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Abstract

Drought-induced tree mortality is expected to occur more frequently under predicted

climate change. However, the extent of a possibly mitigating effect of simultaneously

rising atmospheric [CO2] on stress thresholds leading to tree death is not fully under-

stood, yet. Here, we studied the drought response, the time until critical stress

thresholds were reached and mortality occurrence of Pinus halepensis (Miller). In

order to observe a large potential benefit from eCO2, the seedlings were grown with

ample of water and nutrient supply under either highly elevated [CO2] (eCO2, c.

936 ppm) or ambient (aCO2, c. 407 ppm) during 2 years. The subsequent exposure to

a fast or a slow lethal drought was monitored using whole-tree gas exchange cham-

bers, measured leaf water potential and non-structural carbohydrates. Using logistic

regressions to derive probabilities for physiological parameters to reach critical

drought stress thresholds, indicated a longer period for halving needle starch storage

under eCO2 than aCO2. Stomatal closure, turgor loss, the duration until the daily tree

C balance turned negative, leaf water potential at thresholds and time-of-death were

unaffected by eCO2. Overall, our study provides for the first-time insights into the

chronological interplay of physiological drought thresholds under long-term acclima-

tion to elevated [CO2].
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1 | INTRODUCTION

Rising temperatures, changing precipitation patterns, more frequent

as well as more severe extreme weather events are well-known pro-

jections of global climate change (Dai, 2013; Huang, Yu, Guan,

Wang, & Guo, 2016; IPCC, 2014; Reichstein et al., 2013). In the last

two decades, many experimental as well as modeling approaches have

been broaching the issue of how climate affects forest ecosystems

(Hlásny et al., 2017; Hui, Deng, Tian, & Luo, 2017) as this research

topic significantly gained in importance and acuteness (Liu

et al., 2017; Nabuurs, Hengeveld, van der Werf, & Heidema, 2010;

Sáenz-Romero et al., 2017) due to an increase in reports of drought-

induced tree mortality events in forest ecosystems around the globe

(Allen et al., 2010; Allen, Breshears, & McDowell, 2015; Anderegg,
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Anderegg, Kerr, & Trugman, 2019; Bréda, Huc, Granier, &

Dreyer, 2006; Fensham & Holman, 1999; Phillips et al., 2010). In light

of these observations and the regulatory function of forests within

the global carbon and water cycle, the ability to assess and attribute

tree death is of great interest (Adams et al., 2010). In this context,

increasing atmospheric [CO2] (Ca), a main driver of global climate

change is considered as a possible antagonistic factor that may miti-

gate some of the adverse impacts of climate alterations on tree mor-

tality to a certain extent (Brodribb, Powers, Cochard, & Choat, 2020).

During drought events, stomatal closure reduces water loss and

simultaneously impairs CO2 diffusion (Hsiao, 1973; Niu et al., 2014;

Rennenberg et al., 2006; Sperlich, Chang, Penuelas, Gracia, &

Sabate, 2015). As a result, photosynthesis is reduced. Numerous stud-

ies on a variety of tree species found rising Ca to mitigate restrictions

on C assimilation under declining water availability due to increased

leaf internal CO2 concentrations (Ci) and suppressed photorespiration

(Ainsworth & Rogers, 2007; Birami et al., 2020; Dusenge, Duarte, &

Way, 2019; Pushnik et al., 1995). CO2 enrichment generally triggers

decreases in stomatal conductance (gs) and increases in water-use

efficiency (WUE) often going along with reduced transpiration rates

(E) (Birami et al., 2020; Dusenge et al., 2019; Haworth, Heath, &

McElwain, 2010). As a possible outcome of this, soil water may be

preserved, potentially slowing water stress development. However, if

a decrease in leaf-level E is accompanied by growth stimulation and

hence increases in leaf area, these two [CO2] effects could most likely

counterbalance each other (Jin, Ainsworth, Leakey, & Lobell, 2018;

Knauer et al., 2017; Tor-ngern et al., 2015).

While there is some knowledge on elevated [CO2] (eCO2) impacts

on tree drought responses, little is known about possible effects of

elevated CO2 on stress thresholds and time-to-mortality during a

lethal drought (but see Bartlett, Klein, Jansen, Choat, & Sack, 2016 for

an in-depth overview of hydraulic drought tolerance thresholds).

Duan et al. (2014) suggested that eCO2 (+240 μl l−1) has no effect on

time-to-mortality during drought in either Pinus radiata or Callitris rho-

mboidea seedlings and that air temperature is more influential than

[CO2] on drought responses (Duan et al., 2015). However, these stud-

ies monitored leaf gas exchange only on a weekly basis. In order to

get a more detailed impression on mortality risk and the chronological

sequence of events leading to mortality, continuous gas exchange

measurements at the whole tree level along with a closely timed mon-

itoring of the hydraulic status could be of particular importance

(Hartmann et al., 2018; Ryan, 2011).

In connection with tree mortality, carbon starvation and hydraulic

failure have been identified and discussed as the two main processes

causing tree death. Carbon starvation is defined to occur when C

requirements for respiration exceed C assimilation during stomatal

closure (Adams et al., 2010; Hartmann, 2015). Under such conditions,

C reserves namely non-structural carbohydrates (NSC) gain enormous

importance for osmoregulation and maintaining physiological func-

tioning (Hartmann, 2015). The ability to access and mobilize these

reserves has been shown to support tree survival (Mitchell

et al., 2013; Sevanto, 2018; Sevanto, Mcdowell, Dickman, Pangle, &

Pockman, 2014). As NSCs have been found to increase under eCO2

(Ainsworth & Long, 2004), trees may benefit from this during drought

conditions. Moreover, the longer the drought the more critical are

NSC reserves to sustain respiration rates (Mitchell et al., 2013), which

might further enhance any potential benefit from eCO2.

The process of hydraulic failure in drought mortality has been

recently identified as the most prominent cause of tree death

(Brodribb et al., 2020). It is mainly associated with turgor loss and

decreases in xylem conductivity ultimately leading to tissue dehydra-

tion (Hsiao, 1973) and xylem embolisms (Brodribb & Cochard, 2009).

Values between 50 and 80 % loss in xylem hydraulic conductivity

have been related to tree death in conifers (Brodribb &

Cochard, 2009; Hammond et al., 2019). Although C starvation and

hydraulic failure were at first considered as separate causes

(McDowell et al., 2008), such a distinction has proven to be difficult.

Carbon and water processes in trees are tightly interconnected as the

transport of assimilates for example depends on phloem velocity and

NSCs, as osmolytes, are crucial for maintaining turgor pressure

(Adams et al., 2017; Duan et al., 2018; Hartmann et al., 2018).

In the attempt to attribute a cause of tree mortality, the identifi-

cation of general critical thresholds or tipping points beyond that

death is inevitable, has been a much sought objective (Brodribb &

Cochard, 2009; Hammond & Adams, 2019; O'Brien et al., 2017; Resco

et al., 2009). However, defining such tipping points is associated with

enormous difficulties as there is no general consensus on when a tree

can be declared dead (see Hartmann et al., 2018). This leaves the

question whether a specific threshold marks a tree in the process of

dying or a tree that is already dead (Hammond et al., 2019). Regard-

less of this uncertainty, recent studies have suggested drought-related

thresholds that may critically impair tree functioning (Bartlett

et al., 2016; Ruehr, Grote, Mayr, & Arneth, 2019), including a tree's C

balance turning negative, stomatal closure, leaf turgor loss point and

substantial loss of xylem conductivity. However, it has yet to be inves-

tigated if elevated [CO2] may affect these thresholds during drought.

While in a previous study we could show that eCO2 can modestly

impact heat and hot-drought stress responses in Aleppo pine seed-

lings (Birami et al., 2020), we followed here the assumption that tree

survival under prolonged drought stress might benefit from greater

NSC reserves (e.g., Mitchell et al., 2013), stimulated by eCO2. Hence,

we assessed the time-to-mortality during a fast and a slow lethal

drought to identify the importance of NSC for survival. In addition, we

assessed if critical physiological drought thresholds and mortality risk

of P. halepensis seedlings are altered by eCO2.

In contrast to the majority of previous studies, we designed our

elevated [CO2] treatment according to CO2 concentrations prescribed

for the RCP8.5 at the end of this century (range 794–1,142 ppm)

(Collins et al., 2013) and are therefore much higher than in most stud-

ies. Although some voices are currently critical of the scenario

(Hausfather & Peters, 2020), our treatment design (internal [CO2] of

about 630 ppm) is close to the value given for CO2-saturated photo-

synthesis of 600 and 800 ppm for internal [CO2] (Benner, Sabel, &

Wild, 1988; Greer, 2019; Maruyama, Nakamura, Marenco, Vieira, &

Sato, 2005; Roberntz & Stockfors, 1998), we should be able to

observe a maximum benefit of elevated CO2 in our study. Hence, our
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seedlings were grown either under ambient (c. 407 ppm) or highly ele-

vated [CO2] (c. 936 ppm) under controlled conditions for 2 years from

seeds originating from the Yatir forest in Israel. The Yatir forest is

dominated by P. halepensis and has been planted c. 1965 at the north-

ern edge of the Negev desert (Grunzweig, Lin, Rotenberg, Schwartz, &

Yakir, 2003).

As current climate conditions in the Yatir forest are already highly

stressful and contrasting with natural sites of P. halepensis in Israel,

the question is under consideration whether the forest is particularly

at risk under predicted climate change. In light of this, our hypotheses

were: (a) larger net C uptake and enhanced water-use-efficiency as

long-term acclimation to highly elevated [CO2] benefit the survival of

P. halepensis seedlings during drought, (b) the [CO2] advantage is more

pronounced during a slow lethal drought compared with a fast lethal

drought as NSC reserves are more crucial when carbon starvation

becomes the main mortality risk, and (c) the [CO2] benefit is apparent

in the change of critical thresholds of mortality risk factors resulting in

the prolonging of the time-to-mortality in P. halepensis seedlings.

2 | MATERIAL AND METHODS

2.1 | Plant material

Pinus halepensis (Miller) seedlings—seeds originating from trees in the

vicinity of the flux tower in the Yatir forest, Israel (31�20049.200N,

35�307.200E)—were grown either under ambient (407 ± 23 ppm) or ele-

vated (936 ± 9 ppm) [CO2] (Supplement 1b) in a greenhouse facility in

Garmisch-Partenkirchen, Germany (732 m a.s.l., 47�28032.8700N,

11�3044.0300E). The seedlings were cultivated for 24 months and

repotted twice in a mixture of C-free potting substrate. After germina-

tion in vermiculite, seedlings were transferred to 0.25-L pots con-

taining a C-free potting substrate (1:1:0.5 quartz sand (0.7 mm and

1–2 mm), vermiculite (c. 3 mm) and quartz sand (Dorsolit 4–6 mm)

and expanded clay (8–16 mm)) enriched with 2 g of slow-release fer-

tilizer (Osmocote® Exact + TE 3–4 month fertilizer 16–9–12

+ 2MgO + TE, ICL Specialty Fertilizers, Geldermalsen, The Nether-

lands) and liquid fertilizer (Manna® Wuxal Super, Wilhelm Haug

Gmbh & Co. KG, Ammerbuch, Germany), and were finally placed into

4.5-L pots holding substrate (1:1:2 vermiculite (3–6 mm), coarse

(4–6 mm) and fine quartz sand (2–3 mm) with expanded clay

(8–16 mm)) enriched with 5 g of slow-release fertilizer (Osmocote®

Exact Standard 5-6 M fertilizer 15–9-12 + 2MgO + TE, ICL Specialty

Fertilizers, Geldermalsen, The Netherlands), liquid fertilizer and

phosphate-magnesium addition once. Throughout, environmental

conditions were maintained constant between the two treatments

(ambient [CO2] (aCO2) and elevated [CO2] (eCO2)) with no significant

differences in daily air temperatures (TAir) (daytime: 21.5 ± 2.9 �C,

nighttime: 15.5 ± 2.1 �C, CS215, Campbell Scientific, Logan, UT), rela-

tive humidity (RH, 74.6 ± 15.7 %) (Supplement 1c), relative soil water

content (RWC, watered to full saturation) and photosynthetic active

radiation (PAR) (on average 662 ± 286 μmol m−2 s−1, PQS 1, Kipp &

Zonen, Delft, The Netherlands) (Supplement 1d). During the winter

month (December to February), seedlings were kept at reduced TAir

and RWC, which afterwards was reversed to previous control condi-

tions (Supplement 1a,e). Additionally, seedlings were subjected to a

drought period of approximately 30 days with RWC of <20 %

9 months prior to the main experiment to mimic natural summer

drought conditions in the Yatir forest (Preisler et al., 2019). The place-

ment of the CO2 treatments within the two greenhouse compart-

ments was iterated in 1–2 monthly intervals.

2.2 | Experimental setup

In order to monitor gas exchange throughout the lethal drought

experiment, nine seedlings per CO2 treatment were randomly

selected and each of these seedlings was placed into its own tree

chamber within the greenhouse to measure above- and belowground

gas exchange separately (Birami et al., 2020) (Supplement 2). The tree

chambers consisted of a light transmitting aboveground compartment

separated gas tight from the opaque belowground compartment.

Chambers were constantly supplied with an air stream of pre-defined

[H2O] and [CO2] depending on the respective treatment (aCO2:

413.67 ± 57.49 ppm; eCO2: 914.36 ± 31.35 ppm).

Conditions in the tree chambers were kept at day-time mean TAir

(5SC-TTTI-36-2 M, Newport Electronics GmbH, Deckenpfronn, Ger-

many) of 24 �C (Figure 1a) (night temperatures of about 20 �C) and

PAR (PQS 1, Kipp & Zonen, Delft, the Netherlands) was on average

476 μmol m−2 s−1 for 16 hr during daytime (Figure 1f) by

supplementing outside light with plant growth lamps (T-agro 400 W;

Philips, Hamburg, Germany). Lower levels of PAR are not untypical

at the forest floor and we found that our seedlings reached 77 %

(aCO2)/67 % (eCO2) of their maximum photosynthesis as derived

from light response curves at a PAR of 500 μmol m−2 s−1

(Supplement 3). Since we omitted from increasing the supply of

water vapor to the aboveground tree chambers during drought pro-

gression, vapor pressure deficit (VPD) increased similar to observa-

tions at the Yatir site (Tatarinov et al., 2016). Hence, decreasing

transpiration rates (E) gradually decreased RH from 50 % to 20 %

with increasing soil drought (Figure 1d). Accordingly, VPD increased

from 1–2 kPa to values near 3 kPa (Figure 1c). Since soil temperature

(TSoil) (T107, Campbell Scientific Inc., Logan, UT) was not actively

controlled, temperatures ranged between 20 and 27 �C but were

similar in all chambers (Figure 1b).

RWC (10HS, Decagon Devices, Inc., Pullman, WA) under control

conditions was maintained at about 50 % (Figure 1e). Before stopping

irrigation completely, water availability was progressively reduced in

five steps simulating a slow lethal drought (Table 1). Slightly higher

RWC under eCO2 resulted from lower E, which also explains higher

%Emax values.

With the experimental setup just described and also nine Aleppo

pine seedlings per [CO2] treatment (not the same seedlings as in the

slow drought experiment) we previously conducted an experiment

mimicking a fast, lethal drought by only reducing irrigation twice

before stopping it all together after 2 weeks. Air temperature and
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relative humidity of the tree chambers and the initial RWC did not dif-

fer between the two experiments (Supplement 4).

2.3 | Gas exchange measurements

Above- and belowground CO2 and H2O gas exchange (n = 9 per

[CO2] treatment) was quantified using two gas analysers connected in

series. First, absolute [CO2] and [H2O] of the supply air stream (LI-

840, Li-cor, Lincoln, NE) and secondly, differences between supply

and sample air stream (Li-7,000, Li-cor, Lincoln, NE) were measured.

While automatically switching between chambers every 120 s, the

data was logged to a computer at 10 s intervals. CO2 fluxes from the

belowground compartment were treated as root respiration signal

because all belowground C was planted related as C-free substrate

has been used as potting material (see above). Two empty chambers

containing the same C-free potting substrate, but without seedlings,

were used as blanks to constantly monitor the system and to correct

gas exchange estimates for any fluctuations in [CO2] and [H2O] not

caused by changes in plant activity (3.09 ± 2.36 ppm CO2 and

−0.05 ± 0.05 ppt H2O in the above- and 4.74 ± 2.77 ppm CO2 in the

belowground compartment). For each chamber measurement, only

the last 40 s were used to calculate gas exchange fluxes according to

the following equations.

Tree transpiration rate (E) in [mol s−1] was calculated as

E =
Fm Wsupply−Wsample

� �

1−Wsample

� � , ð1Þ

with Wsupply [mol mol−1] as [H2O] in supply air stream, Wsample

[mol mol−1] as [H2O] in sample air stream and Fm [mol s−1] as

molar flow.

Tree net assimilation (Anet, canopy) as well as root and night-time

shoot respiration in [mol s−1] were calculated using the equation for

CO2 fluxes

CO2 flux = −Fm Csupply−Csample

� �
−ECsample, ð2Þ

with Csupply [mol mol−1] as [CO2] in supply air stream, Csample

[mol mol−1] as [CO2] in sample air stream, Fm [mol s−1] as molar flow

TABLE 1 Irrigation modulation
during the seven experimental steps (I–
VII) of the lethal drought simulation in
relation to the pre-determined maximum
of transpiration per treatment

Step I II III IV V VI VII

Days 7 21 8 6 7 19 9

Irrigation [ml day−1] 300 100 50 37.5 30 16.7 0

Irrigation %Emax aCO2 500 83 42 31 21 14 0

eCO2 582 97 49 36 24 16 0

Note: Shown are length of each irrigation step in days and irrigation amount in ml per day as well as in %

of the maximum water loss through transpiration (%Emax).
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F IGURE 1 Environmental drivers
during the lethal drought in the aCO2

(c. 413 ppm) and eCO2 (c. 914 ppm)
treatment. Air temperature (TAir, a), soil
temperature (TSoil, b), vapor pressure
deficit (VPD, c), relative humidity (RH, d),
relative soil water content (RWC, e) and
photosynthetic active radiation (PAR, f)
are shown. Lines and symbols mark daily

treatment averages during daytime (PAR
>100) and the shaded areas are ±SD (n = 9)
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and E [mol s−1]. Total daily respiration rates (Rtotal) were then calcu-

lated from the sum of nighttime shoot and day-and nighttime root

respiration.

Canopy conductance (gcanopy) was determined from daytime gas

exchange data as follows

gcanopy =
E 1000−W leaf +Wsample

2

� �

W leaf−Wsample
, ð3Þ

with Wleaf as leaf saturated vapor pressure, Wsample [mol mol−1] as

[H2O] in sample air stream and E [mol s−1]. This approach neglects

boundary layer conductance, which should be negligible under high

mixing conditions inside the chamber (Birami et al., 2020).

Leaf internal CO2 concentration (Ci) [μmol mol−1] was calculated

using the following equation

Ci =
gcanopy
1:6 − E

2

� �
Csample−Anet canopy
gcanopy
1:6 + E

2

, ð4Þ

with Csample [μmol s−1] as [CO2] in sample air stream, gcanopy [mol s−1]

as canopy conductance, Anet canopy [μmol s−1] as net assimilation and

E [mol s−1].

2.4 | Sampling procedure and needle water status

Throughout the experiment we sampled needle material for non-

structural carbohydrates analysis and tree water status. The sampling

was conducted between 12 p.m. and 2 p.m. Midday needle water

potential (Ψmd) was measured using a pressure bomb (Model 1000,

PMS Instrument Company, Albany, OR) on one needle fascicle per

tree. Additionally, in order to determine relative needle water content

(RLWC) needle mass was determined (a) from the same fresh needles

used for water potential analysis, (b) after being submerged in distilled

water for 48 hr and (c) post drying at 60 �C. We defined a sudden

sharp drop in RLWC and Ψmd as indication that the turgor loss point

has been reached. Needle samples for non-structural carbohydrate

analysis were immediately frozen in liquid nitrogen and stored at

−80 �C until further analysis. Tree biomass was harvested at the last

day of the experiment when seedlings appeared dead and divided into

needle, woody and root tissue and dried at 60 �C for 48 hr prior dry

mass was measured.

2.5 | Non-structural carbohydrate quantification

2.5.1 | Soluble sugar

The determination of soluble sugar was conducted as described by

Landhäusser et al. (2018) with minor modifications. For the extraction,

15 mg of frozen plant powder was added to 0.5 ml 80 % ethanol.

After shaking, 10 min incubation at 80 �C and centrifugation (13,000g

for 3 min), the supernatant was taken and the extraction process

repeated twice. While the remaining pellet swelled in 1 ml distilled

water (dH2O) at 95 �C for 2 hr before being stored at −80 �C for sub-

sequent starch analysis (see below), the supernatants were mixed and

the fluids were vaporized in a vacuum concentrator. The pellet was

then dissolved in 1 ml dH2O. For sugar quantification, 200 μl aliquots

of extract (1:10 diluted in dH2O) were mixed with 100 μl invertase

solution (300 U ml−1 (Sigma-Aldrich I4504-250 mg, Merck, Darm-

stadt, Germany) diluted in 10 mM sodium acetate buffer (pH 4.5) and

incubated for 35 min at 55 �C). Afterwards 200 μl (5 mM MgCl,

95 mM Tris–HCl, 1.7 mM ATP, 4.5 mM NAD+, 1.1 U ml−1 G6PDH

(Sigma-Aldrich G8404-2KU, Merck, Darmstadt, Germany), 10 U ml−1

HK (Roche 1,142,632,001), 1.6 U ml−1 phosphoglucose isomerase

(Sigma-Aldrich P5381-1KU, Merck, Darmstadt, Germany)) were added

to 50 μl aliquots of sugar extract in 96-well microtest plates (Brand,

Wertheim, Baden-Württemberg, Germany). After 20 min of incuba-

tion at room temperature, absorbance was determined at 340 nm

with a microplate absorbance reader (Epoch2, BioTek, Winooski, VT).

2.5.2 | Starch

After thawing and shaking, 80 μl aliquots of water diluted starch sam-

ples (see above) were mixed with 20 μl α-amylase (30 U ml−1, Mega-

zyme E-BLAAM-10 ml) and boiled at 85 �C for 1 hr. Following a quick

cooling, 100 μl amyloglucosidase (20 U ml−1 amyloglucosidase

(Sigma-Aldrich 10,115-1G-F, Merck, Darmstadt, Germany) dissolved

in 25 mM potassium acetate buffer) were added and samples boiled

at 55 �C for another hour. In preparation for the analysis, samples

were cooled again and centrifuged (13,000g for 3 min) before 50 μl

aliquots were mixed with 200 μl buffer (5 mM MgCl, 95 mM Tris–

HCl, 1.7 mM ATP, 4.5 mM NAD+, 1.1 U ml−1 G6PDH (Sigma-Aldrich

G8404-2KU, Merck, Darmstadt, Germany), 10 U ml−1 HK (Roche

1,142,632,001, Roche, Mannheim, Germany), 10 U ml−1 HK) in

96-well microtest plates (Brand, Wertheim, Baden-Württemberg, Ger-

many). Absorbance at 340 nm was measured using a microplate

absorbance reader (Epoch2, BioTek, Winooski, VT).

2.6 | Statistical data analyses

Gas exchange data of each chamber were quality controlled. Day and

nighttime measurements outside 1.5 times the interquartile range

above the upper quartile or below the lower quartile, which were

adjusted for each experimental phase, were considered outliers and

therefore not included in the analysis. This removed on average 5.2

and 8.4 % of the CO2 and H2O gas exchange data, respectively.

All statistical analyses were performed using R 3.5.2 (R Core

Team 2016). Differences were considered significant at p ≤ .05. Treat-

ment and drought effects were assessed by fitting linear mixed effects

models (lme) (package lme4: Bates, Maechler, Bolker, & Walker, 2015

and package lmerTest: Kuznetsova, Brockhoff, & Christensen, 2017)

with time and treatment as fixed effects and tree as random factor.
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Additionally, post-hoc Tukey multiple comparisons test of means

(package emmeans: Lenth, 2019) was performed to assess daily differ-

ences. Differences in biomass were tested using t-test for two inde-

pendent samples. The correlation between needle soluble sugar (SSN)

to starch (StN) ratios and needle water potential Ψmd was fitted using

a Michaelis–Menten kinetics function (y = ax[b + x] − 1). A logarithmic

function (y = log[x]) was used to simulate the tree C balance response

to stomatal closure.

To assess possible [CO2] effects on tree mortality risk factors dur-

ing the lethal drought we first identified core parameters associated

with tree survival such as tree C balance, stomatal closure and hydrau-

lic integrity. We then defined critical thresholds for these parameters

(see Section 3) and determined the probability for seedlings to match

these threshold criteria per day. Aiming to assess the tree mortality

risk, we combined the separate parameter observations by quantifying

the probability for seedlings to reach all three critical thresholds per

day. All these evaluations were made for aCO2 and eCO2 separately.

We used logistic regression to analyse the [CO2] effect on risk thresh-

old probability per day, and accounted for temporal autocorrelation

by bootstrap sampling. We assessed model performance using a

pseudo R2 metric (package sigr, Mount & Zumel, 2019). Significant dif-

ferences between treatments were assessed via a non-parametric

Mann–Whitney-U-Test comparing the average number of days

required to reach the threshold per treatment.

As indicators of tree death, we used foliar browning, cessation of

shoot respiration and midday leaf water potential (Ψmd) below

−5 MPa, which is associated with 50% potential loss of xylem conduc-

tivity (PLC50) in P. halepensis.

3 | RESULTS

3.1 | [CO2] effect under favorable conditions

Atmospheric [CO2] had a clear effect on the biomass of Aleppo pine

seedlings resulting in significantly higher shoot and root biomass

under eCO2 (needle +27 %; woody tissue +30 %; root +27 %)

(Table 2). However, root/shoot ratios were similar to aCO2.

During 12 days of acclimation to the tree chambers under suffi-

cient water supply, tree transpiration (E) and canopy net photosyn-

thetic rates (Anet, canopy) steadily increased. Anet, canopy rates were

twice as high in eCO2 than in aCO2 (Tukey HSD: p = .014, t = −5.15)

on the tree level reaching maximum rates of 1.24 ± 0.17

(aCO2)/1.98 ± 0.71 (eCO2) [mol hr−1 tree−1] (Figure 2b). Simulta-

neously, tree E was not significantly lower in eCO2 than aCO2

(Figure 2a) on the tree level, reaching maximum rates of 0.40 ± 0.06

(aCO2)/0.31 ± 0.11 (eCO2) [mol hr−1 tree−1]. On a leaf area basis, the

[CO2] effect on Anet, canopy vanished suggesting the increase in leaf

area as the main reason for higher Anet, canopy in eCO2 (Supplement

5b). In contrast, treatment differences in E were significantly amplified

on a leaf area basis (Tukey HSD: p = .021, t = 5.113) (Supplement 5a),

which can be explained by lower canopy conductance (gcanopy, sum of

stomatal and cuticular conductance) in eCO2 of 22 % at the tree level

and 33 % at the leaf level (leaf areadata not shown). Respiration rates

[sum of shoot nighttime, root day- and night-time respiration (Rtotal)]

were not significantly higher under eCO2 compared to aCO2, despite

a significantly larger tree biomass (+27 %) under eCO2.

3.2 | Gas exchange response to drought

In the course of step-wise reductions in irrigation, E and Anet, canopy

declined gradually and reached new stable rates during each drought

phase. Simultaneously, treatment differences in Anet, canopy and

E diminished with progressing drought. In contrast, the [CO2] effect

on Rtotal apparent in 1.5 times higher rates in eCO2 compared to

aCO2 (not statistically significant) was largely sustained by concur-

rently decreasing Rtotal in both treatments with increasing soil

drought (Figure 2d). Interestingly, ceasing irrigation completely trig-

gered a sudden respiration burst notable in Anet, canopy as well as

Rtotal (Figure 2c,e). Contrary to the transition from assimilation to

respiration in Anet, canopy, the renewed rise in Rtotal was significant

(Tukey HSD: aCO2 p < .01, t = 6.99; eCO2 p < .01, t = 9.72) due to a

doubling of respiration rates during the burst. This phenomenon had

also been observed during the prior, fast lethal drought experiment

(Supplement 4a,c). Since occurring at times when trees started dying,

the burst in respiration may indicate drought-induced lethal cell

damage.

3.3 | [CO2] effect on tree C balance during drought

We further assessed the [CO2] effects on the tree C balance

(ΣC = Anet, canopy – Rtotal, see also Supplement 6b) and water loss (ΣE,

see also Supplement 6a) in relation to gcanopy. To overcome the differ-

ences in gcanopy from [CO2], gcanopy was expressed in relation to maxi-

mum gcanopy (gcanopy max) per treatment (Figure 3). Based on changes

in Ci/Ca ratios, which remained unaffected by [CO2], we have sepa-

rated drought effects on assimilation into four phases (see Figure 3,

dashed vertical lines). Following this structuring, we analysed the

[CO2] effect on ΣC in the course of declining gcanopy.

TABLE 2 Biomass (P. halepensis, n = 9 per treatment, ±SD) of
needles, shoot woody tissue, roots and shoot/root ratio was
measured at tree death

aCO2 (c. 413 ppm)

eCO2 (c. 914 ppm)Tissue Biomass [gDW]

Needle 41.38 ± 8.88 (a) 52.56 ± 6.15 (b)

Woody tissue 26.96 ± 5.81 (a) 34.97 ± 5.03 (b)

Root 80.72 ± 12.57 (a) 102.59 ± 13.28 (b)

Root/shoot 1.11 ± 0.21 1.16 ± 0.21

Note: Using t-test for two independent samples tested for potential

treatment effects. Statistical significance (t-test, p < .05) is indicated by

different lower case letters.
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During non-stressful conditions, indicated by Ci/Ca ratios of about

0.7 (phase I), assimilation was not limited by water availability (irrigation

step one and the beginning of step two) and ΣC in eCO2 was with

0.17 g C day−1 about 300 % higher than in aCO2 (Tukey HSD: p = .012,

t = −4.90). With developing drought stress (during irrigation steps two

and three), as stomatal restriction on assimilation increased causing Ci/Ca

ratios to decline (at 40–60 %gcanopy max), the stimulation of eCO2 on ΣC

also declined. In phase III, when Ci/Ca is nearly stagnant again at about

0.6 (at around 35 % gcanopy max), the restriction on assimilation is slowly

transitioning from stomatal to non-stomatal accompanied by again

increasing relative difference in ΣC between aCO2 and eCO2. However,

high variances of drought stress development within the treatments

prevented these differences from being statistically significant. Sharply

increasing Ci/Ca ratios mark the reaching of the Ci inflexion point and

simultaneously the beginning of phase IV. During this last phase (irriga-

tion steps 4–7) characterized by dominating and further increasing non-

stomatal restrictions on assimilation, the [CO2] effect transitioned from a

benefit to a detriment at 15 % of gcanopy max (Ψmd of −2.3 MPa). This

goes along with the transition from assimilation to respiration during the

last week of the experiment (Ci/Ca > 1) and higher respiration rates in

eCO2 (Figure 2b,c). In contrast to the [CO2] effect on ΣC, the difference

in ΣE between treatments (on average − 12 ± 5 %) was not significant at

the tree level, as variances were high and the larger biomass under eCO2

almost annulled the effect of reduced E per unit leaf area.

3.4 | Needle water potential and non-structural
carbohydrates

Despite treatment differences in tree water fluxes (gcanopy, E) on the

leaf level, midday leaf water potential (Ψmd) and relative leaf water

content (RLWC) measurements revealed no [CO2] effect (Figure 4).

Following a slow but steady decrease during mild to moderate

drought stress, Ψmd fluctuated around the turgor loss point identified

at −2.2 MPa as water availability was further reduced (Table 1,

16.7 ml day−1). While the decline in Ψmd responded to increasing

drought, RLWC was maintained at values between 70 and 80 %.

However, once the turgor loss point was reached, Ψmd and RLWC

steeply declined reaching values of about −7 MPa and 31 ± 16 %,

respectively, within 8 days after irrigation had been stopped.

Similar to Ψmd, needle soluble sugar (SSN) content was not

affected by elevated [CO2] (Figure 4a). In addition, SSN showed no

drought effect, as concentrations were maintained relatively stable.

The observed slight decrease in SSN at the final harvest could be due

to metabolic processes triggered by tree death (Figure 4a). As a conse-

quence of these SSN results, steadily rising SSN to needle starch (StN)

ratios (Figure 5) were mainly attributed to decreasing StN concentra-

tions (Figure 4b). In the course of the experiment, StN reserves were

depleted by about 80 and 85 % in aCO2 and eCO2, respectively.

Accordingly, the distinct [CO2] effect on SSN/StN ratios under mild

and moderate drought (Ψmd > −2.2 MPa) resulted from StN concentra-

tions being twice as high in eCO2 than in aCO2 (Tukey HSD: p < .001,

t = −6.27). However, this treatment effect diminished with amplifying

drought due to stronger decreasing StN concentrations in eCO2 com-

pared to aCO2, while the overall StN concentration remained higher

under eCO2. The course of SSN/StN ratios indicates the use of StN to

maintain SSN levels and respiration during drought. Furthermore, it

would explain the increased reduction of StN in eCO2, as assimilation

per leaf dry weight in eCO2 was lower than in aCO2 after reaching the

turgor loss point. Similar developments of SSN/StN ratios in relation to

Ψmd could be observed during a prior fast lethal drought experiment

(Figure 5, Supplement 4).
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F IGURE 2 Gas exchange parameters
during the course of the lethal drought
experiment. Shown are transpiration (E)
(a), net assimilation (Anet canopy) (b) and
respiration (Rtotal, sum of shoot dark and
root respiration) (d) rates as hourly
treatment (aCO2:c. 413 ppm, eCO2:c.
914 ppm) means per day and tree. The
shaded areas depict ±SD. Data gaps are

bridged by thin dotted lines.
ForAnet canopyandRtotal, the light grey
colored areas mark the final phase of the
experiment, which is additionally shown
on a finer scale (c, e) highlighting the
respiration burst just before death of the
seedlings occurred. Longer tick marks on
thex-axis mark days of irrigation
reductions [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.5 | [CO2] effect on risk thresholds during lethal
drought

We used critical values to assess differences in the probabilities of

reaching critical thresholds between the CO2 treatments (see ‘Statisti-

cal data analysis’). The threshold criteria we assigned were: negative

ΣC, daytime gcanopy ≤ 5 % gcanopy max and Ψmd below the turgor loss

point (−2.2 MPa). We preferred turgor loss to PLC50, as we did not

directly assess PLC50 in our seedlings. To test if eCO2 might affect

drought-induced carbon starvation, we introduced a 50 % threshold

for StN (relative to the initial values) (NSC50), although there is no con-

sensus on critical NSC values (Adams et al., 2017).

The treatment difference was only significant in StN (Figure 6d);

here aCO2 seedlings reached the NSC50 threshold earlier and faster

(Mann–Whitney-U-Test: p = .019). Furthermore, declines in StN

followed shortly after ΣC turned negative in aCO2 (Figure 6a),

whereas a time lag of about 10 days between these two events was

observed in eCO2 suggesting a positive [CO2] effect on the carbon

safety margin. While for ΣC (Figure 6a) and Ψmd (Figure 6c) the proba-

bility of reaching the respective threshold increased slowly, the transi-

tion in gcanopy (Figure 6b) indicating stomatal closure was rather

sudden, changing the probability from zero to one within 2 days

irrespective of [CO2]. Interestingly, these 2 days were the same in

both treatments indicating that the relative response of gcanopy to

severe drought was identical in aCO2 and eCO2.

When we assessed the overall risk factor by combining the results

for ΣC, Ψmd and gcanopy (Figure 6e), it became apparent that [CO2] did

not affect the probability of reaching the threshold, nor the timing of

mortality. Ψmd declining below the turgor loss point clearly marked

the time at which survival in both treatments became critical. In sum-

mary, this clearly indicates that the mortality risk under severe

drought stress was not reduced by elevated [CO2]. Furthermore, our

results show that this applies to both fast and slow (data not shown)

lethal droughts.

4 | DISCUSSION

4.1 | Pre-drought [CO2] effect

We found eCO2 to stimulate plant growth, equally reflected in

increasing root and shoot biomass and therefore not affecting root/
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shoot ratios of the P. halepensis seedlings in our study (Table 2). In

addition, larger needle starch storage and net C uptake at eCO2 sug-

gests that excess C was stored as starch in leaves (Eguchi et al., 2004;

Poorter et al., 1997; Pritchard, Rogers, Prior, & Peterson, 1999)

(Figure 4b). Frequently, increases in Anet, canopy are accompanied by

decreasing E and gcanopy under eCO2 (Ainsworth & Rogers, 2007;

Birami et al., 2020; Gamage et al., 2018), as was the case at the leaf

level in our study (Supplement 5). An optimization of the stomatal

density to stomatal index (stomata to epidermal cells ratio) ratio would

account for such an enhanced water-use-efficiency (WUE) (Haworth

et al., 2010). However, we did not find a significant [CO2] effect on

stomatal density (p > .1, n = 17) (data not shown). The lack of changes

in SD and SI supports the hypothesis that trees more likely respond to

eCO2 by adjusting needle function, which is most prominently done

by controlling stomatal aperture (Apple et al., 2000; Bettarini,

Vaccari, & Miglietta, 1998; Pritchard et al., 1999). As has been docu-

mented in several studies, eCO2 stimulates stomatal closure

(Ainsworth & Rogers, 2007; Birami et al., 2020; Gamage et al., 2018;

Xu, Jiang, Jia, & Zhou, 2016). This together with biochemical adjust-

ments most likely resulted in constant ratios of intercellular to
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atmospheric [CO2] (Ci/Ca) in P. halepensis leaves under eCO2

(Figure 3), which is concordant with a previous study (Birami

et al., 2020) and suggested scenarios regarding WUE and rising Ca

(Lavergne et al., 2019; Saurer, Siegwolf, & Schweingruber, 2004). As a

possible underlying mechanism, Tor-ngern et al. (2015) introduced the

idea of long-term reductions in E and gcanopy being rather indirect,

than direct effects of eCO2. After extensive experiments in a temper-

ate forest (FACE, +200 μmol mol−1 for 17 years), they concluded that

reductions of gcanopy were not a direct stomatal response to increasing

[CO2], but were considered to be attributable to decreases in leaf

hydraulic capacity as well as reductions of hydraulic conductance from

the xylem to the stomata as long-term acclimation to eCO2 (Domec

et al., 2009; Domec, Palmroth, & Oren, 2016). As our seedlings were

grown from seeds under eCO2 for 2-years such a CO2 acclimation

response might be a likely scenario.

4.2 | [CO2] effect under mild to moderate drought
conditions

Initial responses to drought are typically characterized by a gradual

closure of stomata (Blackman et al., 2016; Mackay et al., 2015; Taïbi

et al., 2017). During this phase, P. halepensis seedlings seemed to be

able to offset restrictions on C assimilation under eCO2 as Anet, canopy

was maintained at higher rates in spite of lower gcanopy compared to

aCO2 (Table 2), in agreement to previous observations (Birami

et al., 2020). This indicates a potential ameliorating effect of eCO2

(Ainsworth & Rogers, 2007; Je et al., 2018; Robredo, Pérez-López,

Lacuesta, Mena-Petite, & Muñoz-Rueda, 2010), supported by a delay

in the Ci inflexion point, which marks the transition from stomatal to

non-stomatal limitation as dominant restriction on Anet, canopy

(Flexas, 2002). In our study we did not observed such an effect on the

Ci inflexion point as Ci/Ca ratios in P. halepensis seedlings were unaf-

fected by [CO2].

One consideration in connection with reduced gcanopy resulting in

lower E on the leaf level was a possible preservation of soil moisture

and a resulting slowing down of the development of drought stress

under elevated [CO2]. However, such a phenomenon of ‘water saving’

is debatable due to the trade-off between the reduced water loss

through transpiration and the simultaneous increase of leaf area under

eCO2 (Dusenge et al., 2019; Tor-ngern et al., 2015; Wullschleger,

Tschaplinski, & Norby, 2002), which was also apparent in our study. In

addition, we observed no significant eCO2 effect on Ψmd or relative leaf

water content (RLWC) since P. halepensis seedlings in both treatments

maintained Ψmd above the turgor loss point (TLP) (−2.2 MPa) and

RLWC at around 82% for the longer part of the drought period

(63 days) (Figure 4). The seemingly stable leaf water status along with

no apparent up-regulation of SSN (Figure 4a) suggest a lack of osmotic

adjustment with decreasing water availability, controversial to the gen-

eral drought response of plants (Adams et al., 2017; Li et al., 2018).

However, decreasing StN concentrations indicate the remobilization of

starch reserves in P. halepensis seedlings in order to meet C require-

ments when drought response reduces C assimilation (Martínez-Vilalta

et al., 2016). A more detailed look at the primary metabolome, but

excluding starch, of P. halepensis seedlings subjected to heat and hot

drought stress revealed that eCO2 enhanced root protein stability at

high temperatures, but did not alter the general stress response (Birami

et al., 2020). Contrary to our expectations, eCO2 trees did apparently

not benefit from enhanced NSC reserves. NSC patterns were rather

similar between a slow and a fast drought as relations between SSN/

StN ratios and Ψmd show (Figure 5), emphasizing the complex as well as

versatile use of NSC in response to drought.

4.3 | [CO2] effect on tipping points and drought-
induced mortality

In response to severe drought, P. halepensis seedlings kept stomata

closed but still lost water through cuticular conductance and stomatal

leakiness (Blackman et al., 2016). During such conditions, survival

depends on both C accessibility, required for instance for metabolic

processes such as respiration, and the integrity of the plants hydraulic

functions ensuring the maintenance of capacitance and conservation

of water storage (Adams et al., 2017; Blackman et al., 2019; Choat

et al., 2018; Nardini, Battistuzzo, & Savi, 2013; Sevanto, 2018; Sev-

anto et al., 2014; Zhu et al., 2018). Regarding C availability under

severe drought, non-structural carbohydrates (NSC) have been identi-

fied as a key C source (Galiano, Martínez-Vilalta, & Lloret, 2011;

Garcia-Forner, Sala, Biel, Savé, & Martínez-Vilalta, 2016; O'Brien, Leu-

zinger, Philipson, Tay, & Hector, 2014).

However, because of their various functions in plant C metabo-

lism it has been proven to be extremely difficult to specify a particular

NSC threshold below which death is more likely than survival (Adams

et al., 2017; McDowell et al., 2013; Meir, Mencuccini, &

Dewar, 2015). In a global synthesis, Martínez-Vilalta et al. (2016)

found a 54 % NSC loss as an overall estimate for minimum NSC in

dying relative to control trees. Applied to our SSN and StN measure-

ments, the NSC50 threshold underlines the mitigating effect of eCO2

on StN depletion (Figure 6d). However, due to the uncertainty regard-

ing this threshold we also considered the transition from positive to

negative C balance (after growth ceases) as a critical threshold. Since

we estimated the C balance as Anet, canopy minus the sum of shoot and

root respiration (Rtotal), a negative C balance means that reductions in

Anet, canopy exceed decreases in Rtotal under declining water availability

(Figure 2) further suggesting the requirement for alternative C sources

namely NSC. Mitchell, O'Grady, Tissue, Worledge, and Pinkard (2014)

attributed importance to Ψmd values between −1.4 and −1.5 MPa by

proposing the phase between the cessation of growth and assimila-

tion as a carbon safety margin for isohydric tree species. Since this

attempt at defining a carbon safety margin is very rare due to the

complex and diverse functions of NSC, the applicability of this

approach remains questionable. However, in our study a similar Ψmd

range (between −1.4 and −1.6 MPa) delimitated the crucial period

beyond which growth must have ceased (net C uptake zero), shortly

before the C balance turned negative and stress turned from mild to

severe. We found eCO2 to not affect this carbon safety margin.
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In order to assess the risk of dehydration and hydraulic failure

under drought, leaf turgor and xylem conductivity are considered as

crucial traits (Körner, 2019). Losses in conductivity are strongly linked

to xylem cavitation and embolisms indicating a rising possibility of

hydraulic dysfunction and ultimately tree mortality (Breshears

et al., 2018; Cochard, 2006; Klein et al., 2016; Klein, Cohen, &

Yakir, 2011). Irrespective of [CO2], the TLP of P. halepensis seedlings

was reached at 80 % RLWC and a Ψmd of −2.2 MPa, which is in line

with findings by Villar-Salvador, Ocaña, Peñuelas, and Carrasco (1999)

and Royo, Gil, and Pardos (2001). Beyond the TLP, seedlings

dehydrated at a fast rate and RLWC was as low as 30 % at mortality.

Substantial xylem embolism must have occurred alongside dehydra-

tion and a 50 % percentage loss of xylem conductance (PLC50) was

reached at Ψmd of about −5 MPa (Gleason et al., 2016) concordant

with other PLC50 results for P. halepensis (Martin-StPaul, Delzon, &

Cochard, 2017).

In previous studies, PLC50 to PLC80 was suggested as the likely

critical threshold between survival and death in gymnosperms

(Brodribb & Cochard, 2009; Choat et al., 2018; Hammond

et al., 2019). All of our seedlings were well beyond a Ψmd related to

PLC50, when mortality was reached, indicating that PLC80 might be a

more meaningful threshold for mortality in Aleppo pine. In addition,

our findings indicate that eCO2 altered neither the hydraulic thresh-

olds directly, nor the time to reach the lethal hydraulic thresholds

(Ψmd did not differ between treatments). This corroborates the sur-

mise that the detected water savings on leaf level are

counterbalanced by the leaf area increase in P. halepensis seedlings

under eCO2. A similar lack of a [CO2] effect on whole tree water rela-

tions and drought-induced mortality was reported by Duan

et al. (2014) for Eucalyptus radiata and Pinus radiata as well as Callitris

rhomboidea (Duan et al., 2015). As critical hydraulic thresholds were

reached earlier than NSC thresholds, our results indicate that the

water status is more meaningful than the C status for predicting mor-

tality risks of P. halepensis seedlings under severe drought conditions.

This in turn is consistent with findings by Duan et al. (2018)

suggesting that predicting time-to-mortality for Eucalyptus sideroxylon

is better based on leaf water potential than C status. In summary our

results further support dehydration as the main cause of death in our

seedlings and that eCO2 did not alter dehydration rates.

Since our study was conducted on potted seedlings in a con-

trolled greenhouse how meaningful are our results for the future of

Aleppo pines in the Yatir forest? [CO2]-stimulated root growth may

expand the root zone, which may open up new water sources for the

trees. This could be advantageous as our study shows that trees under

eCO2, despite a larger leaf area, transpire the same amount of water

on the whole tree level due to reduced stomatal conductance.

Together with larger C reserves, this in turn could influence the fate

of the trees during drought conditions in favor of their survival. How-

ever, predicted reductions in precipitation for the Mediterranean

region (Giorgi & Lionello, 2008) alongside new evidence finding alloca-

tion changes under eCO2 to increase leaf area compared to water

supplying sapwood area (Trugman et al., 2019), calls into question the

potential advantage just described. In combination with an overall

absence of [CO2] interacting with three critical drought thresholds,

we conclude that eCO2 will not improve survival of Aleppo pine seed-

lings under severe drought. Moreover, a larger non-structural carbo-

hydrate buffer under eCO2 seemed of no advantage neither during

fast nor slow terminal drought, which clearly challenges the carbon

starvation hypothesis.
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