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Temperature and the frequency and intensity of heat waves are predicted to increase throughout the 21st century. Germinant
seedlings are expected to be particularly vulnerable to heat stress because they are in the boundary layer close to the soil surface
where intense heating occurs in open habitats. We quantified leaf thermotolerance and whole-plant physiological responses to
heat stress in first-year germinant seedlings in two populations each of Pinus ponderosa P. and C. Lawson (PIPO) and
Pseudotsuga menziesii (Mirb.) Franco (PSME) from climates with contrasting precipitation and temperature regimes.
Thermotolerance of detached needles was evaluated using chlorophyll fluorescence (Fy/Fnm, Fo) and electrolyte leakage. PSME
was more heat tolerant than PIPO according to both independent assessments of thermotolerance. Following exposure of whole
seedlings to a simulated heat wave at 45 °C for 1 h in a growth chamber, we monitored F,/Fy, photosynthesis, stomatal conduct-
ance, non-structural carbohydrates (NSCs) and carbon isotope ratios (5'>C) for 14 days. Heat treatment induced significant reduc-
tions in F,/Fy in both species and a transient reduction in photosynthetic gas exchange only in PIPO 1 day after treatment. Heat
treatment induced an increase in glucose + fructose concurrent with a decrease in starch in both species, whereas total NSC and
sucrose were not affected by heat treatment. The negative relationship between glucose + fructose and starch observed in trea-
ted plants may be due to the conversion of starch to glucose + fructose to aid recovery from heat-induced damage. Populations
from drier sites displayed greater 5'>C values than those from wetter sites, consistent with higher intrinsic water-use efficiency
and drought resistance of populations from drier climates. Thermotolerance and heat stress responses appeared to be phenotyp-
ically plastic and representative of the environment in which plants were grown, whereas intrinsic water-use efficiency appeared
to reflect ecotypic differentiation and the climate of origin.

Keywords: carbon isotope ratios, chlorophyll fluorescence, electrolyte leakage, heat stress, heat tolerance, non-structural car-
bohydrates, photosynthesis, stomatal conductance.

Introduction
(Hao et al. 2013), emphasizing the need for research that iso-

High temperature stress and heat waves are expected to
increase in frequency and intensity throughout the 21st century
(Intergovernmental Panel on Climate Change 2014). Although
temperature is a strong driver of plant species’ distributions, the
impacts of high temperature and heat stress on plant physio-
logical performance are not fully understood. While heat and
drought are closely related, future increases in temperature and
heat waves are predicted to occur with and without drought

lates the effect of high temperature stress on physiological
processes. Seedlings represent the most vulnerable plant devel-
opmental stage because of their high susceptibility to abiotic
and biotic stressors. High temperature stress at the soil surface
is a major threat to seedling establishment. Kolb and Robberecht
(1996) measured air temperatures exceeding 75 °C at 5mm
above the soil surface, and 45 °C at seedling height or 50 mm
above the soil surface during two growing seasons where
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maximum ambient air temperatures were ~30 °C. Given that soil
surface temperatures are expected to increase along with pro-
jected increases in ambient air temperature and the frequency of
heat waves, characterizing seedling physiological responses to
heat stress is crucial.

Heat stress impacts plant function from the cellular to whole-
plant scale. High temperatures damage photosystem Il (PSII)
photochemistry, electron transport, thylakoid and cell membrane
fluidity and ribulose bisphosphate carboxylase—oxygenase
(RUBISCO) function, and induce reactive oxygen species produc-
tion (Wahid et al. 2007, Bita and Gerats 2013, Teskey et al.
2015). Heat stress also increases respiration, reduces photosyn-
thesis, stomatal conductance, growth and reproduction, and leads
to leaf abscission, visible foliar damage and mortality (Wahid et al.
2007, Bita and Gerats 2013, Teskey et al. 2015). Plants employ
mechanisms that influence the ability to withstand and/or avoid
heat stress. This includes producing heat shock proteins that
desaturate membrane lipids to maintain cell membrane integrity
(Horvéth et al. 2012), using assimilated carbon to repair heat-
induced damage (Sevanto and Dickman 2015), and regulating
evaporative cooling to avoid high leaf temperatures (Tomlinson
et al. 2013). Quantifying these physiological responses from the
cellular to whole-plant scale informs our understanding of heat
(high temperature) tolerance or thermotolerance and mechan-
isms to cope with heat stress.

Although increased allocation of assimilated carbon (i.e.,
photosynthate) to repair processes may facilitate recovery from
heat stress-induced damage (Bita and Gerats 2013), shifts in
plant carbon allocation in response to heat stress are poorly
understood due to contradictory results (Génard et al. 2008,
Sala et al. 2012, Hartmann and Trumbore 2016). Non-structural
carbohydrates (NSCs) include starch and free soluble sugars
(sucrose, glucose and fructose) and have multiple fates includ-
ing growth, storage, reproduction, metabolism, root exudation
and repair after stress-induced damage (Kozlowski 1992,
Dietze et al. 2014). High levels of leaf NSCs have been asso-
ciated with heat stress tolerance (Liu and Huang 2000,
Niinemets 2010) and are used for damage prevention, osmo-
regulation and sugar signaling (Roitsch and Gonzélez 2004,
Couée et al. 2006, Sugio et al. 2009). Non-structural carbohy-
drates may be allocated to above-ground tissues for repair from
heat stress and leaf NSC levels may increase (Sevanto and
Dickman 2015). In contrast, leaf NSCs may decrease in
response to heat stress because photosynthesis and stomatal
conductance are inhibited, reducing carbon gain and assimilation
(i.e., decreased supply). This may occur concurrently with heat-
induced increases in respiration, which utilizes carbon (i.e.,
increased demand) and depletes NSC reserves (Duan et al.
2013, Zhao et al. 2013, Escanddn et al. 2016). Heat stress
may also induce shifts between NSC pools (e.g., starch, sugars),
as well as turnover of NSC that may be reflected in shifts in the
carbon isotope ratios of leaves (Gutierrez and Meinzer 1994).

Investigating the impacts of heat stress on NSC dynamics will
provide insights into the nature of physiological responses to
high temperature stress.

Plant responses to heat stress may vary depending on the cli-
mate of origin. Species originating from warmer climates are more
heat tolerant and are better adapted to withstand heat stress than
species originating from cooler climates (Salvucci and Crafts-
Brandner 2004, Cunningham and Read 2006). Similar patterns
have been observed within a species whose geographic range
spans contrasting climate regimes. Populations within a species
can acclimate to varying environmental conditions through pheno-
typic plasticity where the physiological characteristics reflect the
climate in which they are grown (Knight and Ackerly 2002, Ghouil
et al. 2003, Gimeno et al. 2009). A species can also survive con-
trasting climate regimes through ecotypic variation that results
from genetically distinct populations within a species that have
traits representing different ecotypes and climates of origin
(Lindgren and Hallgren 1993, Aranda et al. 2009, Ramirez-
Valiente et al. 2010, Du et al. 2014, Matias et al. 2016). Kerr
etal. (2015) showed strong evidence for the existence of ponder-
osa pine ecotypes because a seedling population from a dry cli-
mate displayed physiological traits associated with greater drought
resistance than a population from a mesic climate despite being
grown in a common garden. Phenotypic plasticity and ecotypic
variation both enable species to survive diverse climates and buffer
against predicted changes in temperature. Thus, species adapted
to a wide range of climates may have an advantage over narrowly
adapted species (Gimeno et al. 2009) in response to the pre-
dicted increases in heat stress. Populations and species originating
from contrasting climates are expected to exhibit different heat tol-
erances and associated physiological responses to heat stress.

Pinus ponderosa P. and C. Lawson (PIPO) and Pseudotsuga
menziesii (Mirb.) Franco (PSME) are ecologically, economically
and socially important native species in the northwestern USA.
PIPO and PSME have overlapping geographic ranges with both
species ranging from British Columbia, Canada to Mexico and
from the Pacific coast to the Rocky Mountains (Burns and Hankala
1990). PIPO is found at elevations from sea level to 3050 m
(Oliver et al. 1990) and PSME is found at elevations from sea level
to 2700 m (Hermann and Lavender 1990). Generally, PIPO is
more tolerant of drought, frost, sun and fire than PSME (Hermann
and Lavender 1990, Oliver et al. 1990). Populations of both PIPO
and PSME originating from contrasting climates have exhibited
ecotypic adaptations that reflect the climate of origin (Sorensen
1983, Peri¢ et al. 2009, Du et al. 2014, Kerr et al. 2015).
Because drought results in stomatal closure and increased leaf
temperatures (Kolb and Robberecht 1996), populations from
drier climates are expected to also have greater heat tolerances.

In this study, we evaluated physiological responses to heat
stress in greenhouse-grown first-year germinant seedlings in
two populations each of PIPO and PSME originating from cli-
mates with contrasting precipitation and temperature regimes.
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We first quantified heat tolerance of detached needles using two
independent methods: chlorophyll fluorescence and electrolyte
leakage. We then evaluated whole-plant responses to heat stress
in situ by exposing seedlings to a simulated heat wave in a
growth chamber and monitoring chlorophyll fluorescence, photo-
synthesis, stomatal conductance, carbon isotope ratios and NSC
dynamics for 14 days after heat exposure. We hypothesized that
(i) populations originating from drier climates would display
greater homeostasis of physiological properties (chlorophyll
fluorescence, photosynthesis, stomatal conductance, intrinsic
water-use efficiency as estimated from carbon isotope ratios,
and NSC content and composition) indicating greater heat toler-
ance than those from wetter climates, and (ii) based on stability
of the preceding physiological properties, PIPO would display
greater heat tolerance than PSME.

Materials and methods

Plant material

Pinus ponderosa P. and C. Lawson (PIPO) and P. menziesii
(Mirb.) Franco (PSME) seeds were obtained from the Oregon
Department of Forestry and the USFS Pacific Northwest
Research Station, respectively. Two populations of each species
originated from a drier and a wetter climate (PIPOyy, PIPO,et,
PSMEy, and PSME,.;) based on mean annual precipitation
(MAP) and temperature for each population within each species
(Table 1, PRISM). PIPO4y, originated near Spray, OR (44.8343°N,
119.7944°W) on the east side of the Cascade mountains
~325 km from the coast, which has a MAP of 337 mm. PIPO,et
originated from the Willamette Valley, OR with climate similar to
Corvallis, OR (44.5646 N, 123.2620 W) on the west side of the
Cascade mountains ~84 km from the coast, which has a MAP of
1043 mm. PSMEy,, originated from near Tiller, OR (42.895 N,
123.0 W), which has a MAP of 1056 mm. PSME,,.; originated
from the Coast Range (44.851 N, 123.818 W), which has a
MAP of 3054 mm. For clarity, populations were named ‘dry’ and
‘wet’ based on relative differences in MAP between each popula-
tion within each species. Climate information of each population
is summarized in Table 1. Seeds were stratified in February of
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2014 and planted in 3 | pots with a peat—perlite—-pumice growing
mix (Sunshine LA4P, Sun Gro Horticulture, Agawam, MA) in a
temperature-controlled greenhouse in Corvallis, Oregon in March
of 2014. During the sampling campaigns in October and
November 2014, seedlings were ~10cm ftall, average daytime
temperature in the greenhouse was 22 °C, average nighttime tem-
perature 19 °C, average daytime relative humidity 67% and aver-
age daily maximum photosynthetic photon flux density (PPFD)
was 285 umol m™? s™' (see Table S1 available as Supplementary
Data at Tree Physiology Online). Average daily maximum PPFD
was 391 umol m™2 s™' for the growing season from April to
September. Seedlings were watered three times per week and fer-
tilized once every 2 weeks (12%N, 4%P,0s, 8%K;0).

Thermotolerance curves derived from chlorophyll
fluorescence

During October of 2014, two mature needles were collected
from each of five seedlings per population prior to dawn to
ensure needles were dark acclimated. Needles were placed in
closed plastic bags and immersed in a preheated water bath
(General Purpose Aquabath Model 2343, Thermo Fisher
Scientific, Marietta, OH, USA) for 15 min at 9 temperatures ran-
ging from 25 to 59 °C for PIPO and 12 temperatures ranging
from 25 to 61 °C for PSME. Different sets of needles were
exposed to each temperature. A fine-wire thermocouple in each
plastic bag recorded that needles reached each desired tem-
perature within 1 min. Chlorophyll fluorescence was measured
at room temperature with a portable pulse-amplitude modulated
chlorophyll fluorometer (Mini-PAM, Heinz Walz GmbH, Effeltrich,
Germany) 24 h after exposure to each temperature. Controls
were not exposed to a water bath treatment. During the 24 h
after temperature exposure, needles were stored in the dark on
moist filter paper in Petri dishes.

Chlorophyll fluorescence was measured as the ratio of vari-
able to maximum fluorescence (Fy/Fv) and the minimal level of
fluorescence (Fo) in the convention of Maxwell and Johnson
(2000). Fy/Fv is a proxy for the maximum quantum efficiency
of PSII photochemistry (Genty et al. 1989) and is calculated as

Table 1. MAP and mean minimum and maximum temperatures in winter (December—February) and summer (June—August) of each PIPO and PSME

population.
PIPOgry PIPOyet PSMEy, PSME et
Coordinates 44.8343°N, 44.5646°N, 42.895°N, 44.851°N,
119.7944°W 123.2620°W 123.0°W 123.818°W
Elevation (m) 621 71 750 401
MAP (mm) 337 1043 1056 3054
Winter (Dec.—Feb.)
Minimum temperature (°C) 2.7 1.2 0.2 1.5
Maximum temperature (°C) 8.4 8.6 9.1 8.3
Summer (Jun—Aug.)
Minimum temperature (°C) 10.7 10.2 10.4 9.2
Maximum temperature (°C) 32.4 25.8 26.9 2141
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Fo was induced by turning on a measuring light (red light-emitting
diode, 650 nm, 0.15 umol m2s! PPFD) with a pulse width of
3 us at a pulse modulation frequency of 0.6 kHz. F/Fy was then
determined by applying a 0.8-s saturating pulse of white light,
which transiently closed all PSIl reaction centers, minimized heat
dissipation and induced maximum fluorescence, allowing the
determination of variable fluorescence. Reductions in Fy/Fp indi-
cate stress-induced changes in photochemistry such as inhibition
of PSlI reaction centers and increased non-radiative (heat) dissipa-
tion. Optimal Fy/Fyv values are ~0.83 (Bjorkman and Demmig
1987). An increase in Fg indicates PSIl inactivation, damage to the
oxygen evolving complex and water splitting system, and disrup-
tions in electron donation to PSIl reaction centers (Yamashita and
Butler 1968, Weis and Berry 1987, Havaux 1996). We did not
measure Fo during continuous heating (e.g., Schreiber and Berry
1977) to avoid the confounding effects of previous temperature
exposure (e.g., Cunningham and Read 2006, Krause et al. 2010).

Thermotolerance curves derived from electrolyte leakage

During December of 2014, six needles were collected before
dawn from each of five seedlings per population and placed in
6 ml of deionized H,0O in 15 ml polycarbonate tubes. Samples
were infiltrated under vacuum for 15 min. Tubes were heated for
20 min in a preheated water bath at each of the eight desired
temperatures ranging from 30 to 65 °C. Different sets of nee-
dles were exposed to each temperature. Tubes were shaken for
1.5 h and the conductivity of the water in each tube was mea-
sured with a conductivity meter (Product catalog number
89094-958, VWR International, Radnor, PA, USA). Tubes were
then heated for 20 min in a 100 °C water bath and shaken again
for 1.5 h. The final conductivity of the solution represented the
electrolyte leakage of completely killed leaf tissue. Percent elec-
trolyte leakage or percent damage was calculated as

% Electrolyte leakage =
Conductivity after exposure to temperature (°C)

— x 100 2)
Conductivity after exposure to 100°C

Growth chamber heat treatment

Seedlings (N = 7 per PSME population, N = 10 per PIPO popula-
tion) were exposed to 45 °C for 1 h in a growth chamber (Model
[-35LVL, Percival, Boone, IA, USA) with cool white lighting (PPFD
= 25umol m™? s7"). The treatment temperature of 45 °C was
selected based on the chlorophyll fluorescence thermotolerance
curves and preliminary experiments at other temperatures that
showed that 45 °C induced enough heat stress to be damaging
without completely killing needles. This enabled us to evaluate
time courses of physiological responses to heat treatment. The
treatment temperature is also well above the temperature

optimum for photosynthesis between 20 and 30 °C across boreal,
temperate and tropical species (Teskey et al. 2015), but realistic
for soil surface temperatures experienced during conifer seedling
establishment (Kolb and Robberecht 1996). PSME seedlings
were heat-treated on 16 October 2014 and PIPO seedlings were
heat-treated on 17 November 2014 (see Table S1 available as
Supplementary Data at Tree Physiology Online). Plants were
watered to drainage directly before treatment to avoid drought
effects and to buffer changes in soil temperature during treatment.
Fine-wire thermocouples measured air, leaf and soil (~10cm
depth) temperatures during treatment exposure (see Table S2
available as Supplementary Data at Tree Physiology Online). Pots
were completely wrapped with reflective bubble wrap to isolate
the soil and roots from heat exposure. This prevented soil tem-
peratures from exceeding 23°C (see Table S2 available as
Supplementary Data at Tree Physiology Online), which is realistic
for soil temperatures in summer (Zheng et al. 1993, Kolb and
Robberecht 1996). Control plants were not exposed to a treat-
ment in the growth chamber. F,/Fv, photosynthesis, stomatal
conductance, foliar carbon isotope ratios and foliar NSC content
were monitored in control and treated plants prior to treatment
(Day 0) and 1, 2, 7 and 14 days after treatment in five randomly
selected plants per treatment group in each population.

Chlorophyll fluorescence, photosynthesis and stomatal
conductance

Fv/Fm was measured on five seedlings per treatment group and
population at ambient greenhouse temperature with a portable
pulse-amplitude modulated chlorophyll fluorometer (Mini-PAM,
Heinz Walz Gmbh) at predawn to ensure leaves were dark accli-
mated. Photosynthesis and stomatal conductance were mea-
sured between 10:00 and 13:00h on five randomly selected
seedlings per group and population using a portable photosyn-
thesis system (LI-6400, Li-Cor, Lincoln, NE, USA). In the cuvette,
PPFD was set to 1000 umol m=2 s, leaf temperature 25 °C,
reference [CO] 400 umol mol™" and flow rate 500 umol s~
Gas exchange was measured on flattened juvenile needles not in
fascicles. Needles were allowed to acclimate to cuvette condi-
tions as long as was required for photosynthesis and conduct-
ance levels to stabilize. Needles in the gas exchange chamber
were collected and their area was computed using Imagel soft-
ware. Measured projected leaf area was used to normalize gas
exchange values. Pretreatment (Day O) photosynthesis values
were estimated from photosynthesis-intercellular CO, (G) curves.
To compare intrinsic photosynthesis at the ambient atmospheric
CO, concentration of 400 umol mol™", photosynthesis was esti-
mated at the average G, value of the control (O min) group for all
sampling days.

Carbon isotope ratios

Five needles from each of five individuals were collected early
morning (directly after F,/Fm measurements were made) on
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each sampling date, immediately put on ice in a cooler, and
transported to the nearby laboratory where samples were micro-
waved for 90s to stop all enzymatic activity because NSC
assays were subsequently conducted on aliquots of the same
samples. The samples were then oven-dried at 75°C and
stored in a freezer before being ground to a fine powder.
Approximately 0.8 mg of dried needle powder was packed in tin
capsules for carbon combustion for subsequent analysis by an
isotope ratio mass spectrometer. The carbon isotopic ratio
(8"3C) was recorded as deviations per mil (%0) from the Vienna
Peedee Belemnite international standard. Samples were ana-
lyzed for 8'3C at Oregon State University’s College of Earth,
Oceanic, Atmospheric Sciences stable isotope laboratory.
Samples were flash combusted using a Carlo Erba elemental ana-
lyzer (NA 1500, Thermo Scientific, Waltham, MA, USA), and the
resulting CO, was analyzed by a Delta Plus XL continuous-flow
mass spectrometer (Finnigan MAT, now Thermo Scientific). Runs
were calibrated daily using the international standards USGS40
(glutamic acid) and ANU sucrose. The typical error was + 0.1%o
or less as determined by repeated measures of internal quality
control standards (IAEA-600) and from sample replicates.

The 8'3C of leaf tissue (8'>Ciear) reflects the 8'3C of CO; in
the atmosphere (8'°C,;), the fractionation against the heavier
carbon isotope ('3C) due to physiological processes and the
ratio of the concentration of CO, inside the leaf (G) to that in the
ambient air (C,):

§13Ciot =51°Cay — a = (b — @)= 3)
G

where a is the fractionation effect of diffusion of CO, through
stomata (4.4%o), and b is the fractionation effect (27%o) asso-
ciated with discrimination against '>C by the enzyme RUBISCO
during carbon fixation (Farquhar et al. 1982, Farquhar and
Richards 1984). &' 5Cieat is also an integrated measure of intrin-
sic water-use efficiency (iWUE) at the time the tissue was
formed where greater 8'>Ci.s (i.e., less negative) indicates
greater iWUE (Farquhar et al. 1989) and drought resistance
(Hubick et al. 1986, Jones 2009). Therefore, carbon isotope
ratios can indicate ecotypic differences in drought resistance
across populations of a species when grown in a common gar-
den situation (Hubick et al. 1986, Zhang et al. 1993, Kerr et al.
2015). Changes in carbon isotope ratios of mature leaves over
time can also reflect turnover of NSCs as regulation of photosyn-
thetic gas exchange varies seasonally or following imposition of
stress (Gutierrez and Meinzer 1994, Damesin et al. 1998,
Scartazza etal. 2013).

Non-structural carbohydrates

The ground needle samples used for §'°C analyses (described
above) were also analyzed for content of total NSC, starch,
sucrose and glucose + fructose as described by Woodruff and
Meinzer (2011). Water was added to the powdered samples and
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NSC was extracted from the solutions by heating them in steam
for 1.5 h. The concentration of free glucose + fructose was deter-
mined photometrically on a 96-well microplate photometer
(Multiskan FC, Thermo Scientific) after enzymatic conversion of
glucose + fructose to gluconate-6-phosphate. Samples were hyd-
rolyzed by enzymatic treatment: invertase for sucrose and amylo-
glucosidase for total NSC. Photometric analysis was based on
absorbance of samples at 340 nm in solution with reference to
the absorbance of a glucose reference solution. Total NSC was
calculated as the sum of starch, sucrose and glucose + fructose.
NSC values are presented as % dry weight.

Statistics

Fv/Fnm values were converted to a percent scale so that the
Fv/Fm value of the untreated (control) group was considered
100% (no damage). For ease of comparison with the Fy/Fy
thermotolerance curves, the percent electrolyte leakage axis
(y-axis) was inverted in figures. Thermotolerance curves
assessed with Fy/Fy and electrolyte leakage were determined
from third-order sigmoidal functions fitted to the data:

f=a/(1 + exp( — (x=x0)/b)) (4)

where f is the percent of untreated (control) Fy/Fy or percent
electrolyte leakage, x is the treatment temperature, and a, xo and
b are fitting parameters. From this equation, thermotolerance
parameters were determined: Tso of F\/Fv is the temperature
that caused a 50% reduction in untreated (control) Fy/Fm. Tsq
of electrolyte leakage is the temperature that caused a 50%
increase in percent electrolyte leakage or percent damage. The
temperature at which Fo begins to rise in response to increasing
temperature (T.;) was determined from the intersection of two
regression lines extrapolated from the slow- and fast-rising por-
tions of the Fo-temperature curve (Schreiber and Berry 1977).
A two-sample t-test was used to compare the T5os assessed
from the Fy/Fv and electrolyte leakage methods, and to compare
Tso and T between populations and species.

A three-way factorial linear mixed-effects model was developed
with treatment (control, heat), type (speciesyopuiation: i-€. PSMEqgy,
PSMEyet, PIPOg4y, and PIPO,) and day (O, 1, 2, 7 and 14) as
fixed main effects. The nested random effect in the model was
plant. Response variables were F/Fu, photosynthesis, stomatal
conductance, §'3C, total NSC, starch, sucrose and glucose + fruc-
tose. To choose a correlation structure that would account for the
repeated measurements of plants through time, four models that
allowed for different residual correlation structures were fit and
selected based on the minimum Bayesian information criterion
value. Assumptions of constant variance and normality were
checked using residual and quantile—quantile plots. Log transfor-
mations were necessary to meet assumptions for stomatal con-
ductance, total NSC, starch, sucrose and glucose + fructose. For
ease of interpretation, we present back-transformed data in
results and figures. All interactive and main effects of factors on
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the response were tested using marginal F-tests (also known as
Type lll tests) that account for unbalanced sample sizes. Post hoc
comparisons were made using a 95% confidence interval and
P < 0.05. Due to sufficient degrees of freedom, we did not make
multiple comparisons corrections. If no significant differences
existed among populations, treatments and/or days, the response
variable was pooled by averaging over population, treatment and/
or day to simplify data visualization. Statistical analyses were con-
ducted in SigmaPlot 13.0 (Systat Software, San Jose, CA, USA)
and R version 3.2.3 (2015-12-10, The R Foundation for
Statistical Computing, Vienna, Austria).

Results

Needle thermotolerance curves

Mean + SE Fy/Fv of untreated, detached needles was 0.72 +
0.003 for PIPOgyy, 0.73 £ 0.004 for PIPO,yr, 0.75 + 0.006 for
PSMEg4, and 0.74 + 0.004 for PSME, and did not signifi-
cantly differ between populations or species (P > 0.05).
Thermotolerance curves based on Fy/Fy, electrolyte leakage
and F, showed that PSME was less heat sensitive to tempera-
tures >50 °C than PIPO regardless of population (Figure 1).
Tso and T did not show significant differences between popu-
lations but did show significant differences between species
where Tso (Fy/Fm), Tso (electrolyte leakage) and T were sig-
nificantly greater in PSME than PIPO (P < 0.05, Table 2).

Whole-plant responses to heat stress

Interactions among the main effects (treatment, type (i.e., spe-
ciespoputation: PIPOgry, PIPOyet, PSMEg,,, PSME,.t) and day) on
Fy/Fw, photosynthesis, stomatal conductance and 8'>C are sum-
marized in Table 3. F,/Fyn was significantly affected by treatment
and day, and the interaction between treatment and day was sig-
nificant (P < 0.0001, Table 3) but the effect of type was not sig-
nificant (P = 0.9552, Table 3). Because there were no
significant differences in Fy/Fy, photosynthesis and stomatal
conductance between populations within species, populations
were pooled (Figure 2). Heat treatment significantly and simi-
larly reduced Fy/Fv 1 and 2 days after treatment in both species
(Figure 2a and b). Both species did not recover to pretreatment
(Day O) Fy/Fv values until Day 7. Fy/Fv values of controls did
not differ between species.

Photosynthesis was significantly affected by treatment, spe-
cies and day, and all interactions among main effects were sig-
nificant (P < 0.05, Table 3). Photosynthesis was significantly
greater in PIPO than PSME on Days O, 2 and 7 in controls and on
Days O and 2 in the heated group (Figure 2c and d). One day
after heat treatment, photosynthesis of treated PIPO significantly
declined by 81% relative to Day O values and became signifi-
cantly lower than that of treated PSME. Photosynthesis of treated
PIPO recovered to control values on Day 14, although photosyn-
thesis on Day 14 was not significantly different from that on

100

2 _o— PIPOdry+wet 1

—0— PSMEdry+wet
0 b - - :

800 1

600 1

400 1

o (relative units)

200 + 1

20 1

40t 1

60 - .

% Electrolyte leakage

100 1 1 1 1
30 40 50 60

Temperature (°C)

Figure 1. Thermotolerance curves measured with F/Fy (a), F, (b) and
electrolyte leakage (c) as a function of temperature for dry, wet and
dry + wet populations of PIPO and PSME used to derive thermotolerance
parameters: Tso (Fv/Fm), Tso (electrolyte leakage) and Tt (Fo), respect-
ively. N = 5. Error bars represent SE.

Days 2 and 7. In contrast, photosynthesis of the PSME treatment
group did not significantly change with day nor differ from the
PSME control group.

Stomatal conductance was significantly affected by species
and day (P < 0.0001, Table 3), but not treatment (P = 0.2411,
Table 3). Stomatal conductance of PIPO was significantly greater
than PSME on all days in the controls (Figure 2e). This pattern
held in the heated group with the only exception on Day 1 after
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Table 2. Thermotolerance parameters (°C) derived from curves of F\/F, electrolyte leakage and F, as a function of treatment temperature for dry, wet
and dry + wet populations of PIPO and PSME. Uppercase letters indicate significant differences between species. There were no significant differences
between populations. Asterisks indicate significant differences in Tso between F,/Fyv and electrolyte leakage methods.

PIPOgry PIPOyet PIPOgry-+wet PSME4y, PSME,et PSMEgry-+wet
Tso (Fv/Fm) 48.8 +1.4* 50.5+0.41* 49.6 +0.76 B* 52.8 +1.2* 52.0+0.22* 52.4 +0.29 A*
Tso (electrolyte leakage) 61.8+1.8* 61.6+1.7* 61.7 + 1.6 B* 63.6 + 1.5* 66.0 +2.4* 64.8 + 2.3 A*
Tarit (Fo) 45.1+0.33 423+1.1 443+1.08B 48.1 +£0.88 483 £0.30 482 +0.45A

N = 5. Significance level is at P < 0.05. Means + SE.

treatment when stomatal conductance of treated PIPO signifi-
cantly declined from Day O by 42% and did not differ from that
of treated PSME (Figure 2f). In contrast, treated PSME stomatal
conductance did not significantly change between Days O and 1.
Treated PIPO and PSME stomatal conductance changed with day
but not in a consistent pattern.

8'3C was significantly affected by type (speciespopuiations P =
0.0157) and day (P < 0.0001), but not treatment (P =
0.2123, Table 3). Because &'3C was not significantly affected
by treatment (P = 0.2123) and the interaction between day and
type was also not significant (P = 0.3381), control and treat-
ment 8'>C were pooled for all sampled days in Figure 3. In con-
trast to all other response variables, 8'>C significantly differed
between populations (P = 0.015 for PIPO, P = 0.032 for PSME)
but not between species when populations were pooled (P =
0.48, Figure 3). PSME,; and PIPOy,¢; 8'>C values were signifi-
cantly more negative (i.e., lower) than those of PSMEy, and
PIPOgyy (Figure 3).

Interactions among the main effects (treatment, type and day)
on total NSC, starch, sucrose and glucose + fructose are sum-
marized in Table 4. NSC constituents of populations within spe-
cies did not significantly differ so populations were pooled within
species. Total NSC was significantly affected by day (P =
0.0009) and marginally by treatment (P = 0.0465, Table 4).
Total NSC did not differ between species in the control group
and only differed between species in the treatment group on
Days 7 and 14, and not in a consistent pattern (Figure 4a and
b). Starch was significantly affected by day (P = 0.0001) and
the interaction between treatment and day was significant (P =
0.0001). Starch of treated PIPO significantly declined at Day 2
relative to Day O before increasing back to pretreatment values
at Days 7 and 14 (Figure 4c and d). In contrast, starch of treated
PSME steadily declined from Day O to Day 14 and was signifi-
cantly lower than pretreatment values by Day 14. Starch of con-
trol PIPO and PSME did not significantly change with day.
Sucrose was significantly affected by treatment (P = 0.0203),
type (P = 0.0051), day (P = 0.002) and the interaction
between treatment and type was significant (P = 0.0008).
However, sucrose of both PIPO and PSME treatment groups did
not significantly differ from that of controls on any day. Sucrose
of the heated group only differed between species at Days 1
and 14, and not consistently, while sucrose did not significantly
differ between species in the controls (Figure 4e and f). Glucose

+ fructose was significantly affected by day (P < 0.0001) and
the interaction between type and day was significant (P =
0.0033). Glucose + fructose of both heat-treated PIPO and
PSME spiked on Day 2 before declining back to pretreatment
values by Day 14 (Figure 4g and h). Control glucose + fructose
increased with day in PSME but did not change with day in PIPO.
Starch and glucose + fructose of both species were negatively
related in the treatment group (P = 0.049, R* = 0.40) but not in
the controls (Figure 5).

Discussion

Thermotolerance assessments

Contrary to our hypothesis, PSME had a greater Tso assessed
with both F,/Fy and electrolyte leakage and T.;; assessed from
Fo than PIPO, suggesting that PSME was more heat tolerant than
PIPO. This is surprising given the habit of PIPO to establish on
sunny, dry sites that experience higher temperatures than the
cooler, moister sites on which the relatively more shade-tolerant
PSME establishes (Hermann and Lavender 1990, Oliver et al.
1990). This result, however, is consistent with a study on
co-occurring field-grown Pinus halepensis and Quercus ilex
where Méthy et al. (1997) also hypothesized that P. halepensis,
which naturally occurs under warmer and drier conditions and
has become more dominant than Q. ilex in southern France,
would be more heat tolerant than Q. ilex. However, the authors
found that P. halepensis was less heat tolerant than Q. ilex,
underscoring that leaf heat tolerance is not always directly indi-
cative of a species’ distribution pattern and that other life history
strategies related to reproductive age, germination rate and dor-
mancy may also impact species’ distributions (Méthy et al.
1997). In our study, life history strategies related to seasonal
shifts in heat tolerance and rooting may help to elucidate our
unexpected results. Heat tolerance of PSME seedlings remains
the same year round, whereas that of PIPO has been observed
to fluctuate seasonally where heat tolerance declines during dor-
mancy when it becomes fully cold-hardy (Burr et al. 1993). The
thermotolerance curves in this study were constructed in
October when dormancy of field-grown plants begins, which
may be why PIPO appeared to be less heat tolerant than PSME.
Another explanation for the lower heat tolerance in PIPO than
PSME may be related to rooting strategies. Unlike PSME, which
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10.0 <0.0001
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4

12.2 <0.0001
0.0123 2
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58
59
59
59

4

<0.0001
0.7322 2
<0.0001

141.0

713

Day

0.6226
0.0172
0.3381
0.1711

0.25
4.55

0.4141

0.90
0.1

58
57
57
57

4.8
4.5

0.12
131.6

62
713

1

Treatment x Type
Treatment x Day

Type x Day

0.9451 2

0.0030 4 9

4

2
1.85

1.1

01735 2

1.5
1.7

0.0017 8

3.6
2.1

0.99 0.4103 8

0.45

713

0.0456 38 0.1218 2

0.7692 8

713

Treatment x Type x Day 4

5. Bold P values indicate P < 0.05. Type = PIPOgyy, PIPOyet, PSMEq, and PSME,e;. NumDF and denDF are the degrees of freedom in the numerator and denominator, respectively.

N=

has a relatively shallow root system, PIPO has a deep root sys-
tem that enables it to access deep soil water and maintain sto-
matal conductance and evaporative cooling during drought
(Kolb and Robberecht 1996, Kerr et al. 2015). This is consist-
ent with the observed greater stomatal conductance in PIPO than
PSME (Figure 2). Thus, if grown in the same environment, PSME
may experience higher leaf temperatures than does PIPO, which
would require a greater heat tolerance in PSME (Cunningham
and Read 2006). PIPO seedlings that survived a summer
drought in the field used transpiration to maintain leaf and stem
temperatures 15 and 30 °C, respectively, further below the sur-
rounding air temperature than those that died (Kolb and
Robberecht 1996). Consistent with these findings, PIPO seed-
lings were less susceptible to drought-induced mortality than
PSME seedlings in a common garden experiment (D. Marias,
unpublished observations; Rother et al. 2015).

Regardless of population or species, Tso measured with elec-
trolyte leakage was significantly greater than Tso assessed using
Fv/Fm (Table 2, Figure 1), indicating that PSIl was more sensi-
tive to heat than cell membranes (Cunningham and Read 2006).
This highlights that different plant processes and tissues have
different heat tolerances and that overall heat tolerance is diffi-
cult to evaluate with one metric (Bilger et al. 1987, Larcher
1995, Schreiber etal. 1995, Teskey et al. 2015).

The mean untreated F/Fyv range of 0.72-0.75 for both
populations and species is lower than optimal values of 0.83
(Bjorkman and Demmig 1987), which could be related to the
low PPFD conditions in the greenhouse. However, the Fy/Fy
range is similar to previously reported values for PIPO and PSME
in fall and winter, similar to the timing of this experiment
(Marshall et al. 2001, Adams et al. 2002). Regardless of popu-
lation and species, F/Fn thermotolerance curves began to sig-
nificantly decline above ~40°C (Figure 1a), which is also
observed in tropical species (Krause et al. 2010) and is consist-
ent with the finding that optimal leaf temperatures are relatively
conserved from subtropical to boreal biomes (Helliker and
Richter 2008). F\/Fnm declined to O at ~55-58 °C in both spe-
cies, which is <63 °C, the stem temperature of PIPO seedlings
that resulted in mortality (Kolb and Robberecht 1996). This sug-
gests that needle thermotolerance is lower than stem thermoto-
lerance and is consistent with the conclusion that stem
temperatures may be a better indicator of seedling mortality than
leaf temperatures (Kolb and Robberecht 1996).

Responses to simulated heat wave

Both species exhibited significant reductions in F,/Fy on Days 1
and 2 after heat treatment (Figure 2), indicating substantial
heat-induced damage including impairment of PSII reaction cen-
ters and disruptions in electron transport (Maxwell and Johnson
2000, Sharkey 2005, Chen et al. 2012, Zhang et al. 2012).
However, heat treatment induced more significant reductions in
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Figure 2. Time courses of mean Fy/Fyv (a and b), photosynthesis (c and d), and stomatal conductance (e and f) of PIPO and PSME in control (a, c and
e) and heat treatment (b, d and f) groups. Uppercase letters indicate significant differences between species within each day and group. Lowercase let-
ters indicate significant differences among days within species and group. Asterisks indicate significant differences between control and heat treatment

groups within species and day. N = 10. Error bars represent + SE.

Fv/Fm than gas exchange in both species (Figure 2). This is con-
sistent with evidence that PSIl is the most heat-sensitive compo-
nent (Havaux 1996) and that reductions in F/Fw can occur
without corresponding shifts in photosynthesis (Baker 1991,
Murchie and Niyogi 2011). Only PIPO displayed a transient
reduction in photosynthesis and stomatal conductance 1 day
after treatment, which recovered to stable photosynthesis values

by Day 2. The transient decline in gas exchange only in PIPO is
consistent with the lower Tsgs, Tt and apparent heat tolerance
of PIPO compared with PSME (Table 2, Figure 1) because
chlorophyll fluorescence is a proxy for overall photosynthetic
performance (Maxwell and Johnson 2000). The greater relative
decline in PIPO photosynthesis (81%) than stomatal conduct-
ance (42%) indicates that the ratio of photosynthesis to
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represent + SE.

stomatal conductance or iWUE (Farquhar et al. 1989) declined
after treatment while that of PSME did not change. Although
photosynthesis and stomatal conductance are often correlated,
the smaller decline in stomatal conductance than photosynthesis
in PIPO allowed evaporative cooling to occur when water supply
was adequate. This was also observed in loblolly pine (Pinus tae-
da) seedlings in response to a 12 °C heat wave under well-
watered conditions (Ameye et al. 2012).

Consistent with previous work, NSC dynamics after heat
stress were variable (Sala et al. 2012, Bita and Gerats 2013,
Escanddn et al. 2016). Although heat treatment did not affect
total NSC or sucrose, heat treatment did induce a significant
negative relationship between starch and glucose + fructose
that was not observed in controls (Figure 5). In PSME from Days
0 to 2, starch declined while glucose + fructose increased, and
in PIPO on Day 2, starch was lowest when glucose + fructose
was highest (Figures 4 and 5). This may indicate new produc-
tion of glucose + fructose with concurrent consumption of starch
and/or the conversion of starch to glucose + fructose
(Geigenberger 2011) in response to heat treatment. Matias
etal. (2016) also observed an increase in total soluble sugars in
response to elevated temperature in eastern and western prove-
nances of silver fir (Abies alba Mill.) seedlings, and Lafta and
Lorenzen (1995) found that starch declined in potato leaves in
response to heat stress. The lack of treatment effect on sucrose,
the end product of photosynthesis, suggests that this pattern
was due to the conversion of starch to sugars rather than new
production of photosynthate. Consistent with this, leaf §'3C,
which can indicate turnover of NSC if 8'>C shifts (Gutierrez and
Meinzer 1994, Damesin et al. 1998, Scartazza et al. 2013),
was also not affected by treatment. The accumulation of glucose
+ fructose in response to heat treatment may indicate the alloca-
tion of NSC to repairing the heat-induced damage (as indicated
by Fy/Fwm, Figure 2). Glucose + fructose are necessary for

Table 4. Marginal F-tests for total NSC, starch, sucrose and glucose + fructose.

Glucose + fructose

Sucrose

Starch

Total NSC

P value

numDF  denDF  Fvalue

1
1
1

P value

numDF  denDF  Fvalue

1
1
1

P value

numDF  denDF  Fvalue

1
1
1

P value

numDF  denDF  Fvalue

132.7 <0.0001

97

<0.0001

472.7

80
62

0.0003
0.7389
0.1545
0.0001
0.1944
0.0001
0.1802
0.0548

14.2

96
62

571.1  <0.0001

97

Intercept

0.0699
0.1583
<0.0001

3.4
2.0

62

0.0203
0.0051

5.7

0.11

0.0465
0.3101

4.1

62

Treatment

62

8.4

62

2.1

62

1.0
5.1

62

Type (Spedespopulation)

Day

97

0.0002 4

6.1
12.3

80
62

4

1

7.0
1.7
6.4
1.6
2.4

96
62

0.0009 4

97

0.5581

0.3542
0.0033
0.6379

0.35

1.1

62

1

0.0008
0.8678
0.7845
0.3294

1

0.1845
0.1041
0.0688

1.8
2.0
2.3
2.7

62

Treatment x Type
Treatment x Day

Type x Day

97

4
4
4

0.31
0.

80
80
80

4
4
4

96
96
96

4
4

97

4.2

97

43

97

0.63

97

1.2

97 0.0374 4

Treatment x Type x Day 4

5. Bold P values indicate P < 0.05. Type = PIPOyyy, PIPOyet, PSMEy, and PSME,,;. NumDF and denDF are the degrees of freedom in the numerator and denominator, respectively.

N=
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osmoregulation, maintaining cell water balance and membrane
stability (Bita and Gerats 2013), and higher glucose levels have
been associated with higher heat stress tolerance (Liu and
Huang 2000, Xiong et al. 2015). Although heat-treated PSME
demonstrated no shifts in gas exchange, starch of heat-treated
PSME steadily declined with day unlike controls (Figure 4c and
d). This suggests that heat stress can influence NSC dynamics
without changes in gas exchange in PSME. These findings sup-
port that the shifts in starch and glucose + fructose (Figure 5)
were related to NSC demand (i.e., repair, metabolism) rather
than supply (i.e., gas exchange). Although this study was con-
ducted under well-watered conditions, it is likely that high tem-
perature stress will substantially impact carbon metabolism
during drought (Adams et al. 2013).

Population differences

We found no significant differences in thermotolerance para-
meters (e.g., Tso, Terit), gas exchange or NSC between popula-
tions from different climates of origin (Table 2), consistent with
other studies (Maherali et al. 2002, Daas et al. 2008, Gimeno
et al. 2009). This may be because our seedlings were grown in
and were acclimated to the same environmental growing

conditions in the greenhouse. This was also the case in a com-
mon garden experiment where coastal and desert species
expected to have heat tolerances reflecting the contrasting cli-
mates of origin did not display population differences in heat tol-
erance based on chlorophyll fluorescence (Knight and Ackerly
2002). Similarly, Gimeno et al. (2009) found that the heat toler-
ance based on chlorophyll fluorescence of Q. ilex seedlings
increased with increasing exposure to drought and Ghouil et al.
(2003) found that T increased with greater acclimation tem-
perature independent of climate of origin. Together, these sug-
gest that phenotypic plasticity to the environmental growing
conditions may override ecotypic adaptations to the climate of
origin (Gimeno et al. 2009) in terms of heat stress responses.
However, population differences may become more apparent
under greater heat stress (Matias et al. 2016) than that applied
in this study.

In contrast to the thermotolerance parameters and heat stress
responses, &' >C significantly differed between populations and
reflected each population’s climate of origin and associated
drought resistance. The 8'>C values were lower than previously
reported due to the relatively higher [CO;] in the greenhouse,
common in greenhouse studies (Matias et al. 2016). PIPOgy,
and PSME,, from climates with lower MAP had greater mean
§'3C than the PIPO,e and PSME, e populations from climates
with higher MAP (Table 1, Figure 3). As 8'C is a proxy for
iWUE (Farquhar et al. 1989) and drought resistance (Jones
2009), these data provide support for ecotypic variation in
iWUE between populations where populations from drier cli-
mates have greater iIWUE and drought resistance than those
from wetter climates (Schulze et al. 1998, Diefendorf et al.
2010, Kerr et al. 2015). Greater iWUE potentially increases the
ratio of carbon gained to water lost through stomata, which
becomes increasingly important during drought when plants bal-
ance the competing risks of hydraulic failure and impaired car-
bon assimilation. Thus, populations with greater iWUE are better
adapted to cope with drought stress. Although populations dif-
fered, 8'°C did not significantly differ between species when
populations were pooled. This study was conducted under well-
watered conditions but species differences may emerge under
drought stress (Matias et al. 2016), given the different drought
tolerances and rooting strategies between species. Our results
suggest that thermotolerance and heat stress responses may be
governed by phenotypic plasticity while drought resistance
appeared to be determined by ecotypes and the climate of ori-
gin. This may be because the difference in MAP between wet
and dry populations was greater than temperature (Table 1).

Conclusions

Due to the projected increases in the frequency of heat waves
and drought, the high vulnerability of the seedling developmental
stage to heat stress at the soil surface, and the major impacts of
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temperature and seedling survival on species’ distributions,
characterizing seedling physiological responses to heat stress is
crucial. This study emphasizes that leaf thermotolerance is only
one metric describing how seedlings manage heat stress and
that mitigating heat stress involves whole-plant traits and strat-
egies likely including stem thermotolerance, seasonal shifts in
thermotolerance and rooting strategies. Heat stress influenced
seedling NSC dynamics, providing more evidence that heat
stress will impact carbon metabolism during drought. The results
also suggest that population differences in drought resistance
were driven by climate of origin while heat stress responses
were governed more by phenotypic plasticity and acclimation to
environmental growing conditions. This is important to consider
when predicting responses to future climatic change and identi-
fying physiological mechanisms underpinning shifts in species’
distributions.

Supplementary Data

Supplementary data for this article are available at Tree
Physiology Online.
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