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Abstract

Species response to climate change is difficult to predict because warming involves the
interaction of multiple stressors whose effects are simultaneous and therefore difficult to
disentangle. To address this gap, | studied the effect of global warming on plant performance and
functional traits by exposing seedlings from five temperate tree species with distinct life histories
to water deficit and heat individually and combined. | evaluated for each species: 1) the
performance response, and 2) the multivariate phenotypic plastic response to water deficit and
heat individually and combined, and 3) how functional traits mediate the tree’s performance
response to those stresses.

In a greenhouse, 180 individuals grown in pots from Acer saccharum, Betula alleghaniensis,
Quercus rubra, Picea glauca, and Pinus resinosa were exposed to six treatments using a fully
crossed factorial design with three water deficit levels (low: 38.2%, medium: 35.7%, and high:
31.3%) and two temperatures (ambient temperature and warmer temperature: +0.42°C). To have
a holistic understanding of the species response, | studied a total of 33 functional traits from the
leaf (26), stem (2), and roots (5) related to various vital ecophysiological functions.

We found that future warmer and drier conditions will decrease plant performance and impact
different species differently. The seedlings' performance response was stronger to water deficit
than heat, while their plastic trait response was stronger to heat than water deficit. These results
highlight that performance and phenotypic responses can be sensitive to different environmental
factors. Further, in each species, different traits responded to these two environmental stressors,
indicating that the effects of global warming on the phenotype will differ among species.
Although heat will lead to water deficit via increased evaporation, results showed that heat and
water deficit in all species impact different sets of functional traits. Phenotypic response to
global warming sits at the intersection of these two responses, making them more complex to
assess. Last, only a total of five traits from three different species contributed to maintaining
plant performance under water deficit conditions. Still, performance drastically declined in these
species, indicating that those plastic responses were insufficient to offset the effect of stressful
environmental conditions.



Introduction

Temperate forests in Canada will experience higher summer temperatures with similar
precipitation due to global warming (Cohen et al., 2019). This combination of environmental
conditions leads to a higher vapor pressure deficit coupled with higher evapotranspiration
demands decreasing water availability (Stéfanon et al., 2014). Plant species from this ecosystem
should be capable of responding to these changes by showing changes in their anatomical,
morphological, and physiological traits that will allow them to maintain their performance under
more stressful environmental conditions (Aitken et al., 2008; Sultan, 2004). In this study, we aim
to understand the plastic response of five Canadian tree species to water deficit and heat
individually and combined under controlled environmental conditions.

Canada was warmed during the last century and will warm further (Cohen et al., 2019). In
southern Canada, the mean annual temperature increased by 1.9°C between 1900 and 2016, with
increases by 1.3°C and 1.1°C in Ontario and Quebec, respectively (Cohen et al., 2019).
Moreover, in southern, eastern Canada (Ontario and Quebec regions), temperatures are predicted
to warm by 1.5°C between 2031 - 2050, with longer and warmer summers and more variable
precipitation (Cohen et al., 2019). Precipitation has increased from 1948 to 2012, and in southern
Canada is expected to show a slight increase (10%) under a low emission scenario while a slight
decrease (10%) under a high emission scenario (Zhang et al., 2019). Temperate forests in Canada
comprise 9% of the world's total forest cover (346 million ha) and have suffered from climate-
driven tree mortality due to drought and heat stress (Allen et al., 2010; FAO, 2020; van Mantgem
et al., 2009). These predictions and the observed effects of warmer and drier conditions make it
imperative to understand the interactive effects of water deficit and heat on plant species'
performance.

Species can avoid extinction under global warming conditions by shifting their geographical
distribution to track optimum environmental conditions, adapting to new environmental
conditions through genetic variations, and acclimatizing to tolerate the new conditions through
plastic changes in their phenotype (Aitken et al., 2008; Feeley et al., 2012). Of these three non-
exclusive options, phenotypic plasticity has been shown to be relevant in the short term by
providing species with a buffer response against rapid and unexpected changes in climatic
conditions (Bonamour et al., 2019). In the narrow sense, phenotypic plasticity is defined as a
genotype's ability to express different anatomical, morphological and physiological trait values
under different environmental conditions (Pfennig & Jane West-Eberhard, 2021). Some of the
limitations to studying narrow sense phenotypic plasticity is that thousands of individuals of
several genotypes from different populations are required (Pigliucci, 2003). Thus, | studied
phenotypic plasticity broadly by assessing for a given species how much and in which direction
functional trait values change under different environmental conditions.



Functional traits mediate an organism’s functional response to environmental conditions
providing us with the tools to test the effects of global warming on species’ functioning
(Heilmeier, 2019). Functional traits are anatomical, morphological, and physiological attributes
that affect an individual's performance (i.e., growth, reproduction, and survival), indirectly
affecting their fitness (Violle et al., 2007). Trait plasticity is only adaptive when the change is in
the right amount and speed, optimizing growth, survival and reproduction (Maire et al., 2013;
Sultan, 2004; Walters & Gerlach, 2013). Trait-based ecology has successfully quantified species-
level interactions among functional traits, plant performance, and environmental gradients (e.g.,
leaf economics spectrum (1. J. Wright et al., 2004), wood economics spectrum (Chave et al.,
2009), root economic spectrum: (Weemstra et al., 2016), and whole plant economic spectrum
(Reich, 2014)). Still, the question remains about how functional traits will mediate the within
species' performance response to climate change and what mechanisms will be involved in this
process (Sultan, 2004).

Species response to climate change is difficult to predict because warming involves the
interaction of multiple stressors whose effects are simultaneous and therefore difficult to
disentangle. This study contributes to further our understanding of the possible responses of
species to future global warming by exposing seedlings from five temperate tree species with
distinct life histories to water deficit and heat individually and combined. In a greenhouse, 180
seedlings from Acer saccharum, Betula alleghaniensis, Quercus rubra, Picea glauca, and P.
resinosa were exposed to three water deficit levels (low, medium, and high) and two
temperatures (ambient and warmer temperatures) using a fully crossed factorial design.

Based on the direct and indirect effects of environmental conditions on plant species
performance (Figure 1), | first evaluated the species performance response by answering what
water deficit and heat's individual and combined effects on plants’ relative growth rate are
(Figure 1., blue arrow). Then, | evaluated the species' multivariate phenotypic responses by
answering which functional traits respond to water deficit individually and combined (Trait ~
Environment) and how much and in which direction they change (ATrait ~ Environment) (Figure
1., green arrow). Last, I evaluated how functional traits mediate the tree’s performance response
(RGR) to water deficit and heat by identifying which traits contributed to maintain performance
under stressful environmental conditions (APerformance ~ ATraits) and if the same plastic traits
across species mediate their performance responses (Figure 1, purple arrow).



i Environmental Quality L
Environment » Performance

Performance ~ Environment Performance ~ Environment + E*T

Performance ~ EXT

Plasticity

v
Functional Traits
Trait ~ Genotype + Environment + G*E

Figure 1. Graphical representation of the relationship among the environment, functional traits,
and performance.

Methodology

Experimental Design

In a greenhouse five tree species were exposed to six different environments by using a factorial
design of three water levels: low-water deficit (LWD), medium-water deficit (MWD), and high-
water deficit (HWD), and two temperatures: ambient temperature: without open-top chamber
(w/o OTC) and warmer temperature with an open-top chamber (OTC). The six treatments will be
represented as follows: LWD without OTC: L-, LWD with OTC: L+, MWD without OTC: M-,
MWD with OTC: M+, HWD without OCT: H-, and HWD with OTC: H+. Trees were set on ten
tables total and rotated twice a week to account for variation in temperatures within the
greenhouse. | blocked the experiment by assigning five tables to each of the two temperatures.
Each table had 18 trees with three individuals per species, each in one of the three water levels
and three additional individuals of one species in each of the water levels. Therefore, | had six
treatments x five species x six replicates for 180 trees. The position of the individual trees in
each table was randomized, and | rotated the tables biweekly on Tuesday and Friday mornings.
The experiment ran from June 1% to September 20", 2021.

| conducted this experiment in the greenhouse at the University of Waterloo (Waterloo, ON,
Canada) using five native Canadian tree species commonly used in forestry: Acer saccharum
(ACSA), Betula alleghaniensis (BEAL), Picea glauca (PIGL), Pinus resinosa (PIRE), and
Quercus rubra (QURU). Saplings between two and three years old were obtained as tube stock
from the Pépiniere et centre de semences forestieres de Berthier, Ministere des Foréts, de la
Faune et des Parcs (1690, Grande-Cote Berthier (Québec), JOK 1A0). Saplings were transplanted
into circular pots (height: 17 cm, diameter: 20.32cm, volume: 3.8L) containing a potting mix
(80% Canadian sphagnum peat moss: 20% coarse perlite, ASB Greenworld, 332911 Plank Line,
Mount Elgin, ON NOJ 1NO). The trees grew and acclimated to each change in conditions for one
week. I first put all the trees in LWD for a week; then, | moved the trees assigned to the MWD
and HWD to the MWD treatment for another week; and finally, the trees assigned to HWD were
moved to this treatment.



| created the three water deficit levels using the "Snow and Tinger system" (Fernandez &
Reynolds, 2000; Marchin et al., 2020; Snow & Tingey, 1985). This system uses capillarity
irrigation to control the pots' soil water content. Therefore, the "Snow and Tinger system"
maintains a constant water potential in the pots to assess a species' response to a fixed level of
water availability because all plants experience a standard water deficit irrespective of their
overall size, and root size or properties (Ferndndez & Reynolds, 2000; Lambrecht et al., 2007;
Marchin et al., 2020). Potted plants are placed on top of a solid column of material with low
water permeability (here, floral foam: 22.4 cm x 7.6 cm x 10.4 cm) located inside a bucket filled
with water maintained at a constant level (Figure 2). Water moves from the bucket to the soil by
capillary action, such that the taller the water column, the larger the distance between the bottom
of the potted plants and the water table, stronger the intensity of the water deficit (i.e., 0 — 5 cm:
low water deficit, 5 — 15 cm: medium water deficit, 20 — 25 cm: high water deficit) (Fernandez &
Gyenge, 2010). Based on a pilot project ran during the summer of 2020, I used the following
three levels: 2.4 cm for LWD, 12.8 cm for MWD, and 23.2 cm for HWD (Figure 2).

| used open-top chambers (OTC) built to fit around individual trees to elevate the air and soil
temperatures. OTC is a simple, cost-effective solution to simulate warming climate conditions in
the field and controlled experiments with many replicates (Welshofer et al., 2017). They are
small hexagonal or cylindrical greenhouse chambers made of translucent Plexiglas without UV
protective coating that allows high solar transmittance and natural ultraviolent conditions (de
Frenne et al., 2010; Welshofer et al., 2017). Therefore, OTC passively warms the inside air and
soil by capturing the soil radiation allowing natural light levels and gas exchange (de Frenne et
al., 2010). I used cylindrical chambers constructed from 2-mm-thick, UV-transmissive
plexiglass, with a 13 cm hole in the lid to prevent warm air escape (Figure 2).

HWD
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MWD
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LWD
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w

Figure 2. Diagram of the water deficit method, including the open-top chamber (OTC) to
increase the air and soil temperature. The distance (z) between the water table (W) and the top of



the solid column of low water permeability (F) determines the degree of water deficit (LWD:
low water deficit, MDW: medium water deficit, HWD: high water deficit) (Adapted from
Marchin et al. (2020)).

Environmental conditions

| measured the environmental conditions imposed on the plants by using 90 Flower Care™
sensors assigned to three OTC tables and two w/o OTC tables. The sensors recorded the Air
Temperature (°C, AirTemp) and Soil Humidity (%, SH) every hour during the experiment.
Additionally, I used a Teros 12 Soil Moisture Sensor to measure the volumetric water content
(m3/m3, VWC), temperature (°C, SoilTemp), and bulk density (dS/m, BD) of each of the pots at
least once per month.

Functional Traits

To assess the response of trees to water deficit and warming, | measured functional traits from
the leaves, stem, roots, and the whole plant, reflecting a set of key physiological functions (Table
1.). | focused on assessing those physiological functions expected to be affected by water deficit
and heat that also could play a role in maintaining plant performance under these stresses. These
are photosynthesis, water use, water transport, carbon assimilation, photoprotection, and
thermoregulation. Other key functions assessed are nutrient and water acquisition.

Table 1. Traits measured, abbreviations, units, and associated physiological function: resource
acquisition (RA), resource conservation (RC), water transport: (WT), temperature regulation
(TR), photoprotection (PP), mechanical support (MS), resource storage (RS), biomass allocation
(BA).

Putative
Traits Abbr. Units functional

role
Leaf traits
Stomatal density SD mm2 RA-WT
Stomatal size SS pum RA -WT
Stomatal Pore Index SPI % RA -WT
Leaf thickness LT mm RA-WT
Leaf mass per area LMA gm? RA-WT
Leaf water potential at turgor loss point YTLP MPa RA-WT
Osmotic potential at full turgor Y100 MPa RA -WT
Relative water content at turgor loss point RWCrr % RA -WT
Modulus of elasticity € % RA-WT
Predawn water potential VPD MPa RA-WT
Midday water potential WYMD MPa RA-WT

Delta water potential Ay MPa RA-RC -



WT

Leaf temperature differential LTD °C TR
Linear electron flow LEF unitless RA
Non-photochemical quenching estimated NPQt unitless PP
Quantum Yield of Photosystem I Phi2 unitless RA
Ratio of incoming light th r . .
atio of inco I g light aF goes towards PhINPQ  unitless PP
non-photochemical quenching
Ratio of incoming light lost via non- . .
g'1g PhiNO unitless PP
regulated processes
Relative chlorophyll concentration CHL mg m RA
Maximum carbon assimilation per area Amax? umol CO, m2st RA
Maximum carbon assimilation per mass Amax™ umol COz gts’ RA
Stomatal conductance Us mol H,0 m2s? RA
Transpiration rate E mmol H.O m?s? RA-TR
. mol mmol?
Instantaneous water use efficiency WUE a Cc)) €O, mmo WT
2
o - . | CO; mol?
Intrinsic water use efficiency WUEI ﬁmg 2Mmo WT
2
Leaf carbon isotope concentration oBC VPDB = 0.2%o WT
Stem traits
Hubber value HV m2 m WT - BA
o . WT — MS -
Stem specific density SSD gem RS
Root Traits
Root dry matter content RDMC ggt RC
Specific root length SRL mg? RA
Average root diameter ARD mm RA
Biomass Allocation
Leaf mass fraction LMF gg? RC -BA
Root mass fraction RMF gg? RC -BA
Leaf traits

At the leaf level, I studied 26 anatomical, morphological, and physiological traits related to
carbon, water, and light use (Table 1).

Anatomical traits like the stomata density and size regulate plant water loss. Leaf prints from the
adaxial and abaxial surfaces were taken using transparent nail polish for the broadleaf species.
The polish was peeled off the leaf and put on a slide for further inspection under the microscope.
All the broadleaves' species were classified as hypostomatic, meaning they only have stomata on
the abaxial surface of the leaf. | took three photos of different locations from each abaxial



surface of each leaf at 40x magnification, and three leaves per individual were used for this
process. Stomata were counted and measured on each photo using Fiji. Stomatal density (SD,
um2) was measured as the average number of stomata per unit area for the three leaves studied
per individual. The stomatal length (SL, pm) and width (SW, pm) were obtained from three
randomly selected stomata per photo. The stomata pore index (SPI, %) is an integrative trait
based on both stomatal density and size that reflects the leaf stomatal conductance. SPI was
calculated as:

SPI = stomatal density X stomatal length? x 10~* Ea. 1

Morphological traits have been found to be related to the plant's photosynthetic capacity,
resource-use strategy, environment affinity, and water transport (1. J. Wright et al., 2004). We
studied the leaf mass per area (LMA, g m), leaf area (LA, m?), and leaf thickness (LT, mm) as
morphological traits.

Physiological traits were studied to determine the individual use of water, carbon, and light to
photosynthesize, maintain water transport, and avoid photoinhibition and heat stress. All these
traits were measured after two months of the experiment during the week of August 9 — 13,
2021. Every day two tables, one per block, were measured.

The individuals' capacity to regulate their hydric status was studied by measuring water potential
twice a day (Williams & Araujo, 2002). Predawn water potential (ypp, MPa — 3:00 — 5:00 h)
represents the point where the plant is under its best hydric status, and the 'leaves' water potential
is almost equal to the soil water potential. Midday water potential (wmp, MPa — 12:00 — 14:00 h)
represents the worst hydric status of the plant due to tremendous evaporative water demand
(Choat et al., 2012). The daily change in water potential (Ay = ymp — ypp, MPa) has been related
to the plant's ability to regulate water gains and losses. Water potential measurements were done
using a Scholander Pressure Chamber (Model 1505D-EXP/PMS- Instrument- Albany, OR). One
leaf per individual was used for the predawn and midday measurements in broadleaves, and the
leaf used for the gas-exchange measurements was the same used to take the midday water
potential. For the conifers, three needles per individual were used both at predawn and midday
and the water potential values reported are the average of those three needles.

To find the light intensity (PAR) at which the maximum carbon assimilation was achieved for
each species, | performed light response curves in the two most contrasting treatments of the
experimental design: with neither stress (L-) and with both stresses (H+). Before the week of
measurements, light curves were performed using a LiCor 6800 (Li-Cor, Lincoln, NE, USA).
The instrument automatically ran the curve, and 11 photon flux densities (umol m2 s™!) were
used: 2500, 2000, 1500, 2500,1250, 1000, 500, 250, 100, 50, and 0. Each photon flux density
was maintained for 5 minutes. | fitted each light response curve to the eleven models proposed
by Lobo et al. (2013), and the curve with the smallest sum of square errors was selected as the



best-fitted curve. | found that for all species, the light saturation point was below 1000 pmol m™
s!, so Tused 1500 umol m™2 s™! to get the maximum carbon assimilation in a shorter period of
time. | then performed acclimatization curves in which a leaf was exposed to 1500 umol m=2 s
for an hour, and photosynthesis was recorded every 2 minutes to determine the percentage of the
maximum photosynthesis a leaf could achieve if the measurement was taken after only 5
minutes. | found that after 5 minutes, the value of carbon assimilation taken represented for A.
saccharum: 68.9%, B. alleghaniensis: 74.4%, P. resinosa: 89%, and Q. rubra: 63.2% of the
maximum carbon assimilation. This procedure was not done for P. glauca due to the limitations
of the chamber design to fit these needles. | proceeded with all future photosynthesis
measurements after 5 minutes of acclimation to 1500 pmol m2s™'.

During the week of measurements, carbon assimilation was measured from 10:00 to 12:00 in a
young, fully developed leaf. I set the light to 1500 umol m2 s™!, the CO2 to 400 ppm, the
stomatal ratio to O for the broadleaves, and 0.5 for the conifers and took the measurements after
5-min of acclimatization. From these measurements, | obtained maximum carbon assimilation
per area (Amax?, umol CO2m s1) and per mass (Amax™, umol CO2 g s1), transpiration rate
(E, mmol H20 m? s?), stomatal conductance (gs, mol H20 m s, instantaneous water-use
efficiency (insWUE, pmol CO2, mmol™ H;0), and intrinsic water use efficiency (intWUE, umol
CO2 mol™ H0).

Chlorophyll is the pigment that mainly drives photosynthesis. The concentration of this pigment
can be affected by stressful environmental conditions being a proxy of the plant's state. We
measured the chlorophyll concentration (CHL, mg m) using a chlorophyll content meter
capable of handling small needless (CCM-300, Opti-Sciences, Hudson, USA).

Light absorbed by the photosynthetic apparatus has three competing fates (photochemistry, heat
dissipation, chlorophyll fluorescence) that can show responses to environmental changes. |
assessed the status of the photosynthetic apparatus by taking chlorophyll fluorescence
measurements with the MultispeQ v2.0 controlled by the PhotosynQ platform. The MultispeQ
v2.0 measured the leaf relative chlorophyll content, the quantum yield of photosystem |1 that
measures the amount of energy used toward photosynthesis (Phi2 — photochemistry), and the
ratio of incoming light that goes towards non-photochemical quenching that measures the
amount of energy that is dissipated as Heat (PhiNPQ — heat dissipation), and the ratio of
incoming light that is lost via non-regulated processes that measure the amount of energy that
cannot be used toward photosynthesis and heat dissipation causing potential damage to the leaf
(PhiNO — fluorescence), the linear electron flow that is a proxy of photosynthesis (LEF), a
calculated non-photochemical quenching (NPQt), and a leaf temperature differential that is the
difference between the ambient temperature and the leaf temperature at the moment of
measurement (LTD). All these parameters were also measured from 10:00 to 12:00 in the leaf



used for gas exchange and water potential measurements and in the other two leaves to have
three replicates per individual.

During the weeks of Aug 16-26, | performed pressure-volume (PV) curves for individuals in the
two opposite treatments of the experimental design (L- and H+) to measure four hydraulic traits
that characterize the drought stress tolerance of a species. The PV curve gives the relationship
between the leaf water potential (yiear, MPa) and the leaf relative water content (RWC). From its
linear portion, we can determine the turgor loss point (yrLp, MPa), the osmotic potential at full
turgor (w100, MPa), and the relative water content at the turgor loss point (RWCr.p). From its
non-linear portion, we can determine the modulus of elasticity of the cell walls (e, MPa). We
collected at 7 pm one leaf/needle per tree for A. saccharum, B. alleghaniensis, Q. rubra, and P.
resinosa and a twig for P. glauca. The leaf/needle/twig was re-cut under water and covered with
a black plastic bag to rehydrate overnight. The following day the leaf turgid fresh weight
(LTFW, g) was measured with a 10 precision analytical scale (XSR205, Metler Toledo), and
right after, the yiear Was measured using a Scholander Pressure Chamber (Model 1505D-
EXP/PMS- Instrument- Albany, OR). The leaves/needles were bench-dehydrated at ambient
temperature. The fresh weight (LFW, g) and iear Were repetitively measured during the first 5
minutes every minute, then every 2 minutes for 10 minutes, and after that, every 5 minutes until
the yieaf Stabilized. When the difference in water potential started increasing and the time
between measurements was longer (5 min), we scanned the leaves to get their area (LA, cm?).
After the PV curve measurements were done, the leaves/needles were dried for 72 h at 65°C to
get their dry weight (LDW, g). PV curves were analyzed using the PV curve fitting excel
spreadsheet developed by Kevin P. Tu, Ph.D. It allows an automated assessment of the four
hydraulic traits from the curves (https://landflux.org/tools).

The carbon 13 to carbon 12 isotope ratio (5°C %o) is directly proportional to the water-use
efficiency of the plant over the leaf's lifetime. This is because RUBISCO discriminates against
carbon 13 isotopes, and it only binds it when stomata are closed, and carbon 12 has been
depleted in the intercellular space (Lambers et al., 2008). The leaves used for the water potential
measurements were also used to measure 5*3C through combustion conversion of 0.9-1.0mg of
ground sample material to gas through a 4010 Elemental Analyzer (Costech Instruments, Italy)
coupled to a Delta Plus XL (Thermo-Finnigan, Germany).

All plants were harvested between September 16 and 21, when leaves, stems, and roots were
separated. All the leaves were collected and oven-dried during this harvest period for 72 h at 65
°C. Shed leaves before the harvest date were collected and dried to get the total mass invested
toward leaf production. The dry mass of all the leaves was added, and the leaf mass fraction
(LMF) was measured as the ratio of leaf dry mass to total plant dry mass.


https://landflux.org/tools

Stem traits

At the stem level, | studied two morphological and physiological traits related to water transport,
resource allocation, mechanical support, and storage (Table 1).

The Huber value (HV) is an integrative trait that relates the sapwood area to the leaf area
providing information about the balance between water supply and loss and carbon allocation to
leaves or stems. It has traditionally been measured with the sapwood area (fraction of xylem that
conducts sap) as the numerator, although other dominators are now common. HV was measured
on the distal branch of each tree as the ratio of sapwood area to leaf area. The sapwood area (m?)
was determined by measuring with a digital caliper the diameter at the base of the stem and the
equation for the area of a circle. For all the species, I dried all the leaves/needless attached to the
branch for 72 h at 65 °C to get their dry mass, and the total area was calculated from LMA.

The stem-specific density (SSD, mg mm~) has been shown to be at the intersection of four
physiological functions: water safety, water efficiency, plant support, and resource storage
(Chave et al., 2009). | took the average SSD of two wood segments along the main stem since
SSD changes with wood age: a younger segment near the tip and an older segment near the base.
The younger segment was cut right below the tip with a length of 5 cm. The older segment was
determined by measuring a fixed distance from the tip and then cut to a length of 5 cm. The fixed
distance was determined based on the shortest individual per species (A. saccharum = 16 cm, B.
alleghaniensis = 54 cm, P. glauca = 11 cm, P. resinosa = 14 cm, and Q. rubra = 6 cm). The
SSD of both segments was calculated as the stem section's dry masses divided by their volumes.
The dry mass was obtained after drying each section for 72 h at 70°C. The volume was obtained
using the water displacement method (Pérez-Harguindeguy et al., 2016). SSD of each tree was
calculated as the average of the two segments.

Root traits

At the roots level, I studied five morphological and physiological traits involved in resource
acquisition and conservation (Table 1).

After harvesting the trees, the whole root system of every individual was stored in sealed plastic
bags along with some soil for five months in a -4°C freezer before processing. After five months,
they were taken to a fridge for thawing without damaging the structure. The roots were manually
washed in water until all soil was cleared. | selected at least ten fine-root replicates, defined here
as 1% to 3" order roots for all species. On these fine roots, | measured the following functional
traits: specific root length (SRL, cm mg™), root mean diameter (RD, cm), root dry matter content
(RDMC), root nitrogen content (RNC), and root carbon content (RCC). | scanned the fine roots
using a flatbed scanner (STD4800; Regent Instruments Inc., Canada) at 1200 dpi. From these
images, | calculated the fine root length, average fine root diameter, and fine root area per
individual using WinRhizo (Reg. 2016a; Regent Instruments, Canada). Fine root fresh weights



were measured immediately after scanning, and dry weights were measured after 72 h of drying
at 65°C. | determined C and N through combustion conversion of 1.1-1.2mg of ground sample
material to gas through a 4010 Elemental Analyzer (Costech Instruments, Italy) coupled with a
Delta Plus XL (Thermo-Finnigan, Germany). The remaining root system was dried for 72 h at
65°C to determine the total root mass. The root mass fraction (RMF) was calculated as the root
total dry mass ratio to plant total dry mass.

Plant Performance

| measured plant performance using the relative growth rate (RGR) based on total biomass. To
calculate the initial total plant biomass of the plants without killing them, | used a measure that
combines total plant weight and soil weight at field capacity. At the start of the experiment
(Initial Weight), | soaked the pots in water for 30 minutes after planting the trees in their pots, let
them drain for 15 minutes, and then weighed them. I repeated this process at the end of the
experiment (Final Weight). RGR was calculated as:

Ln(Final Weight) — Ln(Initial Weight) Eq. 2
Ln(Initial Weight)

RGR =

This method rests on the assumption that soil maintains its water-holding capacity throughout the
experiment. Three individuals with negative growth values were removed from all analyses
using RGR.

Statistical Analysis

All the statistical analyses were performed in R v4.1.3. The models' assumptions were verified
using validation plots (Zuur et al., 2010; Zuur & leno, 2016). For all the statistical analyses
showing a significant effect, the mean of each treatment are reported.

Objective 1: To evaluate the individual and combined effects of water deficit and heat on plant
performance (RGR), | used a model of the form Im(RGR ~ Water + Temp + Water:Temp) per
species (package{stats}, function(lm)). The interaction term between water deficit and heat
(Water:Temp) was reported and included when statistically significant, and the individual effects
of each stressor were not evaluated.

Objective 2: To evaluate which functional traits respond to water deficit and heat individually
and both stresses combined, for each species, | used models of the form Im(Trait ~ Water +Temp
+ Water:Temp) (package{stats}, function(lm)), where "trait" represents each of the functional
traits studied at the level of the leaf, stem, and roots. For those traits measured on different days,
linear mixed models were used using heat (Temp) and drought (Water) as fixed effects and date
(1|Date) as a random effect, following the form Imer(Trait ~ Water + Temp + Water:Temp +
(1|Date) (package{lmerTest, nime}, function(Imer)). The interaction term between water deficit
and heat (Water: Temp) was reported and included when statistically significant and the



individual effects of each stressor were not evaluated. To evaluate the multivariate response, for
each species | performed a Principal Component Analysis (PCA) on those traits that responded
to water deficit and heat individually and combined. Additionally, I ran a redundancy analysis to
assess how much of the variation in functional trait values can be explained by the water deficit
and heat treatments individually and combined (package{vegan}, function(rda)).

Objective 3: | performed a four steps analysis to evaluate which functional traits mediate the
performance response to water deficit and heat. Each of the steps was individually performed for
each species, and only those traits that significantly responded to water deficit and heat were
included in these analyses (Objective 2). First, | calculated the change in functional trait and
relative growth rate values under MWD and HWD relative to LWD, because | was interested in
the effect of change in functional trait values on the maintenance of plant performance. | did not
distinguish based on temperature treatment because only the water deficit treatment affected
species' relative growth rate. The change in functional trait values was calculated as follows:

FTLWD - FTiMWD & HWD Eq. 3

AFT = | M |
FTLWD

FT,wp represents the mean trait value under LWD and FTiyyp & ywp represents the observed
trait value for every individual in the MWD and HWD treatments, with a samples size s of n=24
per species. The change in relative growth rate was calculated as follows:

RGRLWD - RGRlMWD & HWD Eq. 4

ARGR = —
RGR;wp

Using RGR;p, the mean relative growth rate under LWD and RGRiyywp & ywp, the observed
relative growth rate for every individual in the MWD and HWD treatments, we obtained a
sample size for ARGR of n=24 per species.

Second, | tested which trait changes were associated with changes in plant performance. To do
so, | used Spearman's correlation coefficient to determine if functional traits and relative growth
rate were correlated.

Third, to assess the individual effect of traits that responded to water deficit and heat, |
performed a mixed linear regression for each trait that showed a significant response in objective
2 following the form Imer(ARGR ~ AFT + (1|Water) (package{lmerTest, nime}, function(Imer)).

Fourth, to assess the joint effect of multiple traits, I built a multiple regression mixed linear
model following the form Imer(ARGR ~ AFTy ... AFT, + (1|Water)) (package{lmerTest, nime},
function(Imer)). Because there were only 24 observations and more than five functional traits
that responded for each species, | performed a model selection process by AIC using a stepwise



algorithm in both directions (package{stats}, function(step)). The random effect (1|Water) was
dropped when non-significant, and | performed a linear model with the change in functional
traits and performance instead. | only interpreted the negative correlations between ARGR and
AFT because big changes in functional traits should be associated with mitigating performance
reduction under stressful environmental conditions. This approach is valid in the current context
because RGR is bound between 0 and 1, such that a negative correlation means a large change in
trait value associated with a small change in RGR.

Results

Effectiveness of the treatments on environmental conditions

The three deficit water levels resulted in significantly different volumetric water contents among
the three treatments (F(2,77.9) = 58.2, p = 2.2e-15, uwp = 38.2%, umwo = 35.7%, uxwp = 31.3%,
Figure 3). The OTCs resulted in a significant average increase of 0.42 °C throughout the day,
with the most pronounced warming during the evening (17h00 — 20h00, + 0.48°C), night (20h00
—6h00, + 0.64°C), and morning (6h00 — 13h00, 0.6°C), and no warming effects from 13h00 to
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17h00 (F1,83.0) = 17.8, p = 6.1e-5, uwiootc = 24.4 °C, uotc = 24.8 °C, Figure 4).
Figure 3. Differences in water deficit treatments. Volumetric water content (%) under low water
deficit (LWD), medium water deficit (MWD), and high-water deficit (HWD). Letters denote
statistically significant differences between treatments.
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Figure 4. Difference in temperature between treatments with and without open-top chambers
(OTC). Averaged temperature values along the day throughout the entire experiment showing
the temperature of plants exposed to ambient temperature (without OTC, blue boxes) vs. plants
exposed to warmer temperatures using OTCs (with OTC, red boxes).

Objective 1 — What are water deficit and heat's individual and combined effects on plant
performance (RGR)?

All species showed a reduction in RGR with water deficit. For the broadleaves species, RGR in
the MWD and HWD treatments were equal to each other and 36 to 55% lower than in the LWD
treatment (A. saccharum: F,32) = 19.83, p = 2.49¢-6, rwp = 1.44e-2, umwp = 7.83e-3, uHwp =
6.47e-3; B. alleghaniensis: F,30) = 13.81, p = 5.59e-5, urwp = 1.75€-2, umwo = 1.04e-2, unwo =
9.64e-3; Q. rubra: F31) = 35.48, p = 9.66e-9, pwp = 1.57e-2, umwp = 1.0e-2, unwp = 8.33e-3,
Figure 5). In the broadleaf species, the temperature did not affect RGR. RGR decreased by 26 to
45% with water deficit for both conifer species, with values under the HWD treatment being
significantly lower than that under the LWD treatment (P. glauca: F31) = 5.86, p = 6.95e-3,
towp = 1.83e-2, umwp = 1.32e-2, unwo = 1.05e-2; P. resinosa: F,30) = 7.23, p = 2.68e-3, uLwp =
1.5e-2, umwo = 1.1e-2, unwp = 8.2e-3, Figure 5). Additionally, increased temperature increased
the RGR of P. glauca but did not affect P. resinosa (P. glauca: F,31) = 4.09, p = 5.2e-2, uwiootc
=1.21e-2, uorc =1.59e-2, Figure 5). In none of the species did water deficit and temperature
interact to affect RGR.
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Figure 5. RGR of A. saccharum (ACSA), B. alleghaniensis (BEAL), Q. rubra (QURU), P.
glauca (PIGL), and P. resinosa (PIRE) under six different treatments of water deficit and heat.
Letters denote statistically significant differences between treatments. Similar letters followed by
an * indicate that the treatments are equal for an alpha=0.05 while different for an alpha=0.1.
Line in the box plots indicates the median values, whereas solid dots indicate the mean values.
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Objective 2 — Which functional traits respond to water deficit, heat stress, and both?
In general, the drought treatment affected fewer traits than the heat treatment. Further, each
species showed different phenotypic responses to those two stresses (Table S1).

The only shared trait response to heat across species is in their leaf cooling (LTD, Figure 6).
Individuals in the warmer treatment showed a lower leaf temperature relative to ambient (A.
saccharum: F,32 = 8.77, p = 5.7e-3, uwootc = -1.84, uorc = -3.55; B. alleghaniensis: F31.1) =
8.18, p = 7.5e-3, uwiootc = -3.18, uorc = -4.45; Q. rubra: F206) =4.21, p = 4.9e-2, uwiootc = -
2.68, uotc = -3.82; P. glauca: F286 = 5.41, p = 2.7e-2, pwiootc = -1.50, uotc = -2.21; P.
resinosa: F26.9) = 9.67, p = 4.3e-3, uwiootc = -2.92, uotc = -4.69). Since all other phenotypic
changes were unique to each species, below I discuss the remainder of these changes' species by
species.
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Figure 6. Difference between leaf temperature differential in ambient temperature (w/o OTC)
and warmer temperature conditions (OTC) for A. saccharum (ACSA), B. alleghaniensis
(BEAL), Q. rubra (QURU), P. glauca (PIGL), and P. resinosa (PIRE). Letters denote



statistically significant differences between treatments. Similar letters followed by an * indicate
that the treatments are equal for an alpha=0.05 while different for an alpha=0.1. Line in the box
plots indicates the median values, whereas solid dots indicate the mean values.

A. saccharum

In A. saccharum, four functional traits from all organs responded to individual water deficit and
heat stresses. The response to water deficit was conditional on heat in four leaf traits (Tables 2
and S1).

Table 2. A. saccharum summary table of functional traits that responded to the stresses imposed.
The parenthesis information indicates the direction of change as a percentage relative to LWD
for water deficit, relative to w/o OTC for temperature, and relative to both stresses for the
combined treatment.

Stress Trait
Water deficit RDMC (+22.9% MWD)
SSD (-6.3% MWD & -11% HWD)
Heat LTD (+92.9% OTC)
Water deficit + Heat RWCrrp (-7.3% H+)
Interaction LT
LMA
Os
E

Response to Water Deficit

In A. saccharum, stem specific density and root dry matter content changed in response to water
deficit, with the largest response shown by RDMC. Stem specific density decreased by 6.3% and
11% under MWD and HWD relative to LWD, respectively (SSD, F32) = 15.94, p = 1.58e-5,
towp = 0.718, umwp = 0.673, unwo = 0.639; Figure 7A). Root dry matter content increased 22.9%
under MWD compared to LWD (RDMC: F2,32 = 4.80, p = 1.5e-2, uwp = 0.15, umwo = 0.19,
unwp = 0.17; Figure 7B), but did not show a significant change under HWD.
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Figure 7. A. saccharum's functional traits that responded to water deficit: stem specific density
(SSD, A) and root dry matter content (RDMC, B). Letters denote statistically significant
differences between treatments. Similar letters followed by an * indicate that the treatments are
equal for an alpha=0.05 while different for an alpha=0.1. Line in the box plots indicates the
median values, whereas solid dots indicate the mean values.

Response to both Water Deficit and Heat

The relative water content at turgor loss point decreased by 7.3 % in H+ relative to L- (RWCrp:
F@9 =5.60, p=4.2e-2, u.- = 0.903, un+ = 0.837; Figure 8). The water potentials at turgor loss
point (yrLp) and at full turgor (y100) Showed a non-significant tendency towards lower values
under H+ (yrip: Fu9) = 1.9, p= 0.20, pr- = -1.13, un+ = -1.43; yioo: F1,9) = 1.80, p= 0.21, - =
-0.82, un+ = -1.1, Figure 8).

L- H+
Figure 8. A. saccharum's functional traits that responded to both water deficit and heat: relative
water content at turgor loss point (RWCr.p). Letters denote statistically significant differences
between treatments. Line in the box plots indicates the median values, whereas solid dots
indicate the mean values.

Response to Water Deficit conditional on Heat



Four morphological and physiological traits of A. saccharum associated with resource use
showed interaction in their response to water deficit and heat. Three traits showed opposite
responses to water deficit in the control and warmed treatments.

Leaves where thinner in all treatments compared to L- conditions (LT: F(,30) = 2.48, p=0.10, p-
= 1.51e-1, um- = 1.29%-1, un- = 1.29e-1, i+ = 1.32e-1, um+ = 1.28e-1, un+ = 1.31e-1, Figure
9A). In ambient temperature conditions (-), leaf mass per area increased under MWD and HWD
compared to LWD, while in warmer temperature conditions (+) it decreased from LWD to HWD
(LMA: F30) = 3.80, p = 3.4e-2, ur- = 33.3, um- = 36.7, un- = 36.3, - = 39.1, um- = 37.9, pun+ =
34.4, Figure 9B). Individuals under L+ conditions had smaller leaves with higher mass per area
than individuals under L- conditions.

In ambient temperature conditions (-) both stomatal conductance and transpiration rate showed a
marginal increase under HWD compared to LWD and MWD, while in warmer temperature
conditions they marginally decrease under HWD compared to LWD and MWD (gs: F(2,26.1) =
2.77, p = 8.0e-2, u- = 3.93e-2, um- = 4.46e-2, un- = 6.16e-2, u- = 5.22e-2, um- = 5.59e-2, ur+ =
3.06e-2; E: F2261) = 2.67, p =8.7e-2, u- = 0.62, um- = 0.69, un- = 0.94, .- = 0.80, um- = 0.84,
uH+ = 0.47, Figure 9C-D).
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Figure 9. A. saccharum's functional traits that showed a response to water deficit conditional on
heat: leaf thickness (LT, A), leaf mass per area (LMA, B), stomatal conductance (gs, C), and



transpiration rate (E, D). Letters denote statistically significant differences between treatments.
Similar letters followed by an * indicate that the treatments are equal for an alpha=0.05 while
different for an alpha=0.1. Line in the box plots indicates the median values, whereas solid dots
indicate the mean values.

Multivariate response to water deficit and heat

The three first axes of variation were significant and explained 77.5% of the variation in
functional traits among individuals and treatments (Figure 10). In A. saccharum, principal
component 1 is significantly correlated with stomatal conductance (r = 0.96, p = 8.41e-21),
transpiration rate (r = 0.96, p = 5.57e-20), and the leaf mass per area (r = 0.58, p = 2.29¢-4). All
those are leaf traits associated with plant resource acquisition, water transport, and
thermoregulation. Principal component 2 is significantly correlated with stem specific density (r
=0.76, p = 8.22e-8), leaf thickness (r = 0.60, p = 9.99e-5), root dry matter content (r = -0.79, p
= 6.84e-9). These three traits belong to three different organs and are associated with resource
acquisition and conservation, water transport, mechanical support, and storage. Based on the
redundancy analysis, water deficit and heat individually and combined explained 15% of the
variation in functional traits values (F 30) = 2.24, p = 0.004), with the effect of water deficit (p
= 0.05) being significant, and the effect of heat (p = 0.076) and water deficit conditional on heat
(p = 0.071) being marginally significant.



Treatment
L-

Dim2 (23.4%)
/I
7/
b3
©
w
>
I
+

2.5 0.0 25
Dim1 (33.3%)
Figure 10. A. saccharum’s PCA including all the functional traits that responded to water deficit,
heat, and water deficit conditional on heat. Open symbols corresponded to individuals under
ambient temperature conditions (without OTC, -), while solid symbols correspond to individuals
under warmer conditions (with OTC, +). The green squares correspond to LWD, the blue circles
to MWD, and the purple triangles to HWD conditions. The size of the symbols indicates their
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B. alleghaniensis

B. alleghaniensis was the species that responded the least to water deficit and heat, with only six
traits from all organs showing a response. Only leaf traits responded to water deficit and heat
stresses alone. Stem and root traits responded differently to water deficit depending on heat
(Tables 3 and S1).

Table 3. B. alleghaniensis summary table of functional traits that responded to the stresses
imposed. The parenthesis information indicates the direction of change as a percentage relative
to LWD for water deficit, relative to w/o OTC for temperature, and relative to both stresses for
the combined treatment.

Stress Trait
Water deficit LTD (+40.1 HWD)
Heat LTD (+39.9% OTC)




NPQt (-18.5% OTC)

PhiNPQ (-12.4% OTC)

PhiNO (+5.1% OTC)
Interaction SSD

RMF

Response to Water Deficit

The leaf cooling response showed non-linear responses, with individuals under MWD having
leaf temperatures closer to air temperature. This led to a marginal increase by 40.1% in the leaf
temperature differential under HWD relative to MWD (F,27.9) = 3.02, p = 6.5e-2, pwp = -4.15,

LTD ( °C)
> o dod o aw

LWD MWD  HWD
umwop = -3.04, unwp = -4.26; Figure 11).
Figure 11. B. alleghaniensis's functional traits that responded to water: leaf temperature
differential (LTD). Letters denote statistically significant differences between treatments. Similar
letters followed by an * indicate that the treatments are equal for an alpha=0.05 while different
for an alpha=0.1. Line in the box plots indicates the median values, whereas solid dots indicate
the mean values.

Response to Heat

Traits associated with the photosynthetic apparatus status were affected by warmer temperatures
showing a reduction of 18.5% in the calculated amount of light dissipated as heat (NPQt: F,32
=495, p = 3.3e-2, uwootc =0.82, uotc = 0.67; Figure 12A), a reduction of 12.4% in the fraction
of light energy allocated towards heat dissipation (PhiNPQ: F32) = 4.26, p = 4.7e-2, uwiooTc
=0.17, uotc =0.15, Figure 12B), and an increase of 5.1% in the amount of energy allocated
towards fluorescence (PhiNO: F20.0) = 4.67, p = 3.9e-2, uwiootc = 0.22, notc =0.23; Figure
12C).
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Figure 12. B. alleghaniensis's functional traits that respond to heat: non-photochemical
quenching (NPQt, A), the ratio of incoming light that goes towards non-photochemical
quenching (PhiNPQ, B), and the ratio of incoming light that is lost via non-regulated processes
(PhiNO, C). Letters denote statistically significant differences between treatments. Line in the
box plots indicates the median values, whereas solid dots indicate the mean values.

Response to Water Deficit conditional on Heat
B. alleghaniensis showed interaction in the response of stem-specific density and root mass
fraction to water deficit and heat.

SSD showed opposite non-linear responses to water deficit in the ambient and warmed
conditions: under ambient temperature conditions, the MWD treatment showed the lowest stem
density, while under warmer temperatures, the MWD treatment showed the highest stem density.
The trees under M- conditions had lower stem density than trees under L- (p = 0.05), H-, M+,
and H+ (p = 0.07), and tress under M+ conditions had higher stem density than trees under L+
conditions (SSD: F(230) = 13.21, p = 7.67€-5, - = 0.72, um- = 0.64, un- = 0.72, pu+ = 0.66, um+
= 0.76, un+ = 0.71; Figure 13A).

RMF showed a linear but opposite response to water deficit under ambient and warmed
conditions: the HWD treatment showed the highest root mass fraction under ambient temperature
conditions. In contrast, the HWD treatment showed the lowest root mass fraction under warmer
temperatures. The trees under H- conditions had higher root mass fractions than trees under H+
(RMF: F32 =3.33, p =4.94e-2, u- = 0.31, um- = 0.33, un- = 0.34, pur+ = 0.32, um+ = 0.31, pr+
= 0.29; Figure 13B).
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Figure 13. B. alleghaniensis's functional traits that showed a response to water deficit
conditional on heat: stem specific density (SSD, A), root mass fraction (RMF, B). Letters denote
statistically significant differences between treatments. Similar letters followed by an * indicate
that the treatments are equal for an alpha=0.05 while different for an alpha=0.1. Line in the box

plots indicates the median values, whereas solid dots indicate the mean values.

Multivariate response to water deficit and heat

The first axis of variation was significant and explained 48.5% of the variation in functional
traits among individuals and treatments (Figure 14). In B. alleghaniensis, principal component 1
is significantly correlated with the calculated non-photochemical quenching (r = 0.97, p = 5.14e-
23), the amount of light towards non photochemical quenching (r = 0.95, p = 1.12e-18), the leaf
temperature differential (r = 0.55, p = 5.44e-4), and the amount of light energy allocated towards
non-regulated processes (r = -0.83, p = 4.33e-10). All those are leaf traits associated with photo
and thermoregulation. Principal component 2 is significantly correlated with root mass fraction
(r=0.7, p = 2.08e-6), leaf temperature differential (r = 0.47, p = 3.71e-3), and stem specific
density (r = -0.74, p = 1.87e-7). These three traits belong to three different organs and are
associated with resource acquisition and conservation, thermoregulation, support, and storage.
Based on the redundancy analysis, water deficit and heat individually and combined explained
16.9% of the variation in functional traits values (F,30) = 2.42, p = 0.004) with the effect of heat
(p = 0.001) and water deficit conditional on heat (p = 0.016) being significant.
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Figure 14. B. alleghaniensis’s PCA including all the functional traits that responded to water

deficit, heat, and water deficit conditional on heat. Open symbols corresponded to individuals

under ambient temperature conditions (without OTC), while solid symbols correspond to

individuals under warmer conditions. The green squares correspond to LWD, the blue circles to

MWD, and the purple triangles to HWD conditions. The size of the symbols indicates their RGR.

Q. rubra

In Q. rubra, 14 functional traits from all organs showed responses to water deficit and heat
stress, with 6 of the 14 traits showing strong responses of effect sizes between 35 to 60%. Leaf,
stem, root, and whole-plant traits responded to water deficit. Leaf and root traits responded to
heat, the combination of water deficit and heat, and to water deficit conditional on heat (Tables 4
and S1).

Table 4. Q. rubra summary table of functional traits that showed a response to the stresses
imposed. The parenthesis information indicates the direction of change as a percentage relative
to LWD for water deficit, relative to w/o OTC for temperature, and relative to both stresses for
the combined treatment.

Stress Trait

Water deficit vep (-45% HWD)



HV (+39.1 — 49.1% HWD)

Ay (-37.4% MWD & -43.1% HWD)
AnaxM (-29.1% HWD)

Amax? (-27.1% HWD)

ymp (+18.4% MWD)

RMF (+11.9 — 12.8% HWD)
Heat LTD (+42.5% OTC)

WUE (-14.4 % OTC)

WUE:i (-14% OTC)

RDMC (-13.3% OTC)

RMF (-10.9% OTC)
Water deficit + Heat & (+68% H+)

100 (-34.6% H+)

Interaction LT

Response to Water Deficit

Q. rubra's predawn water potential, midday water potential, the difference between water
potentials, maximum carbon assimilation per area and mass, Huber value, and root mass fraction
showed a response to water deficit.

Predawn water potential decreased by 45% from LWD to HWD (ypp: F(227.9) = 3.72, p = 3.69e-
2, twp = -0.22, umwp = -0.27, unwp = -0.32; Figure 15A). Midday water potential under the
MWD showed a 18.4% marginal increase compared to the LWD water potentials (ymp: F(2,27.8)
=2.64, p =8.9e-2, tuwp = -0.72, umwp = -0.59, unwp = -0.60; Figure 15B). Shifts in predawn
and midday water potentials led to decreases of 37.4 and 43.1% in their difference under MWD
and HWD (Ay: F,27.7y = 6.71, p= 4.2e-3, jwwo = -0.50, umwp = -0.31, unwo = -0.29; Figure
15C).

Maximum carbon assimilation per area and mass showed non-linear responses, with values
under MWD conditions being marginally higher than under HWD. These two traits decreased
27.1% and 29.1%, respectively, under HWD compared to MWD (Amax™: F(228.8) = 2.43, p =
0.10, MLWD = 4.34, MMWD = 4.87, MHWD = 3.55; Figure 15D. AMAXMI F(2,28,5) = 3.00, p= 6.6e-2,
MLWD = 100.0, MUMWD = 112.6, MHWD = 79.8; Figure 15E).



The Huber value increased under HWD compared to LWD and MWD by 39.3% and 49.1%,
respectively (HV: F,27.9) = 5.44, p = 9.22e-3, uLwp = 2.29e-4, umwo = 2.14e-4, unwp = 3.19e-4,
Figure 15F).

Root mass fraction was marginally higher under HWD relative to both LWD and MWD by
12.8% and 11.9%, respectively (RMFwp: F,32) = 3.32, p = 4.89e-2, twowp = 0.52, umwp = 0.53,
uawp = 0.59, Figure 15G).
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Figure 15. Q. rubra's functional traits that responded to water deficit: predawn water potential
(vep, A), midday water potential (ymp, B), the difference between yep and ymp (Ay, C),
maximum carbon assimilation per area (Amax”, D), maximum carbon assimilation per mass



(AmaxM, E), Huber value (HV, F), and root mass fraction (RMF, G). Letters denote statistically
significant differences between treatments. Similar letters followed by an * indicate that the
treatments are equal for an alpha=0.05 while different for an alpha=0.1. Line in the box plots
indicates the median values, whereas solid dots indicate the mean values.

Response to Heat
Q. rubra's instantaneous water use efficiency, intrinsic water use efficiency, root dry matter
content, and root mass fraction showed a response to heat.

Instantaneous and intrinsic water use efficiency showed a reduction of 14.4% and 14%,
respectively, under warmer temperature conditions (WUE: F(132) = 10.69, DF = 1, p = 2.6e-3,
Lwiootc = 5.68, notc = 4.86; WUEI: F(1,32) = 9.64, p= 4.0e-3, uwootc = 86.3, uotc = 74.2; Figure
16A-B).

Root dry mater content and root mass fraction diminished by 13.8% and 10.9%, respectively,
under warmer temperatures (RDMC: F(1,32) = 5.8, p = 2.2e-2, uwiootc = 0.3, uotc = 0.26; RMF:
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Fa32) = 7.27, p= 1.1e-2, puwiootc = 0.58, uotc = 0.52, Figure 16C-D).

Figure 16. Q. rubra’s functional traits that responded to heat: instantaneous water use efficiency
(WUE, A), intrinsic water use efficiency (WUEiI, B), root dry matter content (RDMC, C), and
root mass fraction (RMF, D). Letters denote statistically significant differences between



treatments. Letters denote statistically significant differences between treatments. Line in the box
plots indicates the median values, whereas solid dots indicate the mean values.

Response to both Water Deficit and Heat

Q. rubra showed an osmotic adjustment by reducing water potential at full turgor by 34.6% and
increasing cell walls elasticity by 68% under H+ compared to L- (y100: F(1,7.1) = 6.60, p = 3.7e-2,
- = -0.7, un+ = -0.94; Figure 17A. &: F84) = 9.73, p = 0.013, p- = 1.28, un+ = 2.15; Figure
17B).
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Figure 17. Q. rubra's functional traits that responded to both water deficit and heat without
considering all the treatments: osmotic potential at full turgor (w100, A) and the modulus of
elasticity (g, B). Letters denote statistically significant differences between treatments. Line in
the box plots indicates the median values, whereas solid dots indicate the mean values.

Response to Water Deficit conditional on Heat

Leaf thickness showed an interaction in is response to water deficit and heat (LT: F,30) = 4.54,
p=1.9e-2, - =0.16, um- = 0.14, un- = 0.15, p+ = 0.15, um+ = 0.14, un+ = 0.17; Figure 18).
Under ambient temperature conditions, leaf thickness tends to equally decrease at MWD and
HWD, while under warmer temperatures, it tends to increase at HWD. The trees under H+
conditions had significantly thicker leaves than trees under M-, M+, and H- (p = 0.08)
conditions.
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Figure 18. Q. rubra's functional traits that showed a response to water deficit conditional on
heat: leaf thickness (LT). Letters denote statistically significant differences between treatments.
Similar letters followed by an * indicate that the treatments are equal for an alpha=0.05 while
different for an alpha=0.1. Line in the box plots indicates the median values, whereas solid dots
indicate the mean values.

Multivariate response to water deficit and heat

None of the axes explain significant trait variation among individuals and treatments (Figure 19).
In Q. rubra, principal component 1 is significantly correlated with Huber value (r = 0.61, p =
6.13e-5), root mass fraction (r = 0.48, p = 2.88e-3), leaf thickness (r = 0.46, p = 4.72e-3) ,
intrinsic water use efficiency (r = 0.36, p = 2.87e-2), instantaneous water use efficiency (r =
0.35, p = 3.7e-2), difference in water potentials (r = -0.46, p = 4.7e-3), predawn water potential
(r =-0.46, p = 4.23e-8), maximum carbon assimilation per area (r = -0.78, p = 2.53e-8) and per
mass (r = -0.80, p = 4.54e-8). All these traits are from the three different organs and are
associated with water transport and resource acquisition, conservation, and allocation. Principal
component 2 is significantly correlated with intrinsic water use efficiency (r = 0.80, p = 3.08e-
9), instantaneous water use efficiency (r = 0.79, p = 1.18e-8), leaf temperature differential (r =
0.58, p = 2.36e-4), predawn water potential (r = 0.43, p = 8.33e-3), root mass fraction (r = 0.4, p
= 1.58e-2), and leaf thickness (r = -0.47, p = 4.14e-3). These traits are from the leaf and roots
and are associated with water transport, thermoregulation, and resource allocation. Based on the
redundancy analysis the water deficit and heat stresses individually and combined explained
10.1% the variation in functional traits values (F,30) = 1.79, p = 0.003) with the effect of water
deficit (p = 0.005) and heat (p = 0.003) being significant.
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Figure 19. Q. rubra’s PCA including all the functional traits that responded to water deficit,
heat, and water deficit conditional on heat. Open symbols corresponded to individuals under
ambient temperature conditions (without OTC), while solid symbols correspond to individuals
under warmer conditions. The green squares correspond to LWD, the blue circles to MWD, and

the purple triangles to HWD conditions. The size of the symbols indicates their RGR.

P. glauca

In P. glauca, 14 functional traits from the needles and roots showed responses to water deficit
and heat stress, with 6 of the 14 traits showing moderate responses of effect sizes between 20 to
47%. Leaf and root traits responded to water deficit conditional on heat (Tables 5 and S1).

Table 5. P. glauca summary table of functional traits that responded to the stresses imposed. The
parenthesis information indicates the direction of change as a percentage relative to LWD for
water deficit, relative to w/o OTC for temperature, and relative to both stresses for the combined
treatment.

Stress Trait

Water deficit RDMC (+20.4 — 25% HWD)

LEF (+24.9% MWD)



LMA (+19.2% HWD)

RMF (+15.8% HWD)
Heat LTD (+47.3% OTC)

gs (+31.5% OTC)

E (+30.5% OTC)

wmp (-20.8% OTC)

CHL (-9.9% OTC)

WUEi (-9.82% OTC)

WUE (-8.85% OTC)
Interaction LT

SRL

ARD

Response to Water Deficit
In P. glauca, two leaf and two root traits responded to water deficit: leaf mass per area, linear
electron flow, root dry matter content, and root mass fraction.

The responses of the two leaf traits to water deficit were not linear. Leaf mass per area values
under HWD were similar to those under LWD but were 19.2% higher than under MWD (LMA:
Fesy =3.98, p=2.9e-2, puwwp = 137, umwp = 125, unwo = 149; Figure 20A). Linear electron
flow, a proxy of photosynthesis, had similar values under LWD and HWD conditions, but
showed a marginal increase by 24.9% under MWD compared to LWD (LEF: F271) =2.90, p =
7.2e-2, uwp = 22.5, umwo = 28.1, unwo = 22.8; Figure 20B).

Both root traits increased linearly in response to water deficit. Root dry matter content increase
under HWD compared to both LWD and MWD by 25% and 20.4%, respectively (RDMC: F31)
=4.15, p= 2.5e-2, pLwp = 0.18, umwo = 0.19, unwo = 0.23; Figure 20C). Finally, root mass
fraction showed a marginal response with a 15.8% under HWD compared to LWD (RMF: F 31
= 3.04, p= 6.25e-2, urwp = 2.97e-1, umwp = 3.02e-1, unwp = 3.44e-2; Figure 20D).
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Figure 20. P. glauca's functional traits that responded to water deficit: leaf mass per area (LMA,
A), linear electron flow (LEF, B), root dry matter content (RDMC, C), and root mass fraction
(RMF, D). Letters denote statistically significant differences between treatments. Similar letters
followed by an * indicate that the treatments are equal for an alpha=0.05 while different for an
alpha=0.1. Line in the box plots indicates the median values, whereas solid dots indicate the
mean values.

Response to Heat
Six leaf traits responded to heat in P. glauca: midday water potential, chlorophyll content,
stomatal conductance, transpiration, and both instantaneous and intrinsic water use efficiency.

Midday water potential marginally decreased by 20.8% under warmer temperature (ymp: F1,20.1)
= 2.97, p= 1.0e-1, uwootc = -0.96, uorc = -1.16; Figure 21A). Relative chlorophyll
concentration decreased by 9.9% under warmer temperature (CHL: F,31) = 4.44, p = 4.3e-2,
Lwiootc = 546, uotc = 492; Figure 21B). Stomatal conductance and transpiration rate increased
marginally by 31.5% and 30.5%, respectively, under warmer temperature (gs: F1,31 = 3.24,p =
8.1e-2, uwiootc = 9.18e-2, uotc = 1.21e-1. E: F1,209) = 3.19, p = 8.4e-2, pwiootc = 1.28, potc =
1.67; Figure 21C-D). The instantaneous and intrinsic water use efficiency showed a reduction by
8.85% and 9.82%, respectively, under warmer temperature conditions (WUE: F(1,20.1) = 4.32, p =



4.6e-2, uwiootc = 7.91, uotc = 7.21; WUEI: F1,31) = 5.62, p = 2.42e-2, uwiootc = 112, potc =
101; Figure 21E-F).
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Figure 21. P. glauca's functional traits that responded to heat: midday water potential (ywmp, A),
leaf relative chlorophyll content (CHL, B), stomatal conductance (gs, C), transpiration rate (E,
D), instantaneous water use efficiency (WUE, E), and intrinsic water use efficiency (WUEi, F).
Letters denote statistically significant differences between treatments. Similar letters followed by
an * indicate that the treatments are equal for an alpha=0.05 while different for an alpha=0.1.
Line in the box plots indicates the median values, whereas solid dots indicate the mean values.

Response to Water Deficit conditional on Heat
In P. glauca, one leaf trait and two fine-root traits showed different responses to water deficit
conditional on heat: needle thickness, specific root length, and root diameter.

Needle thickness showed an opposite response to water deficit depending on heat. Under
ambient temperature the needles thickness tends to increase, while under warmer temperatures
tends to decrease (LT: F29) = 5.72, p= 8.0e-3, ur- = 0.51, um- = 0.52, un- = 0.62, .- = 0.59, um-
= 0.46, un+ = 0.52, Figure 22A). The needle thickness of both H- and L+ conditions was
significantly higher than needle thickness under M+ conditions.



Specific root length and root diameter showed opposite patterns to water deficit depending on
heat. Under ambient temperature specific root length showed a decreasing tendency from LWD
to HWD but showed the opposite tendency under warmer temperatures with similar values in
MWD and HWD conditions (SRL: F29) = 7.06, p = 3.2e-3, u.- = 67.7, um- = 62.9, un- = 43.5,
uL- = 36.0, um- = 64.8, un+ = 58.5; Figure 22B). Roots under L+ conditions had significantly
lower SRL than roots under M- and M+. The average root diameter showed an increasing
tendency from LWD to HWD under ambient temperature but a decreasing tendency from LWD
to HWD under warmer temperature (ARD: F29) = 5.62, p = 8.3e-3, pu.- = 0.28, um- = 0.32, uhi-
=0.30, uL- = 0.42, um- = 0.32, un+ = 0.30; Figure 22C). Individuals under L+ conditions had
bigger root diameters than individuals under L-, M-, H-, M+, and H+.
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Figure 22. P. glauca's functional traits that showed a response to water deficit conditional on
heat: leaf thickness (LT, A), specific root length (SRL, B), and average root diameter (ARD, C).
Letters denote statistically significant differences between treatments. Similar letters followed by
an * indicate that the treatments are equal for an alpha=0.05 while different for an alpha=0.1.
Line in the box plots indicates the median values, whereas solid dots indicate the mean values.

Multivariate response to water deficit and heat

The first axis of variation was significant and explained 27.7% of the variation in functional
traits among individuals and treatments (Figure 23). In P. glauca, dimension 1 is significantly
correlated with transpiration rate (r = 0.94, p = 9.22e-17), stomatal conductance (r =0.92, p =
8.00e-15), instantaneous water use efficiency (r = -0.84, p = 1.86e-10), intrinsic water use
efficiency (r = -0.90, p = 1.09e-13). All these are leaf traits associated with resource acquisition
and water use. Dimension 2 is significantly correlated with average root diameter (r = 0.64, p =
3.43e-5), leaf thickness (r = 0.54, p = 7.98e-4), leaf mass per area (r = 0.47, p = 4.15e-3),
chlorophyll content (r = 0.38, p = 2.42e-17), leaf temperature differential (r = -0.34, p = 4.85e-
2), linear electron flow (r = -0.57, p = 3.85e-4), and specific root length (r =-0.76, p = 1.28e-7).
These traits belong to the leaf and roots organs and are associated with water transport and
resource acquisition. Based on the redundancy analysis the water deficit and heat stresses
individually and combined explained 12.5% of the variation in functional traits values (F,29) =



1.98, p = 0.002) with the effect of water deficit (p = 0.023), heat (p = 0.021), and water deficit
conditional on heat (p = 0.021) being significant.
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Figure 23. P. glauca’s PCA including all the functional traits that responded to water deficit,
heat, and water deficit conditional on heat. Open symbols corresponded to individuals under
ambient temperature conditions (without OTC), while solid symbols correspond to individuals
under warmer conditions. The green squares correspond to LWD, the blue circles to MWD, and

the purple triangles to HWD conditions. The size of the symbols indicates their RGR.

P. resinosa

P. resinosa was the species that responded the most to water deficit and heat, with 17 traits from
all organs showing a response. Only three leaf traits responded to water deficit. Ten traits from
all organs showed a response to heat encompassing multiple physiological functions:
temperature regulation, resource acquisition and conservation, mechanical support, and biomass
allocation. Four traits from all organs responded to water deficit conditional on heat (Tables 6
and S1).

Table 6. P. resinosa summary table of functional traits that responded to the stresses imposed.
The parenthesis information indicates the direction of change as a percentage relative to LWD
for water deficit, relative to w/o OTC for temperature, and relative to both stresses for the
combined treatment.



Stress Trait
Water deficit Ay (+78.7 — 175% MWD)
wmp (+25.8% HWD)
vep (+22.1 - 23.1% MWD)
Heat LTD (+56.3 OTC)
Amax” (-34.4% OTC)

gs (-32.9% OTC)

AmaxM (-29.7% OTC)

E (-26.6% OTC)

SRL (-16.2% OTC)

RMF (-12.8% OTC)

ARD (+12.7% OTC)

LMF (+3.8 OTC)

SSD (-3.3% OTC)
Interaction LT

LEF

HV

Response to Water Deficit

In P. resinosa, water potential traits showed a non-linear response to water deficit. Predawn
water potential was similar between LWD and HWD but had values 22.1 and 23.1% higher
under MWD relative to both LWD and HWD (yrp: F(2,26.9) = 3.96, p = 3.1e-2, swwp = -0.44,
umwo = -0.34, unwo = -0.42; Figure 24A). Midday water potential was 24.6% higher under
HWD than MWD (ywmp: F,21.9) = 3.64, p = 4.3e-2, uwp = -0.62, umwp = -0.73, punwo = -0.55;
Figure 24B). Together, the shifts in predawn and midday water potentials led to a non-linear
change in the water potential difference. Water potential difference was similar between LWD
and HWD, and the largest difference was achieved under MWD by increasing in 175% and
78.7% relative to LWD and HWD, respectively (AWP: F,21.7) = 6.57, p= 5.8e-3, uLwp = 0.128,
umwo = 0.351, unwo = 0.075; Figure 24C).
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Figure 24. P. resinosa's functional traits that responded to water deficit: predawn water potential
(vep, A), midday water potential (ymp, B), and the difference between yep and ymp (Ay, C).
Letters denote statistically significant differences between treatments. Similar letters followed by
an * indicate that the treatments are equal for an alpha=0.05 while different for an alpha=0.1.
Line in the box plots indicates the median values, whereas solid dots indicate the mean values.

Response to Heat

In P. resinosa, nine traits from all organs changed in response to heat: maximum carbon
assimilation, stomatal conductance, transpiration rate, specific stem density, specific root length,
average root diameter, leaf mass fraction, and root mass fraction.

Maximum carbon assimilation per area and mass decreased by 34.4% and 29.7%, respectively
(AMAXAZ F(.308) = 8.37, p = 6.9e-3, uwootc = 14.41, uotc = 9.46; Figure 25A. AmaxM: F201) =
441, p = 4.4e-2, uwootc = 128.2, uotc = 90.1; Figure 25B). Stomatal conductance and
transpiration rate decreased marginally by 32.9% and 26.6% (gs: F,20.6) = 2.79, p = 0.10, swiootc
= 0.22, uotc = 0.15; Figure 25C. E: F(1,20.7) = 3.31, p = 7.9e-2, uwiootc = 2.9, uorc = 2.13; Figure
25D).

Stem specific density decreased by 3.3% under warmer temperatures (SSD: F(131) = 8.62,
p = 6.2e-3, uwootc = 0.571, uorc = 0.552; Figure 25E).

Specific root length decreased marginally by 16.2% under warmer temperatures (SRL: F(1,31) =
3.67, p= 6.4e-2, uwiootc = 50.5, uotc = 42.3; Figure 25F), while the average root diameter
increased in 12.7% (ARD: F(31) = 7.85, p= 8.7e-3, uwiootc = 0.36, uotc = 0.41; Figure 25G).

Leaf mass fraction increased marginally by 3.8% under warmer temperatures (LMF: F31) =
2.92, p = 9.7e-2, uwootc = 0.576, uotc = 0.598; Figure 25H), while root mass fraction decreased
by 12.8% (RMF: F(1,31) = 10.03, p = 3.45e-3, uwoorc = 0.250, uotc = 0.218; Figure 251).
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Figure 25. P. resinosa’s functional traits that responded to heat: maximum carbon assimilation
per area (Amax™, A), maximum carbon assimilation per mass (Amax™, B), stomatal conductance
(9s, C), transpiration rate (E, D), stem specific density (SSD, E), specific root length (SRL, F),
average root diameter (ARD, G), leaf mass fraction (LMF, H), and root mass fraction (RMF, I).
Letters denote statistically significant differences between treatments. Similar letters followed by
an * indicate that the treatments are equal for an alpha=0.05 while different for an alpha=0.1.
Line in the box plots indicates the median values, whereas solid dots indicate the mean values.

Response to Water Deficit conditional on Heat
P. resinosa’s leaf thickness, linear electron flow, Huber value, and root dry matter content
showed an interaction in their response to water deficit and heat.



Needles were thinner in MWD under ambient temperature, while their thickness decreased from
LWD to HWD under warmer temperatures (LT: F.20) = 9.29, p = 7.6e-4, ur- = 0.53, um- = 0.48,
uH-=0.62, u+ = 0.63, um+ = 0.47, un+ = 0.43; Figure 26A). Trees under both H- and L+
conditions had significantly thicker needles than trees under M-, M+, and H+ conditions.

Linear electron flow, a proxy of photosynthesis, showed a marginal interaction between
water deficit and heat (LEF: Fo,24.8) = 3.21, p = 5.8e-2, uu.- = 21.2, um- = 23.7, un- = 17.4, pi+- =
16.1, um+- = 17.1, un+ = 19.4; Figure 26B). Under ambient temperature, LEF showed a non-
linear tendency with non-significant higher values under MWD, while under warmer
temperatures, LEF showed a trend of increasing with water deficit having non-significant higher
values under HWD. LEF is marginally higher under M- compared to L+.

The Huber value also showed a marginal interaction between water deficit and heat (HV:
F20) = 2.84, p=7.48e-2, qu.- = 7.40e-4, um- = 6.15e-4, un- = 5.90e-4, ur+ = 5.97e-4, um+ =
5.54e-4, un+ = 6.79e-4; Figure 26C). Under ambient temperature, the HV had its highest value
under LWD, while under warmer temperature HV is highest under HWD. None of these values
are significantly different at alpha=0.05 or 0.1, but under L- conditions, trees had a higher HV
than under M+ conditions (p =0.13).

Root dry matter content showed a marginal interaction between water deficit and heat
(RDMC: F2,29) = 2.88, p = 7.25e-2, ur- = 1.95e-1, um- = 2.01e-1, un- = 2.06e-1, p+- = 1.69e-1,
um+ = 2.26e-1, un+ = 1.95e-1; Figure 26D). Under ambient temperature, RDMC has similar
values for all levels of water deficit, while under warmer temperatures, roots in MWD and HWD
had a higher dry matter content than roots in LWD. Trees under M+ had a higher RDMC than
trees under L+ conditions.
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Figure 26. P. resinosa's functional traits that showed a response to water conditional on heat:
leaf thickness (LT, A), linear electron flow (LEF, B), Huber values (HV, C), and root dry matter
content (RDMC). Letters denote statistically significant differences between treatments. Similar
letters followed by an * indicate that the treatments are equal for an alpha=0.05 while different
for an alpha=0.1. Line in the box plots indicates the median values, whereas solid dots indicate
the mean values.

Multivariate response to water deficit and heat

The fourth first axes of variation were significant and explained 68.1% of the variation in
functional traits among individuals and treatments (Figure 23). In P. glauca, principal
component 1 is significantly correlated with maximum carbon assimilation per area (r = 0.92, p
= 4.60e-15), stomatal conductance (r = 0.91, p = 2.09e-14), transpiration rate (r = 0.91, p =
2.18e-14), maximum carbon assimilation per mass (r = 0.9, p = 3.24e-13), root mass fraction (r
= 0.4, p = 1.86e-2), leaf mass fraction (r = -0.37, p = 2.91e-02), and average root diameter (r = -
0.53, p = 1.17e-3). All these are leaf and root traits associated with resource acquisition, water
use, and biomass allocation. Principal component 2 is significantly correlated with average root
diameter (r = 0.64, p = 2.58e-5), leaf mass fraction (r = 0.52, p = 1.37e-3), maximum carbon
assimilation per mass (r = 0.37, p = 2.79e-2), stem specific density (r = -0.45, p = 7.14e-3),
linear electron flow (r = -0.45, p = 5.95e-3), specific root length (r = -0.58, p = 2.25e-4), and
root mass fraction (r = -0.64, p = 4.02e-5). These leaf and root traits are associated with resource



acquisition and biomass allocation. Based on the redundancy analysis, water deficit and heat
individually and combined explained 12.6% of the variation in functional traits values (Fs,29) =
1.97, p = 0.003), with the effect of heat (p = 0.001) being significant, and the effect of water
deficit conditional on heat (p = 0.088) being marginally significant.
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Figure 27. P. resinosa’s PCA including all the functional traits that responded to water deficit,
heat, and water deficit conditional on heat. Open symbols corresponded to individuals under
ambient temperature conditions (without OTC), while solid symbols correspond to individuals
under warmer conditions. The green squares correspond to LWD, the blue circles to MWD, and

the purple triangles to HWD conditions. The size of the symbols indicates their RGR.

Objective 3 — Which functional traits mediate trees’ performance response (RGR) to water
deficit and heat?

A. saccharum

In A. saccharum, change in plant performance (DRGR) was negatively but not significantly
correlated with the change in leaf temperature differential (DLTD) and leaf thickness (DLT), and
significantly positively correlated with the change in leaf mass per area (DLMA, P<0.05) (Figure
28). The simplified model retained only the change in leaf mass per area that showed a positive
linear relationship with the change in relative growth rate (Fa.22) = 4.46, p = 0.046, R?=0.13,
Figure 29)
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Figure 28. A. saccharum'’s correlation plot of the change in functional traits and relative growth
rate under MWD and HWED. The color and size of the circles indicate the direction and strength
of the correlation between variables. Asterisks indicate significant correlations at alpha of 0.1=*,
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Figure 29. A. saccharum's partial regression plot for the effect of the change in leaf mass per
area (DLMA\) over the change in relative growth rate (DRGR).

B. alleghaniensis

In B. alleghaniensis, change in plant performance (DRGR) was negatively correlated with the
change in the amount of light towards non-photochemical quenching (DPhiNPQ, P<0.1), and the
calculated non-photochemical quenching (DNPQt, P<0.05), and non-significantly with the



change in the amount of light towards non-regulated processes (DPhiNO) and root mass fraction
(DRMF) (Figure 30). Model selection reveals that none of the changes in traits were linearly
associated with the change in relative growth rate, as the simplified model did not retain any
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functional trait that showed a response to water deficit and heat individually or combined.
Figure 30. B. alleghaniensis's correlation plot of the change in functional traits and relative
growth rate under MWD and HWED. The color and size of the circles indicate the direction and
strength of the correlation between variables. Asterisks indicate significant correlations at alpha
of 0.1=*, 0.05=**, 0.01=***, and 0.001=>****

Q. rubra

In Q. rubra, change in plant performance (DRGR) was negatively correlated with the change in
the intrinsic water use efficiency (WUEI, P<0.1) and root dry matter content (DRDMC, P<0.1)
and not significantly with the change in predawn leaf water potential (DPD), the difference in the
predawn and midday water potential (DWP), the leaf temperature differential (DLTD), and
instantaneous water use efficiency (DWUE) (Figure 31). Additionally, it was positively but non-
significantly correlated with the change in maximum carbon assimilation per area (DAarea) and
per mass (DAmass), and Huber value (DHV) (Figure 31). The significant simplified model
retained the change in Huber value and root mass fraction (F(2.21) = 3.56, p = 0.046, R?=0.18,
Figure 32C). The change in Huber value effect was marginally significant, showing a positive
linear relationship with the change in relative growth rate (F21 = 2.79, p = 0.11, Figure
32A&C). The change in root mass fraction showed a significant negative relationship with the
change in relative growth rate (F,21) = 4.33, p = 0.049, Figure 32B&C).
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Figure 31. Q. rubra's correlation plot of the change in functional traits and relative growth rate
under MWD and HWD. The color and size of the circles indicate the direction and strength of
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Figure 32. Q. rubra’s partial regression plot for the effect of the change in Huber value (DHV,
A) and root mass fraction (DRMF, B) over the change in relative growth rate (DRGR) including
an effect size plot (C).

P. glauca

In P. glauca, change in plant performance (DRGR) was negatively correlated with the change in
leaf mass per area (DLMA, P<0.1) and non-significantly with the change in transpiration rate
(DE), instantaneous water use efficiency (WUE), midday water potential (DMD), leaf thickness
(DLT), and specific root length (DSRL) (Figure 33). Additionally, it was positively but non-



significantly correlated with the change in root dry matter content (DRDMC), root mass fraction
(DRMF), leaf temperature differential (DLTD), and chlorophyll content (DCHL) (Figure 33).
The significant simplified model retained the change in leaf mass per area, root dry matter
content, leaf temperature differential, instantaneous water use efficiency, leaf thickness, and
average root diameter (F16) = 5.83, p = 2.2e-3, R= 0.57, Figure 34E). The change in leaf mass
fraction showed a significant negative relationship with the change in relative growth rate when
considering other functional traits (F,16) = 7.32, p = 0.015, Figure 34A&E) and when studied
individually (Fa.16) = 3.52, p = 0.074, R?= 0.10). The change in leaf temperature differential
showed a significant positive relationship with the change in relative growth rate (F,16 = 7.12,
p = 0.017, Figure 34B&E). The change in instantaneous water use efficiency showed a
significant positive relationship with the change in relative growth rate (F1,16) = 9.84, p = 6.4e-3,
Figure 34C&E). The change in average root diameter showed a negative relationship with the
change in relative growth rate (F@,16) = 7.97, p = 0.012, Figure 34D&E). The change in leaf
thickness did not have a significant effect on performance when considering other traits but
showed a significant negative relationship when alone (Fq.16) = 4.78, p = 0.040, R?= 0.15, Data
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Figure 33. P. glauca’s correlation plot of the change in functional traits and relative growth rate
under MWD and HWED. The color and size of the circles indicate the direction and strength of
the correlation between variables. Asterisks indicate significant correlations at alpha of 0.1="*,
0.05=**, 0.01=*** and 0.001="****,
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Figure 34. P. glauca's partial regression plot for the effect of the change in leaf mass per area
(DLMA, A), leaf temperature differential (DLTD, B), instantaneous water use efficiency
(DWUE, C), and overage root diameter (DARD, C) over the change in relative growth rate
(DRGR) including an effect size plot with all the variables that were retained in the selected
model (E).

P. resinosa

In P. resinosa, plant performance (RGR) was negatively but non-significantly correlated with the
change in midday water potential (DMD), maximum carbon assimilation per mass (DAmass),
average root diameter (DARD), leaf mass fraction (DLMF), and linear electron flow (DLEF)
(Figure 35). Additionally, it is positively but non-significantly correlated with the change in
predawn water potential (DPD), leaf temperature differential (DLTD), specific root length
(DSRL), and Huber Value (DHV) (Figure 35). The significant simplified model retained the
change in predawn leaf water potential, leaf temperature differential, maximum carbon
assimilation per area and mass, stem specific density, and average root diameter (Fe,17) = 3.30, p
= 2.4e-2, R?>=0.38, Figure 36D). The change in leaf temperature differential showed a
significant positive relationship with the change in relative growth rate (F,17) = 4.52, p = 0.049,
Figure 36A&D). The change in maximum carbon assimilation per mass showed a marginally
significant negative relationship with the change in relative growth rate (F,17y = 3.53, p = 0.077,



Figure 36B&D). The change in average root diameter showed a significant negative relationship
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Figure 35. P. resinosa's correlation plot of the change in functional traits and relative growth
rate under MWD and HWED. The color and size of the circles indicate the direction and strength
of the correlation between variables. Asterisks indicate significant correlations at alpha of 0.1=*,
0.05=**,0.01=*** and 0.001=****,
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Figure 36. P. resinosa's partial regression coefficient plot for the effect of the change in leaf
temperature differential (DLTD, A), maximum carbon assimilation per mass (DAmass, B), and
overage root diameter (DARD, C) over the change in relative growth rate (DRGR) including an
effect size plot with all the variables that were retained in the selected model (D).

Discussion

Under controlled environmental conditions and limited growing space for roots, we observed
that plant performance is reduced with water deficit but not heat, that functional traits from all
organs responded more to heat than water deficit, and that a few functional traits per species are
correlated with the change in plant performance under water deficit. Moreover, each species
showed a unique response because, for each of them, a distinct set of functional traits responded
to the stresses imposed.

Objective 1 — RGR decreases with water deficit but not with heat

Increased heat from global warming will affect plant performance in two ways: via a direct effect
on plant metabolism and via an indirect effect on water availability. Temperature increase due to
global warming without an increase in precipitation will result in drought stress because
evaporation will increase, and less water will be available for plants to meet their metabolic



demands via evapotranspiration (Stéfanon et al., 2014). In our experiment, plant performance
strongly responded to water deficit for all species, but all species were not detrimentally affected
by heat. P. glauca, the only species in which RGR responded to heat, showed increased
performance under warmer temperatures but decreased with water deficit. If the results from this
experiment hold in natural conditions, these patterns suggest that plant performance in many
species may decrease with warming via an indirect effect on water availability.

These results may be specific to this experiment, where the warming treatment increased the
average daytime temperature in the greenhouse from 25.7°C to 26.2°C and the average nighttime
temperature from 22.5°C to 23.1°C. The ambient air temperature was very warm, and the
average 0.42°C warming during the day may not have caused any additional stress relative to the
ambient air temperature. In an outdoor setting, where airflow maintains lower ambient
temperatures most of the summer, warming may reduce RGR (Fisichelli et al., 2012).

Our experimental design of individual open-top chambers exposed plants to an asymmetric
increase in temperatures being the nighttime warmer than the daytime. Global climate models
highlight that, as the trends have shown, night-time temperatures will keep increasing faster than
daytime temperatures (Cox et al., 2020; Desaia et al., 2021). Additionally, Cox et al. (2020)
showed that in places where the increase in night-time temperatures has been stronger relative to
daytime temperatures, cloud cover, specific humidity, and precipitation increase. Given that in
southeastern Canada, we expect similar precipitations with a possible increase of 10%, the
effects of global warming could lead to significant differences in nighttime and daytime
temperatures. The effects of warmer nights have been broadly studied in crops due to their
relevance for food security under future climate conditions (Desaia et al., 2021; Prasad &
Djanaguiraman, 2011; Sadok & Jagadish, 2020; Turnbull et al., 2002); however, much
uncertainty reaming on the effects of asymmetric temperatures on trees performance and
functional traits.

In this study, the trees at ambient temperature were already under heat stress during the daytime,
and the addition of open-top chambers did not further increase air temperature during the
warmest hours of the day (13h00 — 17h00). Instead, the main effect of the open-top chambers
was to retain heat overnight and prevent the trees from fully cooling as ambient temperatures
decreased. This heat retention positively affected RGR in Picea glauca, a pattern also observed
in first-year seedlings exposed in growth chambers to a 3°C increase in temperature (Fisichelli et
al., 2014), but not in the field (Fisichelli et al., 2012). This result is unexpected as an increased
metabolic rate and nighttime respiration are expected to reduce the amount of carbon available
for other metabolic processes, including growth (Sadok & Jagadish, 2020).

Objective 2 — Each species’ phenotypic response is unique, and they responded differently
to water deficit and heat



Each species showed a unique multivariate response to water deficit and heat individually and
combined. Further, each species’ response to heat and water deficit was distinct. Despite the
widespread consensus that drought and heat should be considered together because of their
linkage in Earth’s energy and water cycles (Stéfanon et al., 2014), we did not observe a stepper
reduction in plant performance under water deficit conditional on heat (M+ and H+). However,
more functional traits responded solely to heat on three of the five species (B. alleghaniensis, P.
glauca, and P. resinosa).

The only functional trait response shared among all species is an increase in leaf cooling
in response to heat. The control of leaf temperature is essential to maximizing carbon
assimilation and sustaining plant metabolism under different environmental conditions (Blonder
& Michaletz, 2018). Some studies have shown that plants tend to keep their leaf temperature
above that of the air in cold and humid environments, while in hot and dry environments, leaf
temperature tends to be below air temperature (Blonder & Michaletz, 2018; Deva et al., 2020).
Additionally, various authors have found an interaction between genotype and environment (G X
E) because warm-adapted genotypes tend to present stronger leaf cooling responses than cold-
adapted genotypes (Blasini et al., 2022; Deva et al., 2020; Lin et al., 2017). Moreover, Michaletz
et al. (2016) suggested that plant tissue temperature may be included to produce accurate Earth
system models, given that leaf thermoregulation contributes to maximizing carbon assimilation
across multiple environmental conditions. Our findings that leaf cooling is a common plant
response to heat corroborate this recent literature stressing the importance of leaf cooling for
plants' response to environmental change.

The treatments imposed in this experiment only increased temperature by an average of 0.42 °C.
Nonetheless, the shared response across the five studied species with distinct life histories to this
slight increase highlights that controlling leaf temperature is potentially a ubiquitous plant
function (Helliker & Richter, 2008). It is worth noting that the stems and foliage of both conifer
species studied were wholly covered by the OTCs, while most individuals from the broadleaf
species had stems and foliage growing outside of the OTCs. Leaf cooling increased in all species
despite these differences in foliage exposure to the warmed air. This suggests that the higher
temperatures are not locally sensed by the leaves themselves but are instead detected by the
whole plant. Note that the results also suggest that the mechanism by which this shared cooling
response was achieved differed among species.

Leaf colling responses observed could be due to heat loss by both convection (i.e., sensible heat),
which is mainly controlled by the thickness of the boundary layer, and transpiration (i.e., latent
heat), which is mainly controlled by stomata. Only three species showed changes in traits
associated with transpiration: two species (Q. rubra and P. glauca) showed a decrease in their
intrinsic water use efficiency (Amax™/gs) under warmer temperatures, and P. glauca showed an
increase (30.5%) in transpiration rate. Thus, the response of A. saccharum, B. alleghaniensis, and



P. resinosa cannot be directly tied to changes in their transpiration rate, suggesting that sensible
heat fluxes are likely to be an essential mechanism for maintaining leaves at optimum
functioning temperatures in these species.

In all species except B. alleghaniesis, leaf thickness responded to water deficit conditional on
heat. The two conifers increased needle thickness when only one of the two stresses is present:
under high water deficit at ambient temperature (H-) and low water deficit at high temperatures
(L+). This pattern shows that either of the two stresses without the other leads to thicker leaves.
In P. glauca, the changes in leaf thickness can be associated with changes in leaf mass per area,
but not in P. resinosa. P. glauca showed similar and higher leaf mass per area values under low
and high-water deficit relative to medium water deficit associated with a higher leaf thickness in
the multivariate space. These different patterns of trait correlation agree with other studies
finding that leaf mass per area is strongly related to tissue density or thickness across different
environments and in some species (de La Riva et al., 2016; Griffith et al., 2016; Xiong et al.,
2016). The two broadleaves, A. saccharum and Q. rubra, on the other hand, showed different
responses. A. saccharum had the thickest leaves when both stresses were absent, while Q. rubra
presented thicker leaves either when both stresses were absent (L-) or present (H+). We interpret
these non-linear trait responses to the combination of heat and drought stresses as an indication
that the studied species are shifting their response strategies as water deficit becomes stronger or
interacts with heat. For example, in Q. rubra a mild water deficit at either ambient or warmer
temperatures initially led to a change in leaf form (decrease in leaf thickness). However, a high-
water deficit with heat instead induced the response of different traits, with the plant shifting to a
response in root biomass allocation and water use efficiency instead.

An organism functioning under any environmental conditions relies on numerous traits working
simultaneously (Murren, 2002). In this study, we found that three of the five species showed
strong trait coordination among traits from different organs and with different putative functional
roles: A.saccharum, B. alleghaniensis, and P. resinosa. Trait coordination in different species
indicates that patterns of phenotypic integration should be worthy of study under natural
conditions. P. resinosa showed the strongest phenotypic integration across functional traits from
multiple organs. In this specific case, leaf traits associated with the use of water (E) and carbon
acquisition (gs and Amax™) were highly correlated together and orthogonal to morphological and
anatomical traits from the stems and roots (ARD, SRL, SSD), and traits related to biomass
allocation (HV, LMF, RMF). Additionally, in P. resinosa, trait coordination among root, stem,
and biomass allocation traits distinguished the response of plants exposed to ambient temperature
to those exposed to warmer temperatures. Therefore, allocation traits may be necessary to
understand the individual effects of higher temperatures in natural ecosystems in this species
(Freschet et al., 2015; Yin et al., 2019). These results suggest strong species differences in the
degree of integration of their plastic response to heat and drought. They also highlight that since
water deficit and heat affect different sets of traits, trait coordination on species responses to



changing environmental conditions is worthy of study as it may influence the species’ ability to
respond to them when combined (Pigliucci, 2003).

Objective 3 — A handful of functional traits contribute to maintain performance under
stressful environmental conditions

Only a handful of traits in three of the five species (P. glauca, P. resinosa and Q. rubra)
contribute to maintain performance under water deficit conditions. Noteworthy, the two conifers
showed the lowest change in relative growth rate under medium water deficit (P. glauca: 26.6%
and P. resinosa: 27.9%), and Q. rubra had an intermediate decrease (36.3%) compared to the
conifers and other two broadleaves. As evidenced by the decrease in performance, those traits
could not compensate for the stressful environmental conditions despite their contribution to
maintaining performance.

In Q. rubra, an increase by 12% in root mass fraction contributed to maintaining performance,
while an increase by 39% in the Huber value had an opposite effect. We expected to observe a
generalized increase in the roots mass fraction under water deficit conditions because the optimal
partitioning theory suggests that more resources are allocated to the organ that acquires the
limiting resource (Bloom, 1985; Luong & Loik, 2022). However, the increase in root biomass
allocation was insufficient to offset the effect of a hydraulic safety strategy. A higher Huber
value accompanied by lower carbon assimilation and stiffer cell walls resulted in individuals
with a lower relative growth rate under high water deficit. A larger HV has been shown to be
associated with smaller vessels, higher cavitation resistance, and lower hydraulic efficiency
(Markesteijn et al., 2011). Additionally, a reduction in the osmotic potential at full turgor
accompanied by stiffer cell walls has been shown to be advantageous under water deficit
conditions to prevent cell dehydration and shrinkage (Bartlett et al., 2012). The observed pattern
in Q. rubra could support the growth-survival trade-off because carbon assimilation is reduced
by adopting a hydraulic safety strategy having a substantial impact on yield and, therefore,
performance (Meira-Neto et al., 2019; S. J. Wright et al., 2010).

We observed that heat strongly affected functional trait values but not plant performance.
Conversely, water deficit significantly affected performance but affected fewer traits than heat.
This pattern could be the result of two mechanisms. First, changes in the phenotype might not be
correlated with changes in performance. This is unlikely since we measured a comprehensive set
of traits, most of which are well documented to vary with environmental gradients ((Pérez-
Harguindeguy et al., 2016)).

The second and more possible mechanism is that changes in the phenotype due to warmer
temperatures resulted in the maintenance of plant performance. The maintained performance of
P. resinosa under heat suggests that changes in the phenotype offset the effects of stressful



conditions on plant performance. We found that the maximum carbon assimilation per mass and
the average root diameter maintain P. resinosa’s performance under water deficit; however, none
of these traits responded to water deficit alone. In contrast, the maximum carbon assimilation per
mass decreased by 29.7% under warmer temperatures, and the average root diameter increased
by 12.7%. Both low maximum carbon assimilation and large root diameters are associated with a
conservative resource strategy and drought tolerance (Luong & Loik, 2022).

If these results hold under natural conditions, our study suggests that A. saccharum and B.
alleghaniensis could suffer more than other species under future climate conditions because none
of their functional traits that responded to water deficit and heat contributed to mitigate the
reduction in relative growth rate. One of the most significant limitations in my ability to infer
plant response in natural conditions from this study is that the growing conditions set up in the
experiment differ from those in a natural setting. However, this also represents a strength
because the experimental design allowed us to assess drought tolerance response by preventing
the plants from avoiding water deficit with an increased root foraging. By preventing drought
avoidance, we observed that A. saccharum and B. alleghaniensis experienced the highest
reductions in RGR, by 45.6 and 40.6%, respectively, under medium water deficit, with A.
saccharum having the highest reduction under high water deficit (55.1%) compared to the other
three species. In a greenhouse experiment, Hauer et al. (2021) found that ten-week-old seedlings
of A. saccharum from Ontario sources exposed to water deficit presented an increase in their root
to shoot (R:S) ratios and leaf mass per area. Moreover, in this experiment, A. saccharum grown
under water deficit showed an increase by 22.9% in RDMC, a trait highly correlated with a
conservative resource-use strategy (Hogan et al., 2020). Together these results suggest that
drought avoidance might be the mechanism available for these two species in natural conditions,
especially for A. saccharum. Future studies should explore if drought avoidance is the
mechanism through investment in high R:S ratios and high root tissue density that allow species
to find water while using the available resources moderately (Hauer et al., 2021).

In the three species, two root functional traits contributed to maintaining performance under
water deficit conditions. In Q. rubra, it was an increase of 12.8% in root mass fraction under
high water deficit relative to low. In the two conifers, the average fine-root diameter was
increased under warmer temperatures (+12.7% in P. resinosa) or under water deficit and ambient
temperature (P. glauca). As mentioned above, we expected roots to show the most robust plastic
responses due to water being the limiting resource (Bloom, 1985; Luong & Loik, 2022). Even
though this was not the case, root functional traits mitigate the reduction in relative growth rate
under water deficit conditions. In a synthesis of fine-root trait responses to experimental
warming, Wang et al. (2021) found that experimental warming resulted in increases in fine-root
biomass and nitrogen concentrations and decreases in the carbon-nitrogen ratios; however, it did
not affect root morphological traits. Moreover, Wang et al. (2021) did not find an effect of
warming on root diameter. Our results, while not wholly aligned with the ones explained above,



could indicate that root diameter should be worthy of study in natural settings for the two
conifers studied here.

Conclusion

By exposing seedlings of five tree species from temperate ecosystems to water deficit and heat
individually and combined, we found that future warmer and drier conditions will decrease plant
performance and impact different species in different ways. The seedlings' performance response
was stronger to water deficit than heat, while their plastic trait response was stronger to heat than
water deficit. These results highlight that performance and phenotypic responses can be sensitive
to different environmental factors. Further, in each species, different traits responded to these
two environmental stressors, indicating that the effects of global warming on the phenotype will
differ among species. The plastic response to heat and water deficit in all species was distinct.
Although heat will lead to water deficit via increased evaporation, results showed that heat and
water deficit in all species impact different sets of functional traits. Phenotypic response to
global warming sits at the intersection of these two responses, making them more complex to
assess. Last, only a total of five traits from three different species contributed to maintain plant
performance under water deficit conditions. Still, performance drastically declined in these three
species, indicating that plastic responses were insufficient to offset stressful environmental
conditions. These complex results highlight the multiple ways global warming will affect species
and the many nuances to consider when assessing its effects. This study contributes to trait-based
ecology by identifying sets of traits showing plastic responses to warming, which we can use in
future studies under controlled and natural conditions to further our knowledge of the effects of
global warming on trees.
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