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Climate extremes are likely to occur more frequently in theifure, including a combination
of heat waves and drought. However, the responses of trees t@ombined stress and
their post-stress recovery are not fully understood yet. Térefore, this study investigated
the responses of semi-aridPinus halepensisseedlings to moderate drought, heat and
combined heat-drought stress, as well as post-stress recoery. The seedlings were
grown under controlled conditions and exposed to two 4-dayslong heat periods,
reaching air temperature maxima of 42C and vapor pressure de cit (VPD) of 7 kPa.
Day- and nighttime canopy gas exchange was measured and défences in shoot and
root allocation of non-structural carbohydrate (NSC) compunds (soluble sugars, starch,
cyclitols, and carboxylic acids) assessed. Fluorescencegrameters, nitrate levels, proline
content and shoot water potential ) provided additional indicators for stress severity
and recovery performance. During the heat periods, net phasynthesis and stomatal
conductance decreased immediately. This decline was moddsunder well-watered
conditions, with transpiration and dark respiration ratesemaining high and despite
reductions in root NSC content, trees recovered following @at release. This was not
the case in the heat-drought treatment, where stress resudtd in high mortality rates
and the few surviving seedlings showed reduced gas exchangeates and low root
NSC content, while leaf nitrate and proline remained elevadl even 3 weeks after heat
release. Shoot% indicated that hydraulic failure was not the reason for moality in the
heat-drought seedlings. Instead, we argue that low transpation rates, which resulted
in needle temperatures>47 C during heat stress (6C above air temperature) have
caused irreversible damage. In summary, it could be demonsited that heat waves
in combination with moderate drought can either result in icreased mortality or, if the
seedlings survive, in delayed recovery. This highlightsetpotential of an increase in heat
wave temperatures to trigger forest decline in semi-arid ggons.
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INTRODUCTION C loss can become larger than C uptakéhgo et al., 2073
and NSC reserves in trees may deplete. In addition, shoot-to-
Forest dieback related to climate extremes has been olusgrve root allocation patterns are sensitive to stress. While reduc
most regions of the worldAllen et al., 2010; Anderegg et al., C transport from shoots to roots under drought conditions has
2012, 201p In particular heat waves combined with drought, peen observedRuehr et al., 2009; Zang et al., 2014; Blessing
which are increasing in frequency and duratiofig¢ehl and et al., 201} C allocation toward roots can increase under high
Tebaldi, 2004; Schar, 20Q}%ould be a major trigger of tree temperaturesglessing et al., 20).3However, it remains unclear
mortality (Williams et al., 2012; Allen et al., 2Q1%et our how such changes in C allocation may a ect the resilience of
understanding of physiological processes within trees tdsugrees. For example, the formation of speci ¢ C compounds, such
extremes is scarce. as proline or sugar alcohols can prevent protein denaturation
Trees tightly regulate stomatal conductaneg) (o balance at high temperaturesHamilton, 2001; Jaindl and Popp, 2006
water supply and water loss. The close coordination betwesn leThe amino acid proline can also act as osmolyte, antioxidative
water potential ¥ and gs during drought conditions has been defense and membrane stabilizing moleculerpruggen and
reported manifold {arvis, 1976; Burghardt and Riederer, 2003Hermans, 2008; Szabados and Savouré,)2tiaddition, large
Ripullone etal., 2007; Klein and Niu, 2014; Anderegg et al§20 NSC reserves will be critical to sustain high respiration sate
while the responses dafs to changes in evaporative demand, This indicates a potentially important role of the primary C
particular in combination with high temperatures is less tlea metabolism in mitigating long-term damages and hence could
During experimental heat wave conditiorgs,has been found to  in uence post-stress recovery. It can be speculated thatlbesi
decline {fatarinov et al., 2015; Duarte et al., 2016; Ruehr et alactual tissue damage, the amount of C maintained duringsstre

2016; Drake et al., 20)L®r to be not aected fmeye et al., could also be a driving force of repair mechanisi@sijano et al.,
2019 or even to increaserban et al., 2017a)bDespite such 2017.

di erences in stomatal responses, most heat wave studies havefFollowing stress release, the ability of trees to recowen fr

found transpiration ) to increase under high soil water content. heat waves depends on stress severity, which is directlgircad
At rst, this seems counterintuitive, but can be explained byby heat exposure{iive et al., 201)11f heat waves are additionally
increases in evaporative demand, which stimul&esd thus is  combined with drought, evaporative cooling is diminished and
cooling of the leaf. canopy temperature increaseéxcherrer et al., 20).1This should
IncreasedE causes water-use e ciency (WUE) to sharply then accelerate stress-induced damage and potentially slelay
decrease, because photosynthesis typically declines at highst-stress recovery. Semi-arid regions are at particulsi ri
temperaturesAmeye et al., 2012; Tatarinov et al., 2015; Duartgecause air temperatures are already high so that even & sligh
etal., 2016; Ruehr et al., 2016; Urban et al., 2017b; Drake et @farming can surpass critical levels, especially when evaperati
2019, which results in a pronounced carbon-water decouplingcooling is low Rotenberg and Yakir, 2010; Liu et al., 2p13
during heat waves[{rake et al., 2018 The underlying reasons Regeneration in semi-arid forests might especially be jeopeddi
for the strong decline of photosynthesis under heat stress abecause seedlings are most vulnerable to desiccation dug/to lo
manifold and include decreases igs (Ruehr et al., 2006  rooting depth (limited water supply) and exposure to particularly
reduced enzymatic activity-aldimann and Feller, 2004; Rashid high temperaturesiolb and Robberecht, 1996
et al., 201§ inactivation of integral proteins and increased The present study investigates the impacts of high
membrane leakageQUinn, 1988; Hays et al., 2001; Zhang anttemperatures under well-watered and dry conditions on
Sharkey, 2009; Watson, 2Q.18r a combination of in uences seedlings oPinus halepensisriginating from one of the driest
(Duarte et al., 2016 In addition, increased photorespiration pine forest plantations in the world, located in the Negev dese
(Teskey et al., 20)5nd mitochondrial respiration decreases (Rotenberg and Yakir, 20).0In this region, short heat waves
photosynthetic e ciency. Temperature thresholds resulting  frequently occur that already aects the forests carbon and
permanent photosynthetic and whole-leaf damage are reportelater cycling {atarinov et al., 2095 For future conditions,
to range between 40 and 30 (Colombo and Timmer, 1992; jt is expected that temperatures are increasing further and
Hive etal., 2011; Osullivan et al., 2017; Niinemets, 2R&&ep  precipitation during winter is decreasing(orgi and Lionello,
etal., 201§ whereas the exact threshold depends on species, the0s: Tabari and Willems, 20)L8Thus, the trees might be
duration of exposure, water availability and adaptive meliabo pushed beyond their stress tolerance limits and the survival
responses. of this unique forest might be at risk. In order to increase
Besides direct tissues damage, temperature increments a Q@iderstanding of Aleppo pine's responses to expected extreme
tree C allocation dynamicsZfao et al., 2013; Ruehr et al., heat waves we investigated shoot gas exchange, uorescence
2019. Because respiration typically increases with temperaturgarameters, and some primary metabolites in shoots and roots
in a greenhouse experiment under controlled environmental
Abbreviations: Anet, light-phase carbon assimilation/net photosynthesis; C, xed conditions. In particular the following research questiomsre
carbon;E, transpiration;Egay, light-phase transpiratiorgs, stomatal conductance; addressed: (1) How does shoot gas exchange and water-use
NS'C,lnon—structural carbor§, osmotic poten'tial.; PAR, photgsynt.hetic ggtive e ciency respond to a simulated heat waves with or without
radlatlon;o/qlleafwgter potential; {k, dark res_p|rat|on; F_?H,rglatlve air humidity; drought and dogs, photosynthesis an& also depend on vapor
RSW, relative soil water content; TCA, Tri-carboxylic acid cy®ED, vapor e X . X
pressure de cit; WUE, water-use e ciency; WUEa, apparent wateraisiency; ~ Pressure de cit? (2) What are the main drivers of metabolite
WUEI, intrinsic water-use e ciency. dynamics and do they a ect the allocation between shoots and
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roots? (3) Are heat and heat-drought stress responses fulbalibrated probes (10HS, Decagon Devices, Inc., WA, USA).

reversible post-stress? All environmental sensors produced half-hourly data thateve
recorded with data loggers (CR1000, Campbell Scientic, Inc.

MATERIAL AND METHODS uspa. o

. . Soil moisture is given as relative soil water content (RSW) as
Plant Cultivation and Initial Pre-treatment follows:
Conditions
_P|nus hale_pen8|$M|IIer) seedl_lngs_ were grown from _seeds (SWGample  SWGnin)
in a scienti ¢ greenhouse facility in Garmisch-Partenkien, RSWD 100 SW SWen @
Germany (732ma.s.l., 427832.8PN, 11 3%44.08%). The origin (SWGnax Ginin)

of the seed material is a 50-years-old Aleppo pine plantatiowhere SWGympieis the actual volumetric soil water content,

in Israel (Yatir forest). Cones of trees were sampled growinGWGi, is the minimum volumetric soil water content after

in close-proximity to a meteorological station and ux tower drying the soil for 48 h at 6@C. SWGhaxis the soil water content
(IL-Yat, 650m a.s.l., 320%9.2X, 350307.2E). About 2-4 at maximum water holding capacity, which was about 206 cm
weeks after germination of seedlings in Germany, the segsllinL 1 (20% v/v) for our substrate.

were transferred to 1L pots each, containing a mixture (2:8 . .

of quartz sand (0.7 and 1-2mm) and vermiculite (ca. 3mm¥EXPerimental Conditions

with 2 g of slow-release fertilizer (OsmocStéExactC TE 3—4 Aleppo pine seedlings exposed to heat and heat-drought
months fertilizer 16-9-12C 2MgO C TE, Everis International treatments were subjected to two heat periods of 4 days each
B.V., Heerlen, The Netherlands). Three months before istgrt (April 27th—April 30th and May 7th—May 10th, 2016). We
the experiment, 7 months-old seedlings were planted in largefimulated naturally occurring heat waves by a gradual isirey
pots (2.5L) containing a mixture of 1:2:1 quartz sand (1-2 mm)temperature throughout 2 days, reaching a maximum during
quartz sand (Dorsolit 4-6 mm): vermiculite (3mm) with 6 g the following 2 days Tatarinov et al., 2015 In order to test

of slow-release fertilizer added (Osmocbt&xactC TE 5-6 how projected further temperature increases of 2Z=6n the
months fertilizer 15-9-1Z 2MgO C TE). Potted seedlings were Mediterranean region $eneviratne et al., 20Linight a ect
irrigated regularly, starting with 0.1 L per week, which watedt ~ metabolism and survival of tree seedlings, we chose to set
adapted to meet increased water demand of the growing sesdling C higher air temperature maxima than have been reported
t0 0.15 L per week. so far (fatarinov et al., 2015 This resulted in a maximum

Seedlings were grown under average light intensity off 43.1C during the rst heat wave and 42.€ during the
693 324 nmol m 2s ! (supplemented by sodium vapor second heat wave. Relative humidity (RH) during the heat waves
greenhouse lamps, T-agro 400 W, Philips) and temperatures a#es kept between 20 and 40%, which is similar to air water
humidity adapted to 10-years monthly-averaged day and nighgontent under ambient temperature conditions. This resulite
air temperature and relative humidity measured at the Yati@ pronounced increase of VPD up to 7.5 kPa during the heat
forest site (sedable S). One month before the start of our Periods Figures 1A,B which corresponds to observations in
experiment, seedlings were gradually acclimated from g@rathe Yatir forest {atarinov et al., 2005 In total, extreme air
daytime temperatures of 18 (night: 12C) to 25C (night: temperatures above 40 and VPD> 6 kPa were maintained
15 C). This is close to the 10-years average measured at Yaf@ 10h during the rst heat wave and 12 h during the second
forest during May, when the occurrence of short heat waves #@eat wave. Dark-phase (PAR10mmol m 2s 1) temperatures
typically observedTatarinov et al., 2005 reached 33.CC during the rst- and 32.9C during the second

Seedlings were assigned randomly either to a control, drgug heat wave with a total exposure time of 13h aboveC3or
heat or heat-drought treatment with 30 seedlings per group. T@ach heat wave. Outside light was supplemented by sodium vapor
maintain ambient air temperature and relative humidity ineth lamps, resulting in an average PAR of 41605mmol m 2s !
control and drought treatment, while conducting heat waires during the course of the experimerftigure 10Q. Irrigation of the
the heat and heat-drought treatment, the seedlings were glacéeedlings was adapted to maintain targeted soil water aitdjtab
in two adjacent, but individually controllable compartmenof ~ During the initial control conditions and during the recomeat

the greenhouse facility. the end of the experiment, seedlings were watered to a RSW of
_ ) 40-50% (about 0.15L three-times per week), which is sindlar t
Environmental Variables the average wet season condition of the Yatir forest sites(per

Air temperature and relative humidity sensors (CS215, Cartipbecom. Yakir Preisler). One week before the start of the rsahe
Scienti ¢ Inc., Logan, Utah, US, enclosed in aspirated ragimti wave, irrigation was withheld in the drought and heat-drbtig
shields type 43502, Young, Traverse City, MI, USA) andreatment (for 4 days) until a RSW of about 15% was reached
photosynthetic active radiation (PAR) (PQS 1, Kipp & Zonen Figure 1D). This RSW was maintained by watering with 0.05L
Delft, The Netherlands) were measured continuously at pgno three-times per week. One week after the end of the second heat
height in each greenhouse compartment. Carbon dioxidgeriod, all plants were irrigated to reach similar RSW condisio
concentration was monitored with a GOprobe (GMT 222, of 40-50%.

Vaisala, Helsinki, Finland). Soil water content was meedur In order to avoid a possible inuence on the seedlings
automatically in 10 pots per treatment using substrate-speci from the location within the greenhouse, the position of the
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FIGURE 1 | Environmental conditions during the course of the experim@. Shown are (A) air temperature, (B) vapor pressure de cit and (C) photosynthetic active
radiation. Colored lines depict daily mean values of two sesors at canopy height (control: black, heat: red), shaded @a give daily minimum and maximum valuegD)
Relative soil water content (rSWC) are treatment averages D 10) per day. The shaded area is mean 1 SE. Dotted lines show begin and end of drought phase,
gray shaded areas indicate duration of the two heat waves.

seedlings were changed randomly every 2 weeks during thdth high-precision PAR sensors (PQS 1, Kipp & Zonen,
initial growth phase. During the experimental phase whichDelft, the Netherlands). For temperature measurements, each
took place in two separate greenhouse compartments, thmuvette was equipped with a previously calibrated thermocouple
seedling position was unchanged because automated shd&SC-TTTI-36-2M, Newport Electronics GmbH, Deckenpfronn,
cuvettes for gas exchange measurements (see section @asmany). Air mixing within the cuvettes was maintained
Exchange Measurements) and soil moisture sensors weby a fan (412 FM, ebm-papst GmbH & Co. KG, Mul ngen,
permanently installed. During this phase the seedlings wer&ermany). The cuvettes were measured sequentially for 40 mi
placed spatially interspersed in a randomized block desigmach. After the distal cap had closed automatically, refexen
Di erences in daily-averaged RH between the greenhouseir of known CGQ and H,O concentration at a rate of 5L
compartments were below 3% PAR < 6%) when heat waves min ! was supplied to the cuvettes. The ow rate was adjusted
were not applied. Air temperature di erences werd C before by a digital mass ow controller (F-201CZL0K, Bronkhorst,

the rst heat wave and 0.Z during the remainder of the Ruurlo, Netherlands). The measurement air (reference) was

experiment. generated by an oil-free compressor (SLP-07E-S73, Anett,lwa
Yokohama, Japan) with an Ultra Zero Air generator (Ultra
Gas Exchange Measurements Zero Air GT, LNI Schmidlin SA, Geneva, Switzerland). £0

Net photosynthesisAner), night respiration Ryan) and light and water vapor (nebulizing evaporation pump, LCU Liquid
phase transpiration Hy,) of Pinus halepensishoots were Calibration Unit, lonicon, Innsbruck, Austria) was supplied
measured with an automated cuvette systémdrte et al., 2016; at a constant rate to the air stream, resulting in a £O
Bamberger et al., 20L.7Highly UV-transmissive acrylic glass concentration of 438 3 mmol mol ! and a water vapor
tubes (PMMA Saalberg, 30L: 18W) were placed around tregoncentration of 6.5 0.1 mmol mol * on average during the
shoots (1 D 4 per treatment). The bottom side of each cuvette wagxperiment.

sealed by an acrylic glass cap, which allowed the insertitimeof The slight overpressure that was deliberately generatadglur
seedling. Remaining gaps between tree stem and cap were se&adh measurement prevented outside air from entering the
using plastic putty (Teroson, Diisseldorf, Germany). Eaclettav  system. The resulting sample air stream was 1-3L in
was supplied with a photodiode for PAR spectrum (Glll18Concentration changes between reference and sample air
Hamamatsu Photonics, Hamamatsu, Japan) and cross-caibrat(each provided with 0.5L mint) were measured with a
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LI-7000, which was connected to a LI-840 (both LI-COR Inc.stress, apparent water-use e ciency WYENd intrinsic water-
Lincoln, NE, USA) for absolute concentration measurementsise e ciency WUE were derived using the following equations:
of the reference air stream. The sample cells of the two

instruments were all supplied with an air stream of 0.5L A
min 1 each. The LI-840 and LI-7000 were zero and span WUE, D Znet (6)
calibrated before the start of the experiment and the two ay
measurement cells of the LI-7000 were matched on a weekly
basis. Anet
As an additional quality check, one cuvette per greenhouse WUE; D gs @)

compartment was left empty and allowed detecting any o set

between the reference and sample air not caused by plaM{UEa is driven by CQ assimilation and water loss at the

gas exchange. The concentration di erences were smalb{COleaf level, and thus provides a measure for the water cost of

0.4 [ 0.2, 1.2]mmol mol ! in median with lower and upper carbon xation. WUE provides a measure for leaf physiological

quartiles; BO 0.07 [0.05, 0.12] mmol mot with lower and changes and is used to characterize photosynthetic e ciency

upper quartiles) and were removed by subtraction upon daténdependently of environmental drivers8pnan et al., 2014,

analysis. After each measurement cycle, the system wagdushWieser et al., 208

with reference air for 1 min. For ux calculation the last 18per

measurement were used if the following criterion for stapivas ~ Chlorophyll Fluorescence

met: change in [C@| < 0.5mmol s and changein [HO]< 0.5 A portable photosynthesis system (LI-6400XT, LiCor Bioszéen

mmol s L. In total, 94% of the measurements were used for uxtincoln, NE, USA) supplemented with a uorescence head

calculations. (6400-40 Leaf Chamber Fluorometer, LiCor Bioscience,dlimc
Gas exchange rateBigure 2) were calculated following an NE, USA) was used to measure chlorophyll uorescence on

open chamber approach. In brieE,) was derived as follows: 4 seedlings per treatment before the start of the treatments,
just 1 day after the second heat wave had ended and 3 weeks

R1W later during recovery. Measurements were conducted between
W (2) 9am.and 1 p.m. at a leaf temperature of @5and reference
1 faT’g‘ge [CO,] of 400 mmol mol 1. Needles were clamped into the
leaf cuvette fully covering the cuvette area (22gnNeedles
Where IR is mass ow [mol s?] into the cuvettes1 W the were acclimated to actinic light with optimal PAR (1,26fnol
di erence of water vapor in reference- and sample air streanm 2s 1, pre-determined from light response curves) with a
[mol mol 1], Wsample the water vapor concentration of the blue light proportion of 10% for several min. As soon as
sample air [mol mol1] and Aregess [m?] the half-sided needle changes in uorescence intensity (F) ceased to valaés

EdayD
Aredeaf

area of the shoot. F was considered stable and the measuring sequence was
CO, gas exchange uxes separated iftget and Ry Were initiated. First, chlorophyll uorescence at actinic Iig(‘lﬂ) was
calculated as: measured as a steady state value, then needles were briey
exposed to a saturating ash of 7,000mmol m 2s 1 and
M1CO; COzsampe E maximum uorescence (%) was measured. This was followed
Anet(Rdark) D Ar€aenr 1000 (3) by a fast switch from actinic light to far red radiation. Ttss-

called dark pulse allowed measurement of minimum chlorophyll
With 1CO, as the dierence in [CQ] between reference orescence (f). The photochemical parameters e ective
and sample air stream [mol mot], COzsamplecarbon dioxide photosystem Il quantum yield (ps;), maximum light adapted
concentration of the sample air stream [mol md]. quantum yield of the photosystem Il {F,,), coe cients of
gs was calculated as: photochemical uorescence quenching (gP) and relative ebect
transfer rate (ETR) were calculated using standard procedures

E 1,000 WIeaIC\stample

oD @) Biomass Sampling and Sample Preparation
Wieat  Wsample Entire seedlings were sampled on three occasions during the
course of the experiment: pre-stress (April 20th), at the last
st leaf day of the second heat wave (Mai 10th) and 3 weeks later
Wieat D b 1,000 (5) at the end of the recovery period (Mai 30th). During each
sampling campaign, a minimum of six seedlings per treatment
With stomatal conductances in mol m 2s 1, saturated vapor (including dead seedlings, see below) were sampled according
pressure of the leaf withsat jeaf D €54t in bar and atmospheric to a randomized block design. All plant material containing
pressurgin kPa.Duarte et al. (20168howed that the ventilation needles above the former cotyledons was assigned as sHoot, al
generated by the fans in the cuvettes allowed well air mixinglant material below the rst roots as root material. Stemgave
and thus boundary layer for the calculation gf could be collected but were not used in this study. Additionally, almt
neglected. In order to determine changes in WUE during heasamples were weighted, photographed, and immediately frozen
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FIGURE 2 | Time-series of shoot gas exchange irPinus halepensisseedlings (i D 4 per treatment). Shown are daily averages per treatment ¢f\) net photosynthesis
(Anet), (B) dark respiration Ryark), (C) transpirationE, (D) stomatal conductance gs, (E) apparent water-use ef ciency (WUR), and (F) intrinsic water-use ef ciency
(WUE). Shoot gas exchange of seedlings that died during the couesof the experiment in the heatrf D 1) and heat-drought treatment ( D 3) is indicated by dotted
lines. The shaded areas around the mean represent 1 SE. The two heat waves are depicted by the light gray areas.hie duration of drought is indicated by vertical
intermitted lines.

in liquid nitrogen. Time of harvest was between 1 and 2 p.mand/or roots no longer functional, water supply ceased and the
Prior to freezing, water potential of shoo®y,,o) was measured shoots began to desiccate. The stem desiccation phenomenon
on some seedlings using a pressure chamber (Model, 600 PM&as supported by dendrometer datkigure S3. Here, stem
Instruments, Albany, OR, USA). Roots and shoots were groundehydration indicated by diameter shrinkage of dying sieegl

to ne powder in liquid nitrogen with and samples were divided was observed to occur after the heat waves. Separating loetwee
into aliquots and stored at 80 C for further analysis. Dry weight living and dead seedlings was a necessary prerequisite before
was assessed gravimetrically by drying samples for 48 h &t 60 analyzing the gas exchange and metabolite data.

In total, 23 control, 22 drought, 28 heat, and 28 heat-draugh

treated seedlings were sampled. For each sampling campaign

metabolites were analyzed in root and shoot tissues ancgeer AN alysis of Carbohydrates

per treatment. Analysis of NSC in shoot and root samples was done following

the approach reported byBrauner et al. (2014pased on
Seedling Mortality extraction using boiling ethanol (80%v/v), which was recgntl
Mortality was determined by two criteria. The rst was that de ned as standard method for sugar extractigpuentin et al.,
foliage appeared dry and had lost most of their greenness (fa015. Extracts were analyzed by HPLC (Dionex DX-500 HPLC
example seé-igure S) while the second criterion was basedsystem, Thermo Scienti ¢) using pulsed amperometric detectio
on absolute shoot water content. In seedlings that lookeitequ by a gold electrode (Dionex ED Au, Thermo Scienti c). Soluble
healthy and green, absolute shoot water content was betéd@en sugar compounds (inositol, pinitol, glucose, fructose, sugrose
and 70%, while shoot water content in the other seedlings rdngevere separated by a PA1 column (Dionex CarboPac PA
from 8.2 to 46.7%HKigure S However, we like to highlight that Thermo Scienti ¢). Myo-inositol and D-pinitol were co-elute
the decline in shoot water content was unlikely the reason dby our chromatographic method and therefore are referred to
death (e.g., seedlings of the well-watered heat treatmiedtas cumulative as cyclitols. Glucose, fructose and sucrose esieet!
well, but %he0t did not indicate water stress in the surviving together as soluble NSC because single components responded i
seedlings, se€igure 3), but rather a consequence: after thethe same direction to the treatments applied. Remaining exgract
shoots were permanently damaged and the majority of needlegere stored at 20 C.
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Needle Surface Temperature

Dcontrol ¢ heat o drought 4 heat-drought Needle surface temperature was measured optically by an

infrared camera system (P1 450, Optris, Germany) and analyzed
00— ~—————- using the manufacturer's software. Recordings were takémeat
< 0.5 last day of the second heat wave between 1 and 4 p.m. of at
Q 0 least four individuals per treatment. Air temperature durirfget
é 10 o2 % * |:|§ ¢ measurements was used to correct for background radiation.
‘g -15F } L3 Emissivity ofP. halepensiseedles was set to 0.97 according to
5 ol A * Monod et al. (2009)
3~ % % %
-25 Calculation of Osmotic Pressure Potential
30k Osmotic pressure potential was calculated using the van't
‘ ‘ ‘ Ho osmotic pressure equation for aqueous mixed electrolyte
before stress recovery solvents:

FIGURE 3 | Shoot water potential §bspoot) in control, drought, heat,
heat-drought trees is given before stress (before), aftehé second heat wave 5DMIiRT (8)
(stress) and 3 weeks after stress (recovery). The error basse 1 SE (D 6,
but heat-drought treatment during stress and recoveryn D 3). Signi cant

_ where5 is the osmotic pressure potential Pa (kg fs 1), M
treatment effects are given *(ANOVAR  0.05).

is the molar fraction of all measured osmotic active compogeent
(cumulative) including total C, proline, nitrate, sulfatend
phosphate concentrations. R is the ideal gas constant (8.&445

. . . . m? mol K 1s at standard temperature of 26). The van't
Starch extraction was carried out with a modi ed approachyyg factor i represents the degree of dissociation of each
suggested byioch et al. (2003)Remaining pellets from soluble gqjyte component. We calculated with fully dissociated olu

sugar extraction were suspended in 1ml of deionized watefsmponents for the case that a salt would dissociate into tws io
(H20dd), heated to 93 for 45min and then cooled to 3€ (g g biucoseD 1, initrate D 2).

before 1 ml of amyloglucosidase reagent (10 mM acetate Bu er
pH 4.5, 1mg mli! amyloglucosidase) was added. GlucoseStatistics and Data-Analysis
oxidase reagent was added containing 2U thorse radish Treatment e ects on metabolite concentrations and di erences
peroxidase, 5U ml' glucose oxidase and 0.1mg rhlo-  between treatments were analyzed separately per samplinglperio
Dianisidin. Samples were kept at & for 2h, then the (pre-stress, stress and recovery). Analysis of variance O
reaction was stopped with 5N HCL and absorption wasyas used to detect treatment e ects and a subsequerst-
measured at 540 nm photometrically (Ultrospec 2000 UV/VIShoctest (Tukey's honest signi cant di erence test) was used to
Spectrophotometer, Pharmacia Biotech). reveale di erences between treatment groups. Samples that were

Analysis of carboxylic acids (malic-, fumaric-, citric @i considered as “dead” were excluded from the analysis. The e ec
extracted into hot water, was done as reported Byauner size of treatments compared to the control was calculated as a
et al. (2014) again using HPLC (Dionex DX-500 HPLC percent treatment e ectp):
system, Dionex lonPac AS11-HC, Thermo Scienti c) coupled
to a suppressor (Dionex AERS 500 Carbonate Electrolytically mean mean/
Regenerated Suppressor, Thermo Scienti ¢) with detection by DD 100 — 9
conductivity (Dionex ED, Thermo Scientic). On the same mearg
chromatogram, nitrate, phosphate, sulfate, and chlorideewerwhere meapis the treatment average and measthe average of
detected as well. the control, the standard error (SE) of the treatment e ebkf)

was calculated as follows:

Proline S 2 2
Proline in shoot and root tissues was analyzed followsignth 1 mean

X DsgD 100 — S cC — S
et al. (2014) In brief, 25mg of frozen sample powder was SE mean . mean? =
extracted for 10 min in 1 ml HOdd at 4C and centrifuged (20)

(13,000 rpm for 15min). 5001 of supernatant was added to with Sk and SE are the SE of treatments or control. Because
500 m of concentrated Formic acid and vortexed for 5min.shoot gas exchange was measured on the same seedlings
500 m of Ninhydrin reagent was added (3% Ninhydrin in throughout the experiments, treatment e ects were assesged b
Dimethylsulfoxide). Samples were heated (IDGor 15min) application of linear mixed-e ects models, which account for
and immediately cooled on ice and then centrifuged (at 13,00the repeated sampling-in-time design. All data processing and
rpm for 1 min). Absorption of the supernatant was measured astatistical analysis was done using R version 3R 2¢re Team,

520 nm (Ultrospec 2000 UV/VIS Spectrophotometer, Pharmacia015, extended with the “Ime4” packagB4dtes et al., 20) $or
Biotech). linear mixed-e ects models.
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TABLE 1 | Comparison of needle temperature (feeqie) between treatments. Canopy transpiration was strongly a ected by the two heat
waves and increased markedly in the heat treatment, while

Treatment T needee [ C] SE 1 C(Tneede ~Tair) \yater de cit resulted in a reduction OEqay in the heat-drought
Control 28.6 0.63 D 6] 3.4 treatment Eigure 2Q). In both treatments the changes Byay
Drought 30.7 033D 4] 5.2 were accompanied by decreasigg(Figure 2D). Becausénet
Heat 45.3 075D 6] 31 appeared gpupled tgs but .uncoupled frorn.Eday during heat
Heat-drought 472 057D 4] 57 wave conditions, WUEdeclined sharply while WUEemained

relatively unchanged, but slightly increased in the sung\heat-
Measurements were done using an infrared camera at the end of the send heat wave drought seed"ng post-stres3 ( 0.001 Figures 2E’|§.

when air temperature was 40.8—-42.1C in the heat and heat-drought treatment and 25.1— : : .

25.4 C in the control and drought treatment. Shown are treatment averages, stadard The r9|atl,or,13hlp,s of shoot gas eXChange with VF[Q(II‘G 4)
error (1 SE) and temperature difference between needle and air temperature. revealed Strlkmg di erences between drOUght and well-weder
seedlings. In the heat treatment, a declinegirwas particularly

visible during the initial increase in VPD (0.5-3 kPa), widle

RESULTS remained surprisingly constant at higher VPD. This resulted in
) ) increasingEqa,y, While photosynthesis remained constant over a
Stress Intensity and Mortality temperature range between 32 and@2The decline ofis in the

Heat waves resulted in pronounced death and caused 5 seedlingsat-drought treatment indicated stomatal closure at a VPD of
(23%) in the heat treatment and 15 seedlings (68%) in thabout 3.5 kPa, tightly limitindeyay and Anet.

heat-drought treatment to die. The surviving seedlings stdw  The impairment of the photosynthetic apparatus under heat-
only a moderate reduction isneot (Figure 3. Thus, it is  drought stress was clearly visible in all measured chlordphyl
unlikely that hydraulic failure was a cause of mortality wiver,  uorescence parameters 1 day after the last heat waigei(e 5),
needle temperatures were a ected di erently by the treatmentsyhere pg) showed a treatment e ect (ANOVAP  0.001)
While needle temperatures in the drought and heat-droughtind the strongest decline by 78% compared to the conposi-
treatment were on average 2@ higher than in the control hog P 0.001) and the drought treatmenipgst-hoc P

and heat treatment (controlC3.4C above ambient, heat: 0.05). The parameters also re ected the reduced, but coirtiu
C3.1 C, drought:C5.2 C, heat-droughtC5.7 C;Table 1). Thus,  photosynthetic activity in the heat and drought treatment, i
shoots under heat combined with drought had absolute needi@hich small but not signi cant reductions were observed.eTh
temperature>47 C. Although the exact time point of mortality apparent recovery of all chlorophyll uorescence parameters in
was not investigated in each of the seedlings, the continuouie heat-drought treatment should be interpreted with canti
gas exchange measurements pointed to the end of the rsjecause only data of intact needles of the three surviving
heat wave Kigure 2 intermitted lines) as daytime gas exchangeseedlings are reported.

rates did not recover, but declined even further. Sh&at«

reached values close to zerol week after the end of the Non-structural Carbohydrates

last heat waveRjgure 20), which coincides with a halt of the We found no distinct stress responses of NSC concentrations i
continuous diameter developmerfigure S3 and indicates that  shoots Figures 6A,C,E,G. In contrast, soluble NSC and starch
the seedlings were dead. Since the seedlings continued ttir - contents in roots declined in response to heat and heat-dnoug
after death, the shoot water content was below 49% at biomasgess Figures 6B,0) seeTables S4, Sp Heat-drought caused a
sampling 2 weeks later, which was in agreement with the deatiteep depletion of soluble sugars97%, 2.4rmol gDW 1) and

criterion (see Methods section). starch ( 98%, 0.8nmol gDW 1). Carboxylic acids and cyclitols
were also signi cantly a ected by heat-drought stress, aagis
Shoot Gas EXChahge and Chlorophyll an overall treatment e ect (ANOVAP  0.001) and reduction
Fluorescence During Stress and Recovery in total C of 83% compared to the control. The Heat-drought
In the surviving seedlings, large di erences in shoot gakarge treatment di ered from all other treatmentgppst-hocP  0.05).
were observed between the treatments (Balgle S3for linear During recovery, carboxylic acids (toward control and

mixed e ect model results). Whilé\net and Ry in drought-  drought) and cyclitols (toward all treatments) increased
treated seedlings decreased proportionalyg@res 2A,B, we  signicantly in shoots of heat-drought treated seedlings
found contrasting responses under high temperature stresst Mo(Figures 6E,Gpost-hocP  0.05). While in the heat and in the
markedly, in both the heat and heat-drought treatment a phar heat-drought treatment root soluble NSC and starch inceelas
decline in Anet Was contrasted by a pronounced increase irduring recovery close to control valuefigures 6B,D), total
Ryark (heat: C101%, heat-drought€35%,P  0.001) during C remained reduced in the heat-drought treatment85%,
the rst heat wave. In the surviving heat-drought seedlinggt ANOVA, P 0.001). In dying seedlings, NSC contents did not
increase inRyark during the rst heat wave was not observed recover Figure 6) and starch storage in shoots and roots was
during the second heat wave amak did not reach control close to depletion.
levels throughout the remainder of the experiment49.8%,P

0.001). In contrast, the heat-treated seedlings maintaiigd  Proline, Nitrate, and Osmotic Potential
Ryark rates andAne; recovered instantaneously after the secondConcentrations increased in shoots of heat and heat-drough
heat wave had ended. treated seedlings during stress and recovefigyres 7A,B
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FIGURE 4 | Changes in shoot gas exchange in response to VPD for survivgrirees. Given are day-time(A) transpiration Eqqy, (B) stomatal conductance gs, and (C)
net photosynthesisAnet in the control fi D 4), drought 1 D 4), heat 6 D 3), heat-drought (i D 1) treatment during before stress and heat wave conditionsData are
bin-averaged in VPD classes of 0.5 kPa (10a.m.7 p.m.).

with a treatment e ect after recovery (ANOVAP  0.001). (ANOVA, P  0.05) and remained elevated toward drought
Dead seedlings showed accumulation of proline duringpost-hoc P 0.05). No obvious eect of the treatments
both sampling campaigns. Proline content in roots wasn root nitrate was visible Kigure 7D). Again, the dead
much smaller and no clear response to the treatments waseedlings showed highest concentrations and no decline durin
found. recovery.

Shoot nitrate content, proposed here as an indirect measure The osmotic potential §) of shoots remained relatively
for nitrogen (N) assimilation, was 2 to 4 times higher during constant in all treatments throughout the experimentin roots
stress in heat and heat-drought seedlingsgt-hocP  0.05) showed a tendency to decrease in the drought (treatment g ect
than the control or drought treatment. Following recovery, ANOVA, P  0.05) and heat-drought treatment although root
nitrate content in the heat treatment decreased to congwkls, total C declined Figure 6) because root water content was
while it showed a lasting e ect in the heat-drought treatmentreduced Table S2.
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FIGURE 5 | Changes in chlorophyll uorescence parameters during stres and recovery relat(i)ve to before stress conditions. Paranters shown are: (A) effective
photosystem Il quantum yield § pg))), (B) maximum quantum yield of the photosystem Il (\]ﬂFm), (C) coef cients of photochemical uorescence quenching (qP),(D)
relative electron transfer rate (ETR). The error bars arel SE ( D 4, but heat-drought treatment during recoveryn D 3). The intermitted lines provide comparison to
before stress conditions. Signi cant treatment effects arggiven *(ANOVAP  0.05).

DISCUSSION (Urban et al., 2017 The study showed that seedlings were
. . able to keep stomata open to maintain high transpiration rates
High Temperature and Mortality This resulted in lower leaf temperatures. According to a eld

Although the exact cause of seedling mortality is not ciekiely experiment orEucalyptus parramattendiy Drake et al. (2018)
relates to the high shoot surface temperatures that developed leaf surface heating was reduced by €.&n average because
particular when transpiration ceased. As indicated by thénhig transpiration was maintained at high rates even at tempegsur
resolution dendromgter Qata:(gure S3 seedlings in the heat- >43C.

drought treatm.ent died ”g,ht after the last day of the rstd[te' The ability of the pine seedlings to cool via transpiration
wave and desiccated rapidly afterwards. In c_ontrast, Segﬂ_j"nwas found to fail under the water limiting conditions applied
In t_he _heat treatment showed strong stem diameter dec"ne‘ﬁere. Under eld conditions, leaf cooling can be supported by
'”d'ca“”g death, only after the §ecopd heat wave had erfdiech transport of sensible heat via high wind speed or convective air
a delay in stress response might indicate that cellular damaggw_ Such upward ow conditions and cooling of forest canopy
(€.9., in needles, roots and/or cambium cells) progresses OVhave been shown at the Yatir fore8dtenberg and Yakir, 2011;
time, as has been observed after high temperature stress, C%eretal., 20D)5However, wind speed and convective exchange
Have et aI.. (2011)unti| critical levels are regched be¥°"d WhiChfor small seedlings under canopy is lower as for mature trees.
tree f_unct|on|r_19 _cannot longer be mamtalned_. This was aIS(ihxlso, tissue temperature is strongly a ected by the closengéss o
desc“?’ed as |nd_|rect damage Bplombo and _Tlmmer (1992)  pare and hot soil surface(¢lb and Robberecht, 1996The
The dierences in the occurrence of mortality between heat, i, found that under such conditions, seedlings withter
and hgat-drought treatments might re ect dosggg € gcts o th stomatal conductance were more likely to survive. This corpar
experienced heat stress. The reduced transpiration in thé hez‘\‘/vell to the ndings that trees with I0vEg,y and g died, while
drought treatn;enlt (c. 0.5 mmol ns 1) vs. the heat treatment seedlings that maintained generally higtgy,, rates survived
(c.2 mmgl m-s ), ataVPD of 4 kPa and 4 air temperature (Figure 2). In summary, the high temperatures experienced by
resulted in 2.6C higher needle temperatures at the end of they,, seedlings in the heat and heat-drought treatment caused
second heat wavdgble ])_' Such an increase in Iealftempe”’m"epronounced stress, likely resulting in membrane and protein
has also been observed in mature forests when drought-etzlposgamage causing higher mortality in trees with lower evagiveat
and well-watered trees were comparestijerrer et al., 20).1
With regard to the pronounced mortality under heat-drought
as observed in our experiment, leaf cooling could have been . .

crucial for survival as leaf temperatures had reachedc47 Stress Severity and Impairment of N

a critical value for tissue damage in conife8o{ombo and Assimilation

Timmer, 1992; Bigras, 20000The importance of evaporative The impact of heat and heat-drought stress was not only redct
cooling at lower VPD was examined recently finus taeda in high mortality rates but also by highly elevated proline

cooling capacity.
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FIGURE 6 | Changes in non-structural carbohydrate (NSC) concentratns for shoot and root tissues during stress and recovery rative to before stress conditions.
Shown are (A,B) soluble non-structural carbohydrates (soluble NSC: glucse, fructose, sucrose),(C,D) starch (E,F) carboxylic acids (malate, fumarate, citrate),G,H)
cyclitols (myo-inositol, D-pinitol), and]l,J) total carbohydrates (given as C6 equivalents of the shown mabolites) for control, drought, heat, heat-drought and dad

seedlings. The error bars are 1 SE (1 D 6, but heat-drought during stress and recoveryn D 3, dead heat samplesn D 5, dead heat-drought samplesn D 15). The
intermitted lines provide comparison to before stress conitions. Signi cant treatment effects are given *(ANOVA?  0.05). SeeTable S2 for absolute concentrations.

contents. Proline was not upregulated in response to the appliegt al., 2003; Delzon et al., 2010; Klein et al., 2011; Dashav&tz
drought alone. However, drought stress can be viewed agrrathet al., 201) Thus, function of proline as an osmoprotectant was
mild, as stomata did not close completely a¥g,oot remained  of minor importance, which is in line with an unchangéd of
well above critical values for xylem embolism formati@iigeras  shoots during drought compared with control. It has been fdun
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FIGURE 7 | Changes in(A,B) proline, (C,D) nitrate concentrations and osmotic potentiab (E,F)in shoots and roots during stress and recovery compared to béore
stress conditions for control, drought, heat, heat-drough and dead seedlings. Osmotic potential was calculated fronmeasured solutes and tissue water content
using the van't Hoff equation. The error bars are 1 SE (1 D 6, but heat-drought treatment during stress and recoveryn D 3). The intermitted line provides
comparison to before stress conditions. Signi cant treatmet effects are given *(ANOVAP  0.05). In dead seedlings, when changes exceed axis scalinghe mean
value was placed below the SE.

that proline accumulates under salinity stres&(nilton, 2001; Levels of nitrate in shoots of heat and heat-drought strésse

Hayat et al., 20102 Although not directly relevant it is interesting Aleppo pines were elevated, while they did not change in

to note that a quadratic relationship between shoot chlerid roots, thus indicating heat-induced inactivation of leafragen

content and proline concentrations was fourfeigure S4. This  assimilation. Decreased nitrate reductase activity hasnbe

might have been caused by increased uptake of chloride bg roatbserved to occur at temperatures above G0in cereals

at high temperaturesi{urner and Lahav, 1995 (Onwueme et al., 1971; Pal et al., 1Pafd nitrate reductase
Proline upregulation under heat stress is reported as beak ci activity recovers quickly after heat release. A fast ragoovEN

for plants due to its role as protein stabilizer (e.g., complexassimilation in Aleppo pine 2 days after stress release may also

Il of mitochondrial electron transport chaindamilton, 200).  be concluded from the drop in leaf nitrate content ($égure 7),

Moreover, proline synthesis serves as an e cient NADPHwhile inthe dead seedlings nitrate levels remained higlelyagkd

scavenger to regenerate NABRSzabados and Savouré, 2010(> 900%).

Hayat et al.,, 2012; Zhang et al., 2pland to prevent

radical production in the thylakoid electron transfer chain Metabolic Responses Toward

(Kramer et al., 2004 This mechanism might enhance ETR by Heat-Drought Stress

regenerating electron acceptors, and thus reducing oxidati The degree of stress and reduction in gas exchange were

stress. Indeed, we found that ETR was una ected in the heag ected in root NSC concentrations. In the heat-drought

treatment, while it was strongly reduced in the heat-droughtreatment, soluble NSC, starch, carboxylic acids and tojgli

treatment. Thus, the membrane and protein stabilizing &pili declined to a larger extend than in the heat treatment altjtou

of proline could not prevent photo-inhibition at the time root zone temperatures were similar in both treatments (data

of highest needle temperatures in the heat-drought treatmemot shown). Supposedly, the smaller C uptake in the heat-

(>47C). drought treatment decreased phloem transpofughr et al.,
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2009; Sevanto, 2014, 2)1@hich caused a strong depletion isolated heat e ects on NSC of tree seedlings is scarce arfat mig
of soluble sugars and starch storage in roots. Total NS@epend on heat dosage rather than temperature maxima. For
levels were close to zero in the roots of the heat-droughtxample, it has been postulated that high temperatures lead
seedlings, which may indicate critical C shortage in rootsto an increase in shoot NSCSévanto and Dickman, 205
limiting the otherwise high maintenance respiration in reat Also, Marias et al. (2017have found an increase of sugars in
high temperaturesJarvi and Burton, 2018; Tjoelker, 2Q18his  shoots, when co ee plants have been exposed to a heat pulse
could have aected root functionality and hence contributed(49 C for 45 min). This is in stark contrast to our observations
to the observed large mortality rates in the heat-droughof relatively unchanged NSC levels in shoots and declining
treatment. NSC in roots during the heat and heat-drought treatment. We

Changes in lipids, which can be critical for C supply duringsuggest that the key for explaining the results is the dumatio
stress, were not measured. In particular in pine trees, lipidef the experiment, which is corroborated by ndings that
(triglycerides) together with cyclitols are reported to bé&aege longer stress periods did also not change NSC concentrations i
carbon storage pooHjispanen and Saranpaa, 2002; Hoch et alleaves oEucalyptus globulughile NSC concentrations declined
2003 and this pool can easily be channeled into the Tri-when treated with additional droughtCorreia et al., 20198
carboxylic-acid cycle especially during extreme stréssclier To conclude this section, the primary metabolism of Aleppo
etal., 201} This partly explains the weak responses of carboxylipine shoots appears to be highly bu ered against deviations
acids under heat and heat-drought, whereas root NSC waesven under extraordinary stressful conditions. In contydke
depleted. Furthermore, carboxylic acids together withityls,  root metabolism decouples from the source supply under mild
did surpass or at least equal the concentration of the typicalldrought and/or extreme heat waves and is clearly a ected by
measured NSC (starch, sucrose, glucose, and fructabks S3, combined stressors. These changes in allocation pattergktmi
and hence should be considered as important plant carbohgdratndicate an approach to preserve source functionality at thst co
pools. of sink integrity.

Carboxylic acids exert key functions in the regulatory rate
of plants. For example, intermediates from the tri-carboxylic
acid cycle (TCA) are important for the generation of ATP . o
and thus key in respiratory processes. Additionally, they caEhOtosyntheth Inhibition and Recovery
provide carbon skeletons for amino acids and carbohydratesrom Acute Heat Stress
(Fernie et al., 2004 An increase in carboxylic acids during Water availability during heat waves seems to be a key factor
recovery might indicate enhanced investment into provisadn of survival Bauweraerts et al., 2014; Ruehr et al., ¥&ifice
carbon skeletons for maintenance and repair mechanisms. Fdrtranslates in evaporative cooling capacifyrgke et al., 2018
heat-drought treated seedlings the accumulation of caytiox and protects the photosynthetic apparatus. This is supported
acids can be explained by the reduction Rf,. A similar by leaf uorescence that showed only a moderate decline
upregulation of TCA intermediates was recently reported forunder heat stress (only ETRjost-hoc P 0.05) while in
eucalypts in response to heat and drouglito(reia et al., heat-drought trees chlorophyll uorescence paramet&#®§ll,
2019. F/F%, qP, and ETR) decreased strongly. A decline8iRSII

While shoot soluble NSC did not decline, sho&j,k was indicates a saturation of the electron transfer chain, wepr
much lower during the second than in the rst heat wavethe risk of oxidative stressMurchie and Lawson, 20)3A
and during the period of recovery. Presumably, available @eductionof8 PSII due to pigment degeneration can be neglected
for respiration was not limited in the heat-drought treatnten because of their stability above (Ratsep et al., 20)8
at this stage because of actively maintained high sugand only temperatures above %D are considered critical for
levels. This can be concluded from the upregulation othe disaggregation of the harvesting complexésn( et al.,
compatible solutes, including cyclitols during recovengidilar ~ 2007; Nellaepalli et al., 2014€TR, on the other hand, largely
pattern has also been observed in Scots pine where newlgpends on thylakoid membrane integrity, which is disturbed
assimilated carbohydrates were allocated to cyclitolsindur at much lower temperatures of about B (Havaux et al.,
recovery from drought Galiano et al., 20)7 Only heat- 1996; Bukhov et al., 19R%Dark-adapted maximum operating
drought was associated with an increase in cyclitols during ciency F\/Fm is widely used for the estimation of stress
recovery, which might be explained by the very high needlseverity Murchie and Lawson, 20).3In this experiment, @'/an
temperatures that were found in this treatment and the pratext (light-adapted) was recorded instead. This parameter deegea
function of cyclitols against heat denaturatioia(ndl and Popp, with increasing non-photochemical quenching/rchie and
2009. Lawson, 2013 which means the dissipation of excess energy by

Reports on NSC concentrations during drought have ofterheat. Together with the hypothesis of a saturated photosystem
been found to be inconclusive and to di er between speciesand reduced ETR, this provides evidence for stress-induced
Although hydraulic failure is often lethal, drought-inded limitations of processes downstream of the light reaction of
lethality is not always connected to NSC depletidnléms et al., photosynthesis. There is increasing evidence that threshol
2017. In fact, NSC concentrations during drought were foundfor irreparable/slowly recoverable damage are typicallghed
to increase, decrease or remain constant in a wide range af temperatures>45 C in temperate regionsHuve et al.,
tree speciesHartmann and Trumbore, 2096 Information on  2011J).
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The apparent small decline of chlorophyll uorescencesolutes and dramatically changed shoot-to-root C allarati
parameters in the heat treatment, measured 1 day after thaatterns.
last heat wave had ended, may either re ect a relative mild
impairment of the photosynthetic apparatus, or indicate a faSbONCLUSION
recovery of chlorophyll uorescence parameters 1 day after
the acute stress. Fast recovery responses of photosynthetige combination of heat and drought stress a ected Aleppo
parameters after acute heat waves (when water was not I'gﬂ)litinpine seedlings dierently than drought or heat alone. This
were observed in herbaceous plants, as well as in some thg&s not restricted to the stress perioger se but became
species and typically relate to temperature5 C (Hive et al., more pronounced during post-stress since high mortality rates
2011; Ameye et al., 2012; Guha et al., 30fBwever, complete anqg delayed recovery of the surviving seedlings occurreé. Th
recovery of the few surviving seedlings in the heat-droughgpserved delay in recovery and pronounced mortality in the

treatment seemed to be impaired. heat-drought treatment clearly demonstrated that physiatabi
stress responses can continue after environmental stress ha
Canopy Gas Exchange Affected by High been released. Moreover, it showed that a tight regulation of

Temperatures, Atmospheric Demand and a plant‘s_ water _balance via s_tomatal c_:losure at the cost of
. evaporative cooling can result in excessive needle tempegtu
Soil Drought under the experimental conditions applied here. Although the
Heat stress, which induces high atmospheric evaporative ddma gyact cause of seedling death is di cult to depict, it is likefat
has been reported to result in (partial) stomatal closuke'eye  gpserved needle temperatures47 C) either directly damaged
etal., 2012; Bauweraerts et al., 2013; Duarte et al., 281625 shoot tissues or indirectly a ected root vitality via redac€
Forner et al., 2016; Ruehr et al., 21ié our study, we found  ransiocation. In summary, we conclude that increases iat he
that stomata did not fully close in the heat treatment evenyave temperatures, as predicted to occur during the next des;ad
under extreme vapor pressure de cits 6 kPa. Indeed, partial ¢an have disastrous e ects in dry environments. It seems that
stomatal closure was enough to maintain midday stem WP gh semj-arid forests where drought is a common phenomenon,
moderate levels of 1.2 MPa (measured at the last day of thegyen a single heat wave that surpasses a given threshold (probab

second heat wave), indicating that the xylem water transporipove 47C needle temperature) may have widely detrimental
was operating under non-harmful conditions. Under the same; gcts.

atmospheric conditions but reduced irrigation, the stress o
the hydraulic system of the seedlings was larget.8 MPa)
and stomata were almost fully closed preventing any furthepATA AVAILABILITY STATEMENT

NN : :

drop in /O-?'h""t and hence xylem embolism. Separating th(.aAII relevant data is contained within the manuscript and the

e ects of high temperature and VPD on stomatal responses is .
. . . . Supplementary les. Shoot gas exchange data will be made

challenging. In experiments with temperature rise mdepemdenava”able by the authors upon request

of VPD, gs has been shown to increasdrpan et al., 2017a)b y P q ’

A temperature-driven increase irgs might simply re ect

enhanced water loss along with rising temperatures withouAUTHOR CONTRIBUTIONS
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