science on traditional lands

One of the most impactful experiences during my PhD was my participation in the Dehcho Youth
Ecology and Traditional Knowledge Camp, held on the banks of the Mackenzie River in the
Northwest Territories. I would be remiss not to share my insights from this experience, as my
involvement in the camp has profoundly influenced how I envision my future as a researcher in
Canada. The Dehcho camp introduced me to Traditional Ecological Knowledge, Indigenous

partnerships, and the co-creation of knowledge. My time at the Dehcho camp, along with
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subsequent contemplation, opened my eyes to the extractive nature of Western science in Canada,
particularly in Canada’s North. As Western scientists, we venture onto Indigenous territories to

collect data for our projects, extracting knowledge from lands that are not inherently ours.

I've since questioned if my research genuinely aligns with what holds importance in these regions
and whether I am the most suitable person to be conducting this research. I have asked myself: “Is
it ethically sound for me to conduct research with little direct values to local communities?” and
“Is it appropriate for me, a white woman with colonial heritage from southern Canada, to conduct
research on the homelands of Indigenous Peoples?”’. Contemplating the ethical implications of my
thesis, I have found comfort in collaborating with research groups and alongside colleagues who
share a commitment to sincerely exploring these concerns and dedicating time to address these

questions with care; however, these questions remain largely unanswered.

Third reflection: additional outcomes

Despite the challenges that arose during my PhD, the overall experience has positive. In addition
to the studies presented as part of my thesis, I was able to contribute to other scientific and non-
scientific projects. I received a POLAR scholarship that allowed me to conduct research in Iceland,
and Cambridge Bay. Samples collected during this expedition contributed to two published
manuscripts (Stimmler, P., M. Géckede, S. M. Natali, O. Sonnentag, B. S. Gilfedder, N. Perron,
and J. Schaller. 2022. The importance of calcium and amorphous silica for arctic soil CO»
production. Frontiers in Environmental Science 10:1019610. and Stimmler, P., M. Goeckede, B.
Elberling, S. Natali, P. Kuhry, N. Perron, F. Lacroix, G. Hugelius, O. Sonnentag, J. Strauss, C.
Minions, M. Sommer, and J. Schaller. 2023. Pan-Arctic soil element bioavailability estimations.
Earth System Science Data 15:1059—-1075.) The scholarship also led to the curation of data sets
that will be used in the future. My work with dendrometers and sap flow sensors at Old Black
Spruce was founded on collaboration that contributed to one published manuscript outside of my
thesis (Nehemy, M. F., J. Maillet, N. Perron, C. Pappas, O. Sonnentag, J. L. Baltzer, C. P. Laroque,
and J. J. McDonnell. 2022. Snowmelt Water Use at Transpiration Onset: Phenology, Isotope
Tracing, and Tree Water Transit Time. Water Resources Research 58.). I shared my experiences at

the Dehcho camp by contributing an article to the departmental journal (El-Amine, Mariam and
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Perron, Nia 2022. Sur les rives du Deh Cho : a la confluence entre 1’écologie et les savoirs
traditionnels. GéoLibre, second edition), I shared my experience in the field through photo
competitions, and shared my overall experience in academia in a museum exhibition dedicated to
women in science. I also had the opportunity to participate in several conferences and speaker

series, including the Canadian Geophysical Union in 2023, where I was invited to present my work.

Concluding remarks

If T were granted the opportunity to start my thesis over, there are a few things I would approach
differently. To ensure success from the onset, I would be more self-assured in my role as a student
with valuable experience. I would resist being swayed by the overconfidence of others, and
approach collaborative work with greater prudence. I would actively seek to develop a greater
knowledge of the Indigenous communities in the Northwest Territories before starting field work.
I would strive to develop thesis topics through the co-creation of knowledge, addressing questions
directly relevant to local communities. I might spend less time doing data processing, and more
time fostering community engagement and building relationships with those who generously
allowed their land to be part of this research. I would ensure that any and all knowledge generated
through my thesis was shared directly with communities through non-traditional methods of
communicating science. Lastly, I would invest in some Arduino circuit boards to get those sap flow

sensors working properly.
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Appendices

Appendix I (Chapter 2)

Figure SI.1 : A dendrometer installed on the stem of a black spruce tree at Scotty Creek (SCC).
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Figure SI.2 Half-hourly mean stem radius changes for tamarack and black spruce at Scotty Creek

for each month in 2019. In this example, the sinusoidal pattern of stem radius changed from being
temperature driven to transpiration driven in May for black spruce and June for tamarack.

168



2018 2020

1oda) - Tamarack GRO
— Tamarack ASR
----- Black spruce GRO

— Black spruce ASR

0.8 1

Sd0

0.4 4

0.0 1

1.2 1

0.8 1

00S

0.4

0.0

1.21

Stem Radius Change and Growth [mm]

0.8 1

ovd

0.4

0.0

Jun Jul Aug Sep Jun Jul Aug Sep Jun Jul Aug Sep
Figure SI.3 Average stem radius change (ASR) and cumulative annual growth (GRO) averaged
across all individuals of black spruce and tamarack at Old Black Spruce (OBS; a, b, and ¢), Scotty
Creek (SCC; d and e) Baker Creek (BAC; f and g) June to August 2018, 2019 and 2020. Growth
period length was determined as the period between transpiration onset in the spring and end in the
fall. Species-level growth for each site and year was partitioned from the stem radius change.
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Figure SI.4 Meteorological conditions representing the monthly climate normals (a and c) between
1981 — 2010 for Old Black Spruce (OBS), Scotty Creek (SCC), and Backer Creek (BAC). Summer
climate normals were compared to local air temperature (b) and rainfall (d) at OBS, SCC and BAC.
Climate normals were collected from the nearest Environment and Climate Change Canada
meteorological stations located in Prince Albert, SK (OBS), Fort Simpson (SCC) and Yellowknife
(BAC). Local air temperature and rainfall were determined using micrometeorological stations

located at each site.
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Table SI.1 The mean daily tree water deficit (TWD; mm) and cumulative annual growth (growth;
mm/yr.) for black spruce and tamarack individuals from Old Black Spruce (OBS), Scotty Creek
(SCC) and Baker Creek (BAC) in 2019 and 2020 and OBS in 2018. The numbers in parentheses

represent the standard deviation of values measured for individual trees at each site.

Site Species TWD (mm) Growth (mm/yr.)
BAC Tamarack 0.105 (0.07) 0.616 (0.56)
Black spruce 0.115 (0.05) 0.120 (0.11)
SCC Tamarack 0.121 (0.05) 0.394 (0.27)
Black spruce 0.147 (0.06) 0.295 (0.25)
OBS Tamarack 0.153 (0.08) 0.868 (0.50)
Black spruce 0.112 (0.05) 0.481 (0.25)
MEAN Tamarack 0.127 (0.07) 0.612 (0.46)
Black spruce 0.125 (0.06) 0.313 (0.26)
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Figure SI.5 Comparisons between §'°C of tamarack (teal) needles from Old Black Spruce (OBS)
and Scotty Creek (SCC) and black spruce (purple) needles from OBS and SCC. The difference
between species was compared using a Wilcoxon rank sum test (NS. = no significance,* p = 0.05,
**p=0.01, *** =p <0.001).
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Appendix II (Chapter 3)
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Figure SII.1 Allometric relationship between the log of tree diameter at breast height (DBH; cm,
measured at 1.3m) and the log of sapwood area (As; cm2) for black spruce (n =201) and tamarack
(n = 64). Samples were taken from trees at Scotty Creek and other boreal forest stands in
northwestern Canada (Bond-Lamberty 2002).
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Figure SII.2 The relationship between daily (total) sap flux density (Js; mm?® cm? s') and the
meteorological conditions including daily mean air temperature (Tair; °C), mean daily vapor
pressure deficit (VPD; hPa), mean daily photosynthetically active radiation (PAR; um m s*") and
total daily rainfall (Rain, mm). Linear relationships between the daily Js and the meteorological
conditions are plotted for each year individually (coloured lines) and for all three years combined
(black line). The R? and p-values represent the relationship between the meteorological condition
and the daily Js for all three years combined. There was a positive linear relationship between daily
Js and both mean daily VPD (adj. R?=0.36, F1,41)=24.25, p <.001,) and PAR (adj. R?=0.35, F(,
41y=23.50, p <.001), and a negative linear relationship with total daily rainfall (adj. R* = 0.20, F,
a1 = 11.24, p = 0.002). Daily Js was weakly but significantly correlated with Tair (adj. R? = 0.08,
Fa,41y=4.54, p=0.039).
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Figure SII.3 A comparison of the daily grid-cell transpiration (T; mm) averaged across the
sampling period (27 June to 11 July) for each year (2013, 2017, and 2018). Transpiration was
determined using the tree diameter of black spruce and tamarack stem larger than 1 cm that was
measured in the plot between 2012 and 2014.
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Figure SII.4 A comparison of the total daily Js between 2017 and 2018 for trees that were
instrumented in both years. The left side of the panel represents the daily Js for all six trees, while
the plots on the right represent the daily Js for each tree individually. The numbers above each
panel represent the tree identification number in the plot. Daily Js was compared between years
using a paired sample t-test (rstatix package in R). Significance values are denoted with an *
representing p-values equal to 0 to 0.0001 (****), 0.0001 to 0.001 (***), from 0.001 to 0.01 (**),
0.01 to 0.05 (*) and greater than 0.05 (ns).
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Figure SII.5 The daily transpiration (T; mm) for each grid-cell in the plot adjusted to account for
grid-cell basal area (a) and PC1 (a gradient of soil moisture and permafrost presence, b).
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Appendix IIT (Chapter 4)
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Figure SIII.1 Five sites in Canada’s boreal forest biome (shaded green) where black spruce (Picea
mariana) and tamarack (Larix laricina) were sampled for tree water deficit: Old Black Spruce
(OBS), Scotty Creek (SCC), Baker Creek (BAC), Smith Creek (SMC) and Havikpak Creek (HPC).
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Table SIII.1 Site information for the five sites. Site location is given as latitude and longitude (Lat,
Long; °), the ecozone classification was based on the Terrestrial Ecozones of Canada (Wiken,
1986), mean annual precipitation (MAP; mm) and mean annual temperature (MAT,; °C)
(Environment Canada, Historical Data) and permafrost classification was based on the 2010
assessment of permafrost across Canada released in 2016 (National Resources Canada, 2010).
Landcover classification was determined from the Landcover SPOT from 2005 to 2010 (Natural
Resources Canada, 2018) and includes evergreen conifer forest, high density (ECF-HD), evergreen
conifer forest, low density (ECF-LD), herb/shrub wetlands (HSW), low to sparse conifer
forest/lichen understory (LSCF, and barren (B) landcover. Vegetation parameters include dominant
overstory species, and overstory tree crown closure (OCC). Site edaphic characteristics are from
the Soil Landscapes of Canada Version 3.2 (digital webmap) and include soil drainage class, with
well drained (W), moderately well drained (MW), poorly drained (P), very poorly drained (VP)
and imperfectly drained (I); and dominant parent material. Near surface soil organic layer thickness
(SOL; cm) and active layer thickness (ALT, cm) were determined for each table from the main
references listed in the table.

OBS SCC BAC SMC HPC
Lat, Long (°) 53.987, 61.310, 62.546, 63.153, 68.320,
-105.118 -121.287 -114.433 -123.252 -133.519
Ecozone Boreal Plains Taiga Plains Taiga Shield Taiga Plains Taiga Plains
MAP (mm) 482 347 284 258 228
MAT (°C) 1.3 -2.6 -3.9 -4.7 -6.7
Permafrost Permafrost-free | Sporadic Extensive Extensive Continuous
Discontinuous Discontinuous Discontinuous
Landcover ECF-HD ECF-HD /HSW | ECF-LD B /LSCF ECF-LD
Overstory Picea mariana, Picea mariana, Picea mariana, Picea mariana, Picea mariana,
Larix laricina, Larix laricina Larix laricina, Picea glauca, Picea glauca
Pinus banksiana Pinus banksiana | Larix laricina
0OCC Closed Open Open Open Open
Soil Drainage P-VP P-VP MD - W P-VP I
Dominant soil Mineral Organic Mineral Mineral Mineral
material
SOL (cm) 20 - 30 50 - 800 ~25-60 cm 100 — 200 30-60
ALT (cm) NA ~50 - 90 ~30 -85 ~62 - 85 40 - 80
Selected Gower et al. Quinton et al. Gibson et al. Walmsley and Black and Bliss
References 1997, Jarvis et 2009; Quinton et | 2018; Spence Lavkulich 1975, | 1980
al. 1997 al. 2019 and Hedstrom Throop et al.
2018 2012
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Table SIII.2 Micrometeorological instrumentation to measure evapotranspiration,
photosynthetically active radiation (PAR measured as photosynthetic photon flux density), vapour
pressure deficit (VPD), air temperature (Tair), rain and soil moisture (measured as volumetric water
content) across the five sites. The reference is the primary resource that describes the instrumental

set-up for each site.

Variable OBS SCC BAC SMC HPC
ET Closed-and Open-path Krypton Enclosed-path pen-path
enclosed-path CO2/H:20 gas Hygrometer CO2/H:20 gas CO2/H:20 gas
CO2/H:20 gas analyser (KH20; analyser (LI- analyser
analysers (L17000, (EC150; Campbell 7200, LICOR (EC150;
and LI-7200, LI- Campbell Scientific Inc.) Inc.) and a 3-D Campbell
COR Inc.) and a 3- Scientific Inc.) and a 3-D sonic | sonic Scientific Inc.)
D sonic anemometer | and a 3-D sonic | anemometer anemometer and a 3-D sonic
(R3-50, Gill anemometer (CSAT3A; (CSATS; anemometer
Instruments, (CSAT3A; Campbell Campbell (CSAT3A;
Lymington, UK, Campbell Scientific Inc.) Scientific Inc.) Campbell
and CSATS3, Scientific Inc.) Scientific Inc.)
Campbell Scientific
Inc.)
PAR Quantum Sensor PAR Quantum N/A PAR Quantum PAR Quantum
(LI-190R; LI-COR Sensor (PQSI; Sensor (PQSI; Sensor (PQSI;
Inc., Lincoln, NE, Kipp & Zonen, Kipp & Zonen) | Kipp & Zonen)
USA) B.V. Delft,
Netherlands)
Toair, and Temperature and HygroClip 2 Temperature and | Temperature and | Temperature and
Relative Relative Humidity Humidity Relative Relative Relative
Humidity | Probe (HMP45C; Temperature Humidity Probe | Humidity Probe | Humidity Probe
(VPD) Vaisala Inc., Oy, Probes (HC2- (HMP45C; (HC2S3; (HC2S3;
Finland) S3; Rotronic Vaisala Inc.) Campbell Campbell
AQG, Scientific Inc., Scientific Inc.)
Bassersdorf, Logan, UT,
Switzerland) USA)
Rain Model, 3000 with Tipping Bucket | Tipping Bucket | Metric Rain All Weather
Alter shield, Belfort | Raingauge Rain Gage Gage Precipitation —
Instruments, (ARG100;, (TES25; Texas (TES25MM-L; Rain Gauge (T-
Baltimore, MD, Campbell Electronics Inc., | Texas 200B, Geonor,
USA) Scientific Inc.) Dallas, TX, Electronics Inc.) | Inc. Branchville,
USA) NJ, USA)
Soil Water Content Water Content HydraProbe Water Content Water Content
Moisture Reflectometer Reflectometer (Stevens Water, | Reflectometer Reflectometer
(CS615, Campbell (CSé1e, Portland, OR, (CSé1e, (CSé1e,
Scientific,) Campbell USA) Campbell Campbell
Scientific Inc.) Scientific Inc.) Scientific Inc.)
Height 25 m 15m 15m 15m 15m
Main (Barr et al. 2012, Helbig et al. (Spence et al. Schulze et al. in | Helbig et al.
References | Nehemy ef al. 2023) | 2016b 2020) prep 2016b
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Figure SIII.2 Partitioning of stem radius change (ASR, mm, black line) into growth (mm, green
line) and tree water deficit (TWD, mm, blue line). Growth was measured as the difference between
the stem radius change at a given time (ASR¢) and the previous maximum measure (ASRmax). When
ASR{> ASRmax then growth is occurring, but when ASR; < ASRmax, growth is zero (Zweifel, 2016;
Zweifel et al. 2021). This creates a stepwise increase in growth where ASRmax was reset to a new
higher level when the current ASR; exceeded the previous ASRmax. Growth was subtracted from
the ASR time series to obtain TWD (blue line) (Zweifel et al. 2016). The value of TWD represents
the volume of water required for a stem to fully re-hydrate. A TWD equal to zero represented fully
hydrated stem tissue, and a positive TWD (> 0) represented dehydrated stem tissue. Note that the
axis for TWD is presented here in reverse (zero on top and 1 at the bottom).
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Figure SII1.3 The half-hourly measurements of tree water deficit (TWD) and potential
environmental controls measured at Old Black Spruce in 2018, 2019 and 2020. Measurements of
tree water deficit were for black spruce and tamarack. Environmental controls include
evapotranspiration (ET), photosynthetically active radiation (PAR), vapour pressure deficit (VPD),
air temperature, rain, and soil moisture.
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Figure SII1.4 The half-hourly measurements of tree water deficit (TWD) and potential
environmental controls measured at Scotty Creek in 2018, 2019 and 2020. Measurements of tree
water deficit were for black spruce and tamarack. Environmental controls include
evapotranspiration (ET), photosynthetically active radiation (PAR), vapor pressure deficit (VPD),
air temperature, rain, and soil moisture.
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Figure SIII.5 The half-hourly measurements of tree water deficit (TWD) and potential
environmental controls measured at Baker Creek in 2018, 2019 and 2020. Measurements of tree
water deficit were for black spruce and tamarack. Environmental controls include
evapotranspiration (ET), vapour pressure deficit (VPD), air temperature, rain, and soil moisture.
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Figure SII1.6 The half-hourly measurements of tree water deficit (TWD) and potential
environmental controls measured at Smith Creek in 2018, 2019 and 2020. Measurements of tree
water deficit were for black spruce. Environmental controls include evapotranspiration (ET),
photosynthetically active radiation (PAR), vapour pressure deficit (VPD), air temperature, rain,
and soil moisture.
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Figure SIII.7 The half-hourly measurements of tree water deficit (TWD) and potential
environmental controls measured at Havikpak Creek in 2018, 2019 and 2020. Measurements of
tree water deficit were for black spruce. Environmental controls include evapotranspiration (ET),
photosynthetically active radiation (PAR), vapour pressure deficit (VPD), air temperature, rain,
and soil moisture.
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Figure SIII.8 Plotting the average wavelet power of species-averaged black spruce and tamarack
tree water deficit at Old Black Spruce (OBS), Scotty Creek (SCC), Baker Creek (BAC), Smith
Creek (SMC) and Havikpak Creek (HPC, from south to north) in June, July and August 2018,
2019, and 2020. The period along the y-axis indicates the frequencies (in days) while the date on
the x-axis indicates the wavelet power (%). Thick lines represent the average wavelet power for
tree water deficit in 2018, 2019 and 2020, and fine lines represent the wavelet power for each year.
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Figure SII1.9 The wavelet coherence between tree water deficit of black spruce and
evapotranspiration, and environmental controls at Old Black Spruce, Scotty Creek, Baker Creek,
Smith Creek and Havikpak Creek in 2018. Environmental controls include photosynthetically
active radiation (PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture
between June — August 2018 (when data was available). The period represents the frequency (in
days) at which we observe a coherence between variables at a given time during the study period
(June to August). The colour represents the level of coherence between variables, warmer red
colours indicating higher coherence, and cooler blue colours indicating lower coherence. The
highest wavelet coherence is observed from the ~ daily to sixteen day time periods for most
variables. As the series becomes longer, there are increasing border effects at a given period;
indicated by the cone of influence that becomes relatively larger at longer periods. Only coherence
and arrows within the cone of influence (the non-shaded portion of the plots) was considered.
Arrows indicate the direction of the relationship between tree water deficit and the environmental
condition. Horizontal arrows pointing to the right indicate that the two series are in phase at the
respective period with little phase differences. Horizontal arrows pointing to the left indicate that
the two series are out of phase. Arrows pointed to the right and down, or left and up indicate tree
water deficit is leading (in and out of phase, respectively). Arrows pointed to the right and up or
left and down, indicate that environmental controls are leading (in and out of phase, respectively).
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Arrows are only plotted within white contour lines indicating significance (with respect to the null
hypothesis of white noise processes) at the 10% level.
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Figure SIII.10 The wavelet coherence between tree water deficit of black spruce and
evapotranspiration, and environmental controls at Old Black Spruce, Scotty Creek, Baker Creek,
Smith Creek and Havikpak Creek in 2019. Environmental controls include photosynthetically
active radiation (PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture
between June — August 2020 (when data was available).
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Figure SIII.11 The wavelet coherence between tree water deficit of black spruce and
evapotranspiration, and environmental controls at Old Black Spruce, Scotty Creek, Baker Creek,
Smith Creek and Havikpak Creek in 2020. Environmental controls include photosynthetically
active radiation (PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture
between June — August 2020 (when data was available).
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Figure SIII.12 The wavelet coherence between tree water deficit of tamarack and
evapotranspiration, and environmental controls at Old Black Spruce, Scotty Creek, and Baker
Creek, Smith Creek in 2018. Environmental controls include photosynthetically active radiation
(PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture between June —
August 2018 (when data was available).
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Figure SIII.13 The wavelet coherence between tree water deficit of tamarack and
evapotranspiration, and environmental controls at Old Black Spruce, Scotty Creek, and Baker
Creek, Smith Creek in 2019. Environmental controls include photosynthetically active radiation
(PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture between June —
August 2019 (when data was available).
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Figure SIII.14 The wavelet coherence between tree water deficit of tamarack and
evapotranspiration, and environmental controls at Old Black Spruce, Scotty Creek, and Baker
Creek, Smith Creek in 2020. Environmental controls include photosynthetically active radiation
(PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture between June —
August 2020 (when data was available).
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Figure SIII.15 Phase difference angle distributions between the tree water deficit (Y) and
environmental controls (X) for black spruce at Old Black Spruce (OBS), Scotty Creek (SCC),
Baker Creek (BAC) Smith Creek (SMC) and Havikpak Creek (HPC) and tamarack at OBS, SCC
and BAC. Environmental controls include evapotranspiration, photosynthetically active radiation
(PAR), vapour pressure deficit (VPD), air temperature, rain and soil moisture. Circles with dark
shading represent periods with significant (p < 0.05) coherence between tree water deficit and
environmental controls. Series with phase difference intervals between [-90; 90] are in phase,
indicating that an increase in series X (environmental controls) is coherent with an increase in
series Y (tree water deficit). Series with phase difference intervals between [-180; -90 and 90; 180]
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are out of phase, indicating that an increase in series X (environmental controls) is coherent with a
decrease in series Y (tree water deficit).

196



Table SIII.3 Average coherence, on a scale of zero to one, (2018 —2020) between tree water deficit
and environmental variables at each site, including Old Black Spruce (OBS), Scotty Creek (SCC),
Baker Creek (BAC), Smith Creek (SMC) and Havikpak Creek (HPC). Environmental variables
include evapotranspiration (ET), photosynthetically active radiation (PAR), vapour pressure deficit
(VPD), air temperature, rain and soil moisture (0). Asterix symbolises values with significant
average coherence (p <0.05). Longer periods (>Day) represent 1.3 to 10 days.

Day >Day
Black Spruce | OBS SCC BAC SMC HPC |OBS SCC BAC SMC HPC
ET 0.76* 0.75* 0.60* 0.69* 0.65* | 0.61* 0.62* 0.62* 0.60* 0.44
PAR 0.70* 0.80* NA 0.73* 0.71* | 0.67* 0.71* NA 0.64*  0.64*
VPD 0.64* 0.77* 0.64* 0.62* 0.69* | 0.71* 0.73* 0.51* 0.61* 0.65*
Tair 0.60* 0.73* 0.62* 0.58* 0.67* | 0.50 0.64* 0.39 0.49 0.53
Rain 0.11  0.12 0.14 0.14 0.15* | 0.63* 0.58 0.56 0.66* 0.51*
0 0.54* 0.39* 0.27* 0.35* 037* | 0.64* 0.61* 0.58*% 0.66* 0.50
Tamarack OBS SCC BAC OBS SCC BAC
ET 0.69* 0.67* 0.57* 0.57* 0.56* 0.55
PAR 0.63* 0.70* NA 0.60* 0.65* NA
VPD 0.61* 0.68* 0.69* 0.65* 0.68* 0.61*
Tair 0.57* 0.69* 0.66* 0.48 0.60* 0.38
Rain 0.14 0.14 0.18 0.64* 0.59* 0.53
0 0.58* 0.37* 0.29* 0.65* 0.59* 0.55%*
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Measuring sap flux density

Sap flux density (Js) can be determined using various methods. At OBS, SMC and HPS, we
measured sap flux density of black spruce using thermal dissipation sap flow sensors and at SCC
we measured Js using heat ratio method sap flow sensors. Due to technical challenges related to
power supply from solar powered systems in remote areas, we were unable to obtain consistent
measurements of Js throughout the measurements period. Thus species-level Js could not be

analysed alongside TWD, ET and environmental controls using wavelet analysis.

We installed Granier-type thermal dissipation sensors to measure sap flow density (Granier, 1987)
of black spruce at OBS (n =24), HPC (n = 27) and SMC (n = 12) in May 2016, June 2016, and
June 2018, respectively. The Granier-type thermal dissipation (TD) sensors were self-
manufactured following Pappas et al. (2018) and previously described in detail elsewhere
(Matheny et al. 2014). The TD sensors (Figure SIII.6) use two hollow needles 20 mm in length and
0.9 mm in diameter inserted radially into the north-facing side of the stem at ~1.3 m from the
ground before being wrapped in an aluminium insulation to prevent heating from solar radiation.
The upper needle of the TD sensor is wrapped in constantan wire which is constantly heated with
a power supply of 0.2 W (Lu et al. 2004). The reference needle is located 10 cm below the heated
needle and contains no heated element (Lu et al. 2004). The heated and reference needles both
contain type-T thermocouples which provide an integrated measure of temperature along the 20
mm length of the needle. The temperature difference (AT, recorded in mV) between the heated and
the reference needles is used to measure the heat transfer caused by the movement of sap within
the xylem (sapwood tissue) of the stem (Granier 1987, Lu et al. 2004, Holttd et al. 2015, Pappas et
al. 2018). The temperature difference is recorded every minute using an AM16/32 multiplexer and
either a CR1000 or CR3000 datalogger (Campbell Scientific, Logan, UT, USA). The data was then

aggregated into hourly averages.

We measured sapwood depth of trees of different diameters at each site to identify individuals
where the probe (=20 mm) is inserted in non-conducting wood, which can underestimate sap flux
measurements if not corrected (Clearwater et al. 1999; Peters et al. 2018). The TD data was

processed using the TREX R package (Tree sap flow Extractor; R Core Team, 2019) (Peters et
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al. 2021). Raw measurements were converted to sap flux density (cm?®cm™ sapwood h™')
following the workflow implemented in TREX (Granier, 1987; Peters et al. 2021). Briefly, the sap
flux density is calculated using the temperature difference between a heated and an unheated probe
relative to the maximum temperature difference during zero flow conditions (ATmax). Because of
the lack of species- and site-specific calibration, we used calibration coefficients from the literature
as implemented in TREX, in combination with a best-fit assessment (Peters et al. 2021). We used
the ‘genus’ level calibration coefficients for black spruce (‘Picea’) when calculating sap flux

densities (using function: tdm_cal.sfd).

a

Probe

Upstream Heater Probe
Probe

Upstream

Figure SIII.16 Schematic of the thermal dissipation probes (a) and the heat ratio probes (b) inserted
into the stem of a tree. The arrow indicated the direction of primary sap flow within the stem. The
dark brown on the light brown represents the sapwood (i.e., xylem) of the stem. Diagram of the
heat ratio method adapted from the HRM Installation & Operation Manual, ICT International Pty
Ltd., Australia. Diagram is not to scale.

At SCC, heat-ratio method (HRM) sensors were used to measure Js of black sprucein 2017 (n = 6)
and 2018 (n = 12). The HRM sensors use a central heater probe in the conducting xylem (sapwood)
of a black spruce stem, positioned equidistant between an upstream and downstream temperature
probe (Burgess et al. 2001). Each temperature probe has two thermistors, the first located at 12.5
mm and second at 27.5 mm into the stem. For our analysis, only the first thermistor (12.5 mm) was
used as the second thermistor (27.5 mm) was located in the non-conducting wood tissues
(heartwood) of the sampled trees. The central heater probe releases a heat pulse of 10 Joules every
10 minutes, warming the surrounding sap and transferring heat towards the downstream and
upstream temperature probes. Before each pulse, an initial (baseline) temperature is recorded,

followed by a measurement of the temperature increase in the downstream and upstream probes
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following the heat pulse. The downstream and upstream temperature differences are used to derive
the magnitude and direction of sap velocity (Vi, cm® cm? h'!; Equation 4) (Burgess et al. 2001).
The Vi is then used to determine the Js based on sapwood density, water content, and sapwood area
using the Sap Flow Tool software (ICT International Armidale, New South Wales, Australia;
Burgess et al. 2001). The Js time-series were averaged to hourly measurements and manually
adjusted using a linear transformation to coordinate zero-flow conditions with periods of no
biophysical drivers of sap movement (i.e., night-time periods when vapour pressure deficit was
near zero, or during or immediately following a precipitation event; Eliades et al. 2018). Small

gaps in the data set (<3 h) were filled using linear interpolation.
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Figure SIII.17 Average hourly tree water deficit (TWD; red) and sap flux density (Js; blue) in June,
July and August for black spruce at Old Black Spruce (OBS; 2018 — 2020), Scotty Creek (SCC;
2017 — 2018), Smith Creek (SMC; 2021) and Havikpak Creek (HPC; 2021). Error bars indicate
standard deviation for each hourly mean measurements and shaded vertical lines in blue represent
the timing of peak Js, and in red represent the timing of peak TWD. At all sites, black spruce
reached peak daily Js, a proxy for transpiration, 3 — 6 hours before peak TWD.
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Figure SIII.18 Mean daily evapotranspiration (ET), sap flux density (Js) and tree water deficit
(TWD). Mean daily ET was measured from Old Black Spruce (OBS), Smith Creek (SMC), and
Havikpak Creek (HPC) in June - August 2018 — 2020, and from Scotty Creek in June - August,
2018 and 2019. Mean daily Js was measured from OBS in June - August, 2018 — 2020, from SCC
in June - August 2017 and 2018, from SMC in June — August 2021, and from HPC in June — August
2021. The mean daily TWD was determined for black spruce across all sites for June — August in
2018 — 2020. The individual points represent daily values during the sampling period outlined
above. The centre line of each boxplot represents the median, while whiskers correspond to the
first and third quartiles (the 25th and 75th percentiles).
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Figure SIII.19 Average half-hourly tree water deficit (TWD) for tamarack at Old Black Spruce
(OBS), Scotty creek (SCC), and Baker Creek (BAC; a), tree water deficit for black spruce at OBS,
SCC, BAC, Smith Creek (SMC) and Havikpak Creek (HPC; b), evapotranspiration (ET; c);
photosynthetically active radiation (PAR; d), vapour pressure deficit (VPD; e), air temperature (f),
total rain (g) and average half-hourly soil moisture (h) between June — August 2018, 2019 and 2020
(when data was available). The centre line of each boxplot represents the median, while whiskers
correspond to the first and third quartiles (the 25th and 75th percentiles).
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