
Received: 29 June 2022 | Accepted: 23 August 2023

DOI: 10.1111/pce.14712

OR I G I NA L A R T I C L E

Vapour pressure deficit was not a primary limiting
factor for gas exchange in an irrigated, mature dryland
Aleppo pine forest

Yakir Preisler1,2 | José M. Grünzweig2 | Ori Ahiman2,3 | Madi Amer1 |

Itai Oz1,2 | Xue Feng4 | Jonathan D. Muller1,5 | Nadine Ruehr6 |

Eyal Rotenberg1 | Benjamin Birami6 | Dan Yakir1

1Department of Earth and Planetary Science, Weizmann Institute of Science, Rehovot, Israel

2Robert H. Smith Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem, Rehovot, Israel

3Institute of Soil, Water and Environmental Sciences, ARO Volcani Center, Beit Dagan, Israel

4Department of Civil, Environmental, and Geo‐Engineering, University of Minnesota, Minneapolis, Minnesota, USA

5School for Climate Studies, Stellenbosch University, Stellenbosch, South Africa

6Institute of Meteorology and Climate Research–Atmospheric Environmental Research (IMK‐IFU), KIT‐Campus Alpin, Karlsruhe Institute of Technology (KIT),

Garmisch‐Partenkirchen, Germany

Correspondence

Yakir Preisler, Department of Organismic and

Evolutionary Biology, Harvard University, 16

Divinity Av. Cambridge MA. USA 02138.

Email: ypreisler@fas.harvard.edu

Present address

Yakir Preisler, Department of Organismic and

Evolutionary Biology, Harvard University,

Cambridge, Massachusetts, USA.

Funding information

German Research Foundation,

Grant/Award Numbers: YA 274/1‐1, SCHM

2736/2‐1; Israel Science Foundation,

Grant/Award Number: ISF 1976/17; NSFC‐ISF,
Grant/Award Number: 2579/16; Keren

Kayemet LeIsrael, Grant/Award Number: KKL

90‐10‐012‐11; Ring Family Foundation; United

States‐Israel Binational Agriculture Research

and Development Fund, Grant/Award Number:

FI‐584‐2019; National Science Foundation,

Grant/Award Number: DEB‐2045610

Abstract

Climate change is often associated with increasing vapour pressure deficit (VPD) and

changes in soil moisture (SM). While atmospheric and soil drying often co‐occur, their

differential effects on plant functioning and productivity remain uncertain. We

investigated the divergent effects and underlying mechanisms of soil and atmospheric

drought based on continuous, in situ measurements of branch gas exchange with

automated chambers in a mature semiarid Aleppo pine forest. We investigated the

response of control trees exposed to combined soil‒atmospheric drought (low SM, high

VPD) during the rainless Mediterranean summer and that of trees experimentally

unconstrained by soil dryness (high SM; using supplementary dry season water supply)

but subjected to atmospheric drought (highVPD). During the seasonal dry period, branch

conductance (gbr), transpiration rate (E) and net photosynthesis (Anet) decreased in low‐SM

trees but greatly increased in high‐SM trees. The response of E and gbr to the massive rise

in VPD (to 7 kPa) was negative in low‐SM trees and positive in high‐SM trees. These

observations were consistent with predictions based on a simple plant hydraulic model

showing the importance of plant water potential in the gbr and E response to VPD. These

results demonstrate that avoiding drought on the supply side (SM) and relying on plant
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hydraulic regulation constrains the effects of atmospheric drought (VPD) as a stressor on

canopy gas exchange in mature pine trees under field conditions.

K E YWORD S

automated branch chambers, drought, irrigation, semiarid, soil moisture, supply and demand,
transpiration, VPD, water potential

1 | INTRODUCTION

Recent years have seen water scarcity and rising temperatures in a

range of ecosystems, which have contributed to an alarming increase

in reports of large‐scale drought‐related tree mortality in various

biomes (Allen et al., 2010, 2015; Cobb et al., 2017; Hammond

et al., 2022; Hartmann et al., 2022; Preisler et al., 2019). The

response of forest trees to water stress in semiarid lands is critical

both for predicting future land cover changes in these regions and for

any attempt to minimise its effects through management (Alpert

et al., 2008; Burke et al., 2006; IPCC, 2018). Studying the response of

trees to ecological drought remains challenging for two main reasons.

First, because water stress can be driven by either lower precipitation

and soil moisture (SM) content or increased atmospheric evaporative

demand, such interactions are not well resolved at present in

ecophysiological and Earth system models (Anderegg et al.,

2018; Bartlett et al., 2018; Dracup et al., 1980; Lloyd‐Hughes,

2014; Mirfenderesgi et al., 2016; Sperry & Love, 2015; Sperry

et al., 2016; Tate & Gustard, 2000). Second, while control experiments

in the laboratory or growth chamber (e.g., Grossiord et al., 2017) can

help resolve the contribution to water stress, this is seldom achieved

under field conditions in mature trees, which is critical for validating

control experiments and making realistic predictions. Furthermore,

previous reports of stomatal response to variations in SM and vapour

pressure deficit (VPD) tended to focus on temperate environments

with relatively high SM and low VPD and a limited range of variability,

even in dry conditions (Novick et al., 2016; Hochberg et al., 2017;

Domec et al., 2009; Grossiord et al., 2017; Maseyk et al., 2008; Ruehr

et al., 2012). Therefore, the environmental factors and use of mature

trees under field conditions extend the range of habitats and

conditions and improve the understanding of how trees will respond

to drier conditions that may apply to the Mediterranean and possibly

other mesic environments undergoing climate change.

Climatic models predict that drought severity and temperature

rises will further intensify in the coming decades (Alpert et al., 2008;

Burke et al., 2006; IPCC, 2018). Ecological drought is commonly

described as a period characterised by water deficit owing to lower

than average precipitation and/or increased air temperatures and

leading to higher evaporative demand of the atmosphere (Dracup

et al., 1980; Lloyd‐Hughes, 2014; Tate & Gustard, 2000). Droughts

are commonly classified into two types, namely, soil drought and

atmospheric drought, which are associated with water deficits in soil

and the occurrence of a relatively VPD in the air, respectively. High

VPD values occur during the dry season and are often accompanied

by soil drought. Nevertheless, exceptions to the coupling of

atmospheric and soil droughts can occur, for example, in irrigated

agricultural fields, desert riparian zones, and groundwater‐fed forests.

Research addressing the effects of global warming tends to focus on

the role of temperature (Park Williams et al., 2013) and often

neglects the fact that VPD will increase at a faster rate than

temperature (Breshears et al., 2013). Furthermore, there is currently

an increasing number of studies that ask whether soil or atmospheric

drought independently dominates plant function and drought stress

over the other factor, with an increasing focus on the effects of VPD.

Recent studies, particularly over large spatial scales, show that either

SM, VPD, or their combined effects dominate stomatal conductance,

carbon uptake, and modelled plant water stress responses (Novick

et al., 2016; Feldman et al., 2020; Stocker et al., 2018; L. Liu

et al., 2020; Y. Liu et al., 2020; Rigden et al., 2020). Additionally, the

certainty in the predicted changes in SM is low (Ault, 2020;

IPCC, 2018, 2021). These considerations make the question of plant

responses to atmospheric versus soil drought a matter of particular

importance in high‐VPD environments, especially when soil water

supply and atmospheric moisture demand act as independent drivers

of transpiration.

VPD is traditionally linked to decrease in stomatal conductance,

preventing excessive water loss via transpiration (Damour et al., 2010;

Lange et al., 1971; Novick et al., 2016; Oren et al., 1999). Plants

regulate water loss via stomatal closure to maintain hydraulic safety

and to balance their water supply with atmospheric moisture demand

(Choat et al., 2012; Sperry, 2000). Stomatal closure dynamically

decreases transpiration in response to soil drought and increased

VPD (due to temperature rises and/or reduction in air humidity) (Ball

et al., 1987; Buckley, 2005; Cochard et al., 1996; Meinzer et al., 2009;

Tyree & Sperry, 1988; Woodruff et al., 2008). The physical and

chemical mechanisms through which stomatal closure occurs involve

leaf turgor loss, osmotic regulation, ion pumps and abscisic acid

production (Brodribb et al., 2003; Haworth et al., 2011; McAdam &

Brodribb, 2012, 2014), all of which are governed by leaf water

potential (Ψleaf), which regulates guard cell activity (Anderegg

et al., 2018; Brodribb & Holbrook, 2003; Cochard et al., 1996;

Jarvis, 1976; Wolf et al., 2016). While some physiological and Earth

system models have started to incorporate Ψleaf and plant hydraulic

status as a controlling factor of stomatal conductance (gs) (Anderegg

et al., 2018; Dewar et al., 2018; Sperry & Love, 2015; Wolf

et al., 2016), the majority still use empirical equations to simulate

stomatal regulation as a function of its external environmental

drivers, such as VPD (e.g., Damour et al., 2010; Medlyn et al., 2017;
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Oren et al., 1999). Modelling stomatal closure as a direct result of

VPD may miss important physiological adjustments in cases where

SM is decoupled from VPD. Thus, studies intending to disentangle

the effects of SM and VPD on transpiration have revealed that VPD

seemingly exerts more influence than SM on stomatal closure

(Damour et al., 2010; Novick et al., 2016), indicating a direct link

between increased VPD and reduced gs. However, studies on pine

trees revealed that under semiarid conditions (mean annual rainfall of

415mm), the main limiting factor of gas exchange was SM and not

VPD (Grossiord et al., 2017) and that stomatal conductance

sensitivity to VPD was governed by SM (Ruehr et al., 2012). Domec

et al. (2009) found that in moist sites with apparently sufficient water

supply (annual rainfall >1200mm), the main limiting factor for tree

transpiration shifted from VPD to SM as the soils became drier. A

similar dominant effect of SM on transpiration was also shown in

drier sites (Maseyk et al., 2008). These findings may have resulted

from SM and VPD being correlated in these studies and from the fact

that when SM was high, VPD did not exceed 3.5 kPa.

Separating the responses of trees to soil and atmospheric

drought under field conditions is challenging. Nevertheless, the

contradictory indications noted above highlight the urgent need to

assess the relative effects of SM and VPD to more accurately predict

tree responses to extreme drought under natural conditions

(Park‐Feldman et al., 2020; Novick et al., 2016; Park Williams

et al., 2013; L. Liu et al., 2020). Here, we addressed this challenge by

(1) taking advantage of the large seasonal increase in VPD in a

semiarid pine forest during the dry season (Wang et al., 2020) and (2)

eliminating seasonal soil drought by supplementing irrigation during

the high VPD period. A system of automated branch chambers

allowed for continuous tree gas exchange monitoring in both low‐SM

control and high‐SM irrigated trees over the full annual cycle,

providing an opportunity to characterise the trees' physiological

response in situ.

2 | MATERIALS AND METHODS

2.1 | Study site and experimental design

The study was carried out in the FLUXNET site of Yatir forest

(Grünzweig et al., 2003; Rotenberg & Yakir, 2010), a semi‐arid,

55‐year‐old forest planted predominantly with Aleppo pine (Pinus

halepensis Mill.), located in the northern edge of the Negev

desert, Israel (31° 20' 42''N 35° 3' 7.2''E, 550–700m a.s.l.). The

climate is Mediterranean with prolonged summer drought periods

with no rainfall from May to October (average daily temperature

in July is 25°C) and a winter period with low precipitation (P =

279 ± 90; 1970–2018 mean) and moderate temperatures (~10°C

in January). Potential evapotranspiration (PET) averaged 1600

mm yr‐1 and P/PET averaged 0.17. During the dry season, the

maximum VPD value reached 6.5 kPa and the SM minimum

reached 5%–10 % at 10–40 cm depth (multiannual values;

2001–2020).

Two adjacent study areas were established near the flux tower

site (yet not affecting its footprint): one serving as an ambient control

(Low SM) and the other functioning as an irrigated area (High SM).

These areas were separated by a 30‐m wide buffer strip and had

similar characteristics (aspect, slope, tree density and age, soil depth,

etc.), each consisting of 30 trees (with a mean height and diameter of

12 and 18 cm, respectively), and covering an area of 1000 m–2. Tree

sap flow (SF) was continuously measured since 2015 in 40 trees (17

in each plot of Low SM and High SM treatments, and six in the buffer

area), by lab‐made heat dissipation sensors (Granier, 1985). For a

detailed explanation of the SF and site‐specific methodology, see

Klein et al. (2014) and Cohen et al., (2008).

2.2 | Soil moisture (SM)

SM (%) was monitored in the study plots from August 2016 to date,

using five access tubes per area, with specific calibration curves for

each access tube (PR2/6, Delta T Devices) to a depth of 100 cm (10,

20, 40, 60, and 100 cm), (Supporting Information: Figure S1). To

obtain a relative index of the SM, which was available to the main

root systems of the trees (10–60 cm depth), as demonstrated by

Preisler et al. (2019), the SM was scaled according to its minimum

(11%) and field capacity (42%) values, expressed as relative

extractable water (REW), as described by Granier et al. (1999,

1987). Hence REW = 0 at SM of 11% and REW = 1 at SM of 42%

mean values of 0–60 cm.

2.3 | Branch chambers

To enable the continuous measurements of photosynthesis and

transpiration in the harsh field conditions, custom‐made branch

chambers were designed, modified from Bamberger et al. (2017) and

Pumpanen et al. (2009). The experimental setup included 16 in situ

branch chambers installed at a mid‐canopy height of 6 m (Supporting

Information: Figure S1). Each of the seven chambers per treatment

housed an intact branch attached to the tree, while one empty

chamber served as a background reference air to examine the

chamber effect (blank). Each chamber contained a branch with four

twigs, which was replaced every month to ensure representative

measurements of the whole tree. The azimuth of the monitored

branch on a tree was randomly selected, to represent all parts of the

mid‐canopy heterogeneity. The chambers remained open, except

during the short periods when the measurements were taken

(4 min h−1 randomized between chambers) when a movable lid

automatically closed. A programmed magnetic valve controlled the

randomized air sampling from the chambers (for more details, see

Supporting Information: Figure S2). The chambers were constructed

from a transparent cylinder enclosed by two caps (inner volume:

11.2 L), all made of highly light‐transmitting Perspex. The chamber

material resulted in some attenuation of the incident light, but the

large range of photosynthetic photon flux density (PPFD) values

VAPOUR PRESSURE DEFICIT WAS NOT A PRIMARY LIMITING FACTOR | 3

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.14712 by K

arlsruher Institution F. T
echnologie, W

iley O
nline L

ibrary on [27/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



observed at the study site did not prevent the comparison between

treatments (see Muller et al., 2021b for details).

The accurate measures of the H2O and CO2 fluxes were

performed using a setup that consisted of two infrared gas analyzers

(IRGAs): one for absolute ambient values was used as a reference air

(LI‐840A; LI‐COR) situated in‐between the two plots at 6 m height,

and the other for differential measurement (LI‐7000), randomly

sampled from each chamber over 4 min (Figure 1 and Supporting

Information: Figure S2). The LI‐7000 IRGA measured the differences

in water vapour and the CO2 levels between the ambient air

(as obtained from the LI‐840A) and the sample air coming from each

chamber. Using a local ambient gaseous concentration in the Li840A

F IGURE 1 Diagrams of the gas exchange
measurement setup (bottom) and illustration of
the sensor installation and plot design in the study
area (top). For simplification, the measurement
principle is represented by two chambers. The
field setup consisted of 14 branched chambers
and two empty chambers, measured in sequence.
The chambers remained open except for short
periods of 4 min per hour, when the
measurements were taken, and a movable lid
automatically closed the chamber. The direction
of airflow is indicated by the small arrows.
Dendrometer data are not shown, and sap flow
data are shown in the supplementary information
(Supporting Information: Figure S4). [Color figure
can be viewed at wileyonlinelibrary.com]
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IRGA allowed us to obtain absolute H2O and CO2 values at the

resolution and accuracy needed to calculate expectedly low rates of

transpiration and photosynthesis. VPD values were obtained from

ambient temperature and H2O concentrations inside each chamber.

A photosynthetic photon flux density (PPFD) sensor (calibrated

g1118 photodiode; Hamamatsu Photonics K. K.) and a self‐made type

T (Copper/Constantan) fine thermocouple (REOTEMP Instrument

Corporation) were located in the center of each chamber. A small 12

V electronic fan (JAMICON) continuously circulated air inside the

chamber to ensure homogeneous air mixing.

2.4 | Calculation of fluxes

Projected leaf area (LA) was estimated every month for each chamber

separately without destructive sampling inside the chamber. This was

done by measuring the current twigs LA and replacing them with

other new twigs monthly. For detailed description of LA estimation

see (Oz, 2021).

H2O (mmol m–2 s–1) and CO2 (µmol m–2 s–1) fluxes, that is,

transpiration (E) and photosynthesis (Anet), were calculated using the

differences in the H2O and CO2 concentrations between the sample

chambers and the empty reference chamber, the measured flow rate,

and the heat capacity and density of moist air (calculated from air

pressure). The calculations were performed using the following

equations (von Caemmerer & Farquhar, 1981):

∆
E

f H O

LSA
= ,

2 (1)

∆
A

f CO

LSA
C E= − ,net s

2 (2)

where ΔH2O (mmol mol–1) and ΔCO2 (µmol mol–1) are the

differences in the concentrations between the ambient (outside

air) and sample (from a branch chamber) air; f denotes the flow rate

through the chamber, expressed as the volume of air in moles

(mol/s), that passes through the chamber per second and LSA is leaf

specific area; Anet is corrected for the dilution via the outgoing

transpiration fraction (CsE); and Cs is the ambient CO2 concentra-

tion. The scripts used to calculate all the data, including example

data are available online https://github.com/kebasaa/Branch‐

chamber‐fluxes (Muller & Oz, 2021).

It was not possible to determine the accurate temperature of

each of the approximately 100–150 needles inside a chamber. Thus,

we used air temperature (Ta), measured by the thermocouple that was

located among the needles, to calculate the leaf‐to‐air VPD. Branch

conductance (gbr in mol m–2‐s–1) was then computed as follows:

( )
g

E

e H O
=

1000 −

−
,br

e H O

l out

+

2

2

l out2

(3)

where el stands for the mole fraction of leaf vapor pressure (assuming

saturation in the sub‐stomatal cavity [Gaastra, 1959] using Equation 3)

and H2Oout is the water concentration in the ambient air plus the H2O

molecules added by transpiration, resulting in leaf‐to‐air VPD.



 




e e0.61365l

T

T
=

17.592

240.97+
l

l
(4)

Tl is estimated near‐leaf temperature in °C.

2.5 | Irrigation treatment

To control SM, we employed five soil moisture sensors at average

depths of 20–60 cm (n = 5 probes at each depth, every 10 cm) in the

High SM plot to operate as ON/OFF switches for the irrigation

system. The threshold ranged between 0.6 and 0.7 REW (equivalent

to 30%–33% SM) as the mean value of the five sensors. This range

was maintained throughout the study period. Drip irrigation provided

water at a rate of 1.6 L h‐1 to an area of 30 × 35 m (1050 m2), with 1 m

lateral spacing between the lines and 30 cm dripper spacing. On the

14 May 2017, the irrigation was initiated at a time when the mean

REW was 0.3 (SM = 19%) (Figure 2). Note that the drip irrigation was

used on a small plot of 0.1 ha, in a large forest (~2500 ha) of low

density—high turbulence with minimal environmental effects, and

therefore no environmental effect, as was also reported in our

preceding paper (Muller et al., 2021).

2.6 | Two seasonal peak periods

To identify the impact of eliminating summer soil drought on the

trees' activities across the seasonal cycle, we used the long‐term

measurement dataset of the Yatir forest flux tower data to compare

the peak activities at the tree and ecosystem scales. At the ecosystem

scale, the peak activity was identified (see Maseyk et al., 2008;

Rotenberg & Yakir, 2011; Wang et al., 2020) in March during the wet

season, with mean midday VPD = 1.43 ± 0.04 kPa, and the lowest

activity occurred in July, during the maximum annual mean midday

VPD three times higher than March (4.46 ± 0.12 kPa). A comparison

between these two seasons is held to evaluate the response to

irrigation.

2.7 | Model description and equation

To elucidate the soil and atmospheric drivers of tree transpiration, we

used a mathematical model (modified from Feng et al., 2018) to

describe the relationships between E, gbr, Ψs, and VPD. The model

couples a canopy conductance model with a plant hydraulics model

along the soil–plant–atmosphere continuum. To simplify the model, it

is applicable at the daily scale under assumptions of equilibrated, daily

averaged transpiration rates and negligible water storage in the plant.

Water potential is expressed in the model as the daytime average,

nighttime fluxes are assumed to be negligible, and gravitational effects

are disregarded.

VAPOUR PRESSURE DEFICIT WAS NOT A PRIMARY LIMITING FACTOR | 5
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Branch‐level stomatal conductance (mmol m–2 s–1) is described

as follows:







( )

g g=
1

exp −

,br s
ψ

β

β,max
P (5)

where gs,max is a parameter for maximum stomatal conductance and β

is the sensitivity of the stomatal conductance to the plant water

potential, ψP. The daily branch‐level transpiration flux (mmol m–2 s–1)

is given by:

E g ψ D L= ( )∙ ∙ ,br P (6)

in which D represent the daytime‐averaged VPD (mol H2O mol–1 air)

and L is the leaf area per sapwood area. Transpiration supply is

regulated by the hydraulic potential gradient from the soil to the

canopy, along with hydraulic resistances along the SPAC. Such

resistances are modeled as continuous resistances; a matrix flux

potential Φ serves to drive the flow and is derived by integrating a

hydraulic conductance, k , across gradients of water potential ψ (i.e.,

∫ k ψ dψΦ = ( )
ψ

−∞
i ), using the Kirchhoff transformation (Ross & Bristow,

1990; Sperry et al., 1998). The daily transpiration water flux from the

soil to the canopy is therefore expressed as follows:

∫E k ψ dψ= − ( ) = −(Φ − Φ ),
ψ

ψ

X P S
S

P
(7)

where ψS and ψP are the water potential values in the soil and plant

(MPa), and kX is the stem conductance (m3 d–1 MPa–1), described as a

function of the declining plant water potential, as determined using

the exponential sigmoidal function (Pammenter & Willigen, 1998):







k ψ k

e
( ) = 1 −

1

1 +
,X P X a ψ ψ,max ( − )P X50

(8)

where ψX50 is the water potential at a 50% loss, relative to the

maximum stem conductivity kX,max, and a denotes a fitting parameter

for the stem vulnerability curve.

Simultaneously solving Equations (6) and (7) yields the solution to

E y( , )P given inputs for soil water potential ψS and vapour pressure

deficit D. To calibrate the model, the measurements of daily average

transpiration rate from P. halepensis and VPD were used in

combination with the following assumed parameters: a = 1,

β = 1, and y = − 3.5X50 MPa (Oliveras et al., 2003; Klein et al.,

2011; David‐Schwartz et al., 2016). Additionally, the Ψs values of the

High SM individuals were assumed to be constant at ψ = − 0.5S MPa

(mean Ψs was determined using the [Saxton et al., 1986] model with

measured SM), and the Ψs values of the Low SM individuals were

assumed to decrease incrementally with a simulated increase in VPD

from yS,0 to yS,min. Three fitting parameters were employed to

calibrate the model against the daily averaged branch‐level stomatal

conductance data: the maximum stomatal conductance (gS,max) and

the maximum and minimum Ψsoil values under the control settings

F IGURE 2 Annual trend of relative extractable water (REW) measured at the main root zone (10–60 cm) before (gray line, n = 4 sensors each
plot) and after the onset of irrigation in the high‐soil moisture (SM) (blue line; n = 5), and low‐SM (orange line; n = 5) plots. Irrigation began on
May 14, 2017 (green dashed line). Missing data are due to sensor transition or malfunction. [Color figure can be viewed at
wileyonlinelibrary.com]
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(yS,0 and yS,min, respectively). The fitted values were then used to

predict daily branch‐level transpiration fluxes during the wet and dry

seasons, for both High SM and Low SM individual trees.

2.8 | Data and statistical analysis

Chamber data (E, gbr, and Anet) were expressed as the average values

of the seven chambers per plot, with the standard error shown in the

error bars for each plot. As all the chambers were sampled at random

time points every hour, we obtained a decent representation of each

area per hour for all days, and each value derived from each area was

labelled as corresponding to the trees located in either the Low SMA

or High SM plots. Data analysis and calculations were performed

using MATLAB R2016b (MathWorks). Analysis of variance and

Student t‐tests were routinely applied to determine the significance

of the differences between the treatments while accounting for the

repeated measures of the same chambers. When normality tests

failed, the Whitney–Mann sum rank test was used.

3 | RESULTS

3.1 | Pretreatment comparison

Using the permanently installed branch chamber system (Figure 1), we

assessed branch gas exchange before irrigation (January–May 2017)

when SM in both treatment plots was similar (p = 0.14; Figure 2), and we

found no differences between the treatments in tree activity (all p

values > 0.05), as expressed in sap flow (p= 0.43; Supporting Informa-

tion: Figure S4), E (p = 0.13), Anet (p= 0.31), or gbr (p = 0.15) (Figure 3a–c).

During April 2017, branch conductance was higher in the high‐SM plot

before the onset of irrigation for no apparent reason, which likely

reflected natural variations among the chamber measurements under

the field conditions and the amount of available data at each plot (see

Supporting Information: Figure S3). The VPD values inside the branch

chambers did not differ between plots before the onset of irrigation but

were slightly lower (p > 0.05) in the high‐SM chambers after the start of

irrigation due to higher chamber humidity caused by higher transpiration

rates (Figure 4; Supporting Information: Figure S5). Notably, although

there was a minor difference in mean VPD values between chambers

when the lid was briefly closed for measurement (4min), the

comparative nature of the experimental plots was unaffected thanks

to a large number of measurements (n > 1000) encompassing a large

range of VPD values, including the high‐end values.

3.2 | Initial response to supplemental irrigation
during the dry season

The relative extractable water from the soil root zone (REW)

increased from 0.29 to 0.71 immediately (2–3 days) after irrigation

started (Figure 2) and remained high at 0.68 ± 0.005 (mean ± SE)

during the entire study period. In contrast, the low‐SM plot gradually

dried out, with REW decreasing from 0.30 to 0.06 by the end of the

dry season in October 2017, with a mean low value of 0.10 ± 0.003

F IGURE 3 Daytime monthly mean and SE of (a) transpiration (E), (b) branch conductance (gbr), (c) net photosynthesis (Anet) in the irrigated
(blue) and control (orange) trees from January to December 2017. The green dotted line represents the irrigation start date in May 2017. SE,
standard error; SM, soil moisture. [Color figure can be viewed at wileyonlinelibrary.com]
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between July and October. Hence, a full separation between soil and

atmospheric drought was achieved.

The initial physiological response to the onset of irrigation was fast

even though it occurred under relatively dry conditions (VPD of 6 kPa

and REW of 0.3 on that week). E increased rapidly, and after 20 days, it

reached relatively stable values for the following 2 months (Figure 3a

and Supporting Information: Figure S6). Midday E averaged

1.8 ± 0.1mmolm–2 s–1 at 20 days after irrigation onset, simultaneously

being four times the pre‐irrigation rates and an order of magnitude

higher than the low‐SM rates (0.2 ± 0.4mmolm–2 s–1). During the first

20 days of irrigation, gbr increased to 0.098 ± 0.002mol m–2 s–1 and

was maintained at these high levels, ranging between 0.09 and

0.11molm–2 s–1. These values were 2.3 times higher than the pre‐

irrigation values and were over 15 times higher than the mean value

(0.005 ± 0.003molm–2 s–1) of the low‐SM trees during the same period.

Midday Anet increased in the high‐SM trees and stabilised after

approximately 5 days at 4.2 ± 0.65µmolm–2 s–1, a level at which it

remained stable for the next 60 days, and was approximately two times

higher than the pre‐irrigation levels and nearly 20 times higher than the

Anet values in the low‐SM trees during the same period. This fast and

strong response of the high‐SM trees occurred despite the concomitant

sharp increase in VPD from midday mean values of 2.6 ± 0.94 kPa

during the pretreatment period to 4.2 ± 1.09 kPa (Figure 4). An

exception was the week of the start of the irrigation treatment, when

VPD values were above average, between 5 and 6.5 kPa (Supporting

Information: Figure S7). For detailed data on days after irrigation, see

Supporting Information: Figures S6 and S7.

3.3 | Effects of eliminating soil drying on gas
exchange

Comparing the wet and dry periods (March and July, peak activity,

and peak dry periods in the untreated forest plot) at the tree scale

based on the branch chamber measurements showed that in the

high‐SM trees, E increased 2.5 times (Figure 3a), gbr increased 1.2

times (Figure 3b), and Anet remained high and stable throughout

the entire dry season (Figure 3c). The total amount of transpiration

per ground area calculated from the branch chamber fluxes

between May and August was approximately 400 mm in the

high‐SM plot (while ~470 mm of irrigation water was applied) and

approximately 32 mm in the low‐SM plot based on our site

estimates of leaf area index (LAI) of 1.8 and tree density of

300 tree ha−1.

In the low‐SM trees, the diel dynamics of leaf gas exchange

differed markedly between the wet (Nov–Apr) and dry (May–Oct)

seasons. During the wet season, a clear diel trend was observed, with

E, gbr, and Anet starting to increase after sunrise, peaking at midday,

and decreasing toward the evening (Figure 5a–c), closely following

the photosynthetically active radiation (PAR) and VPD trends. At the

start of the dry season, the amplitude of the diel cycles in these

parameters decreased, and the daily peak shifted to a distinct early

morning peak of E, gbr, and Anet followed by a decline in activities

throughout the remainder of the day. Notably, the low‐SM trees still

lost water throughout the day, possibly due to cuticular transpiration,

and Anet increased in the late afternoon after recovering from the

midday depression.

In the high‐SM trees (Figure 5d–f), the diel trend did not

change from the wet to the dry seasons. In both seasons, gas

exchange was highest during midday, despite the peak in VPD at

that time (~1.5 and ~4.4 kPa in the wet and dry seasons,

respectively; Figure 4 and Supporting Information: Figure S7). In

contrast to the low‐SM trees, the gbr of the high‐SM trees peaked

at 10:00 and was maintained at high values throughout the day

until 15:00 to 16:00 (Figure 5d), as was also observed for E and Anet

(Figure 5e,f).

One of the more dramatic effects of the supplemented dry

season irrigation was the response of E. The natural atmospheric

F IGURE 4 Boxplot of the daytime vapour
pressure deficit (VPD) as measured inside the
chambers (n = 7 per plot) by month. Each month
represents 1670 ± 100 and 1744 ± 87 sampling
points for the high‐soil moisture (SM) and low‐SM
trees, respectively. The lower and upper box
boundaries represent the 25th and 75th
percentiles, respectively, the line inside the box is
the median, the lower and upper error lines are
the 10th and 90th percentiles, respectively, and
the filled circles are data points falling outside
10th and 90th percentiles. Irrigation begun in
May 2017 (green dotted line). Occasions of high
VPD ( > 5 kPa) occurred in both chambers, and the
differences between the chambers' mean values
before and after irrigation is not significant (p > 0.
05). [Color figure can be viewed at
wileyonlinelibrary.com]
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drought (VPD), as measured next to the branch chambers after the

irrigation started, ranged from 0.5 kPa to high dry season values of

5.5 kPa. However, the combination of stable water supply across

seasons, accompanied by this large seasonal increase in VPD, resulted

in a strong positive relationship between E and VPD values (Figure 6).

This was associated with a mild increase in gbr, which remained

relatively high even under extremeVPD values (>3.5 kPa). In contrast,

a negative relationship (slope = −0.08) between E and VPD developed

F IGURE 5 Diel dynamics of the mean daily values of the branch chamber gas exchange measurements at both plots for the wet (a–c) and dry
(d–f) seasons. Each data point represents the mean value ± SE for 85 days of measurement per season for transpiration (a, d), branch stomatal
conductance (b, e), and net photosynthesis (c, f). SE, standard error; SM, soil moisture. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 Relationships between daytime E and vapour pressure deficit (VPD) (a) and gbr and VPD (b) during the dry season (May–Oct). VPD
data were binned every 0.5 kPa, and each data point represents all the values of E and gbr for the corresponding VPD range. Each plot represents
an average of 7 trees and n > 5000 for each data point that was binned in the graph. [Color figure can be viewed at wileyonlinelibrary.com]
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in the low‐SM trees (Figure 6), associated with a decrease in gbr from

0.01 to 0.005mol m–2 s–1 as VPD increased above 2 kPa, after the

sharp decrease in the low VPD values (0–1 kPa) occurring only in the

early morning during the dry season.

3.4 | Model simulations of stomatal response

Simulations with the hydraulic model of the response of E to VPD,

both before and after irrigation, showed good agreement with the

measurement results. A similar trend with no significant differ-

ence (p = 0.6–0.9) was found before irrigation (February–April

conditions) in both the low‐SM and high‐SM trees, but clear

differences in gbr between treatments (p < 0.05) developed after

irrigation (June–August) in response to increasing VPD

(Figure 7a,b). In both field measurements and model simulations,

the gbr in the high‐SM trees showed some decline in response to

increasing VPD but remained at high levels even under high VPD

values (Figures 6 and 7b).

Similar agreements between measurements and model simula-

tions were observed for the response of E to changes in VPD, both

before and after irrigation was initiated (Figure 7c,d). Here, too, no

significant differences in trends (p > 0.05) were observed before

irrigation between low‐SM and high‐SM trees, but a clear difference

developed after irrigation (p < 0.05), as the simulated SM was

elevated.

4 | DISCUSSION

Using irrigation to eliminate dry season soil drought while atmo-

spheric drought (VPD) reached its seasonal peak enabled us to

decouple the effects of the two stressors and assess the differential

response of mature pine trees to each of them.

F IGURE 7 Model output (line) and measurement (dots) results of branch transpiration (a, b) and stomatal conductance (c, d) responses to
increasing vapour pressure deficit (VPD) before (a, c) and after (b, d) irrigation. Maximal stomatal conductance (gs_max) was determined for each
period and each treatment separately and is shown in the legend. Maximal stem hydraulic conductivity (kX,max) was set as 0.5 mol/m2/s and
2.0 mol/m2/s for the winter and summer periods, respectively. ΨS,0 and dΨs are the soil water potential values that occurred with the highest
and lowest VPD, respectively, in the low‐SM area during each period. These values represent the daily range of soil water potential. [Color figure
can be viewed at wileyonlinelibrary.com]
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4.1 | Fast recovery and long‐term resilience

The onset of supplemental irrigation in mid‐May occurred 3 months

after the last rain event. At that time, the soil REW was below 0.3, the

VPD was approximately 5–6 kPa (Supporting Information: Figure S7),

and the E and Anet levels approached their seasonal minima. These

conditions allowed us to test and demonstrate Aleppo pine tree

resilience in semiarid conditions. We showed that irrigation led to a

rapid (2–3 days) recovery and restored the prestress gas exchange

values. These results suggest that the high‐SM trees maintained the

wet‐season water transport capacity with the existing conductive

system. Resilience, defined as the ability to recover from stress while

minimising losses in productivity (Ruehr et al., 2019; Tatarinov

et al., 2016), is a key trait of mature Aleppo pine trees growing in

semiarid environments. It is likely to contribute to their survival in an

environment that is characterised by a long dry season and a

relatively short and highly variable wet season (Ungar et al., 2013;

Wang et al., 2020), as well as a season with a high frequency of

heatwave events (Birami et al., 2018a; Tatarinov et al., 2016).

This rapid recovery may also indicate a low rate of native

embolism (conduits in an air‐filled state (Tyree & Sperry, 1989)) in

these trees, supported by previous studies that showed a 50% loss of

hydraulic conductivity (PLC50) in the range of –3.2 to –5MPa Ψleaf in

Aleppo pines (David‐Schwartz et al., 2016; Klein et al., 2011; Oliveras

et al., 2003). However, at our study site, the lowest measured midday

Ψleaf in the dry season was approximately –3.2MPa, further implying

nonlethal damage to the hydraulic system (Hammond et al., 2019)

due to the redundancy of xylem conduits (Körner, 2019), allowing the

trees to operate at narrow hydraulic safety margins (Klein et al., 2011).

Interestingly, a recent study by Wagner et al. at the same study site

showed a clear link between low rates of needle embolism and high

VPD events, while SM did not affect the percent loss of conductivity

(Wagner et al., 2022). This may suggest that the stomatal

hyposensitivity to high VPD shown in our study could increase the

risk of low rates of native embolism. However, according to the low

embolism rates found in that study (12%), it appears that soil drought

is a more chronic problem related to severe hydraulic damage due to

embolism than high VPD.

4.2 | Irrigation changes the peak activity period of
E but not Anet and gbr

The peak activity period of the Yatir forest typically occurs in early

March, which represents a large difference from the time of peak

activity in Northern Hemisphere temperate forests around July

(Rotenberg & Yakir, 2010; Wang et al., 2020). Although maximum

temperature and radiation are usually attained in July, due to the

severely dry soil conditions and high VPD at this site, photosynthesis

and transpiration are suppressed by low stomatal conductance (Klein

et al., 2014; Preisler et al., 2019). However, using supplemental

irrigation to prevent dry season soil drying resulted in a new peak in E

in the high‐SM trees during the dry season (Figure 3), with

transpiration rates and VPD values approximately three times higher

than during the natural peak in March. This was accompanied by a

prominent rise in Anet and gbr with values typical of the nonstress wet

season, peaking around July. The results support the idea that the

large seasonal shift in peak activity from July in moist regions to

March in this dry region is indeed driven by water supply (Park et al.,

2019; Wang et al., 2020).

The results also demonstrate that in these trees, stomatal closure

in response to high VPD is not a fixed trait (Ball et al., 1987; Grossiord

et al., 2020; Novick et al., 2016) but rather dependent on soil water

supply and, presumably, on Ψleaf (Figure 7). In the absence of soil

water limitation, transpiration was clearly driven by VPD, showing a

near‐linear relationship (Figure 6) that was not accompanied by

reduced conductance (Figure 6). This is in contrast to common

observations of a reduction in stomatal conductance in response to

increasing VPD (Novick et al., 2016). Low‐SM trees were the main

reason for the decreasing gbr under high VPD, followed by a decrease

in E and Anet, as also shown in other studies (e.g., Lagergren &

Lindroth, 2002; Sulman et al., 2016). The sharp decrease in

gbr corresponds well to the early morning stomatal behaviour shown

in a previous study at this site, as trees are able to use their stored

water for early morning transpiration in the dry season (Preisler

et al., 2021b).

Our results suggest that being able to exhibit high stomatal

conductance under harsh VPD conditions, when soil water is not a

limiting factor, is the main reason for the high productivity of Aleppo

pine trees in semiarid conditions. Such a VPD–stomata relationship

likely underlies the resilience of these trees in stressful environments,

such as at our study site, as well as at other sites undergoing climatic

changes (Anderegg et al., 2017; Feng et al., 2018; Y. Liu et al., 2020;

Wolf et al., 2016).

4.3 | Drivers and limitations of dry season
photosynthesis

While E was shown to be driven by VPD under high SM conditions

(Figure 6), Anet was driven by PAR, temperature, and [CO2] and not

limited by VPD. The relief of soil drought stress in the high‐SM trees

did not enable higher photosynthetic activity during the hot and dry

season despite the considerable improvement in conditions, for

example, temperatures in the optimum range (26.6°C in July vs.

16.9°C in March) (Birami et al., 2020; Sage, 2021), ample radiation

(PAR at 6m height in the canopy was 1800 μmol m−2 s−1), and

sufficient water supply. Under these conditions, Anet in the low‐SM

trees was near zero in July, but in the high‐SM trees, it reached values

similar to those at the peak annual cycle in March. Why did these

rates not increase further under the near‐optimal high SM condi-

tions? This may be due to several factors. First, we note that the

instantaneous increase in PAR exceeded the light saturation point,

which leads to photoinhibition, as was determined in our earlier

studies at the same site (Maseyk et al., 2008, 2019). Second, thermal

effects in the hot environment could lead to nonstomatal limitations

VAPOUR PRESSURE DEFICIT WAS NOT A PRIMARY LIMITING FACTOR | 11
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such as mesophyll conductance and biochemical limitations con-

straining maximal Anet and plant productivity in the dry season

(Gimeno et al., 2019; Salmon et al., 2020). However, note that

effective leaf/branch heat dissipation and low ΔTleaf–air were

extensively demonstrated recently in this experimental system

(Muller et al., 2021a). The second reason could be related to other

nonstomatal limitations (mesophyll conductance and biochemical

limitations) constraining maximal Anet and productivity in the dry

season (Salmon et al., 2020).

4.4 | Role of SM and VPD in stomatal regulation

A range of experimental and model studies proposed VPD as the

main factor influencing gs (e.g., Ball et al., 1987; Buckley, 2005;

Grossiord et al., 2020; Medlyn et al., 2011; Novick et al., 2016).

However, our results are consistent with recent studies using both

hydraulic models and experiments (Fang et al., 2021; Y. Liu

et al., 2020; Massmann et al., 2019) that also suggest a greater role

of plant water potential and SM than of VPD in regulating stomatal

response to drought (Anderegg et al., 2017; Martínez‐Vilalta &

Garcia‐Forner, 2017; L. Liu et al., 2020). Low sensitivity of stomatal

conductance to high VPD under sufficient SM was also shown in

Aleppo pine seedlings under greenhouse‐controlled conditions

(Birami et al., 2018b), crop plants (Cohen & Hochberg et al., 2017;

Cohen & Naor, 2002; Paudel et al., 2015), Quercus rotundifolia (David

et al., 2004) and several isohydric trees (Bond et al., 2008), with VPD

levels reaching values of 3.5 kPa. Nevertheless, the present study

significantly extends the range of the reported responses in a key

tree species in the Mediterranean basin to more extreme conditions,

reaching ambient VPD levels of 7 kPa.

Maintaining high stomatal conductance in extremely dry air, as

in this study, is unusual, but clearly, this is supported by high SM.

This may be at least partly in line with some climate change

predictions that in drying regions, decreasing precipitation will be

associated with increasing storm intensity (Drori et al., 2021). This

may or can improve soil water content due to better infiltration

and reduced evaporation (Assefa‐Haile, 2019), partly offset the

drying trends, and mitigate the impact of the concomitant increase

in atmospheric VPD.

Some plant traits can result in reduced sensitivity of gs to high

VPD or mask such a response (McAdam & Brodribb, 2016; McAdam

et al., 2011). An example of such a response is the sunken stomata of

pine (Howard, 1973), producing microclimate isolation between the

dry background atmosphere and the air boundary layer in the

stomatal cavity. The significant nighttime transpiration observed in

the high‐SM trees during the dry season when VPD was ≥1 kPa

(Figure 5d,e) may indicate a minimal gbr or cuticular transpiration for

these trees that limits their response to VPD. The slow production of

abscisic acid (ABA) in conifers, usually in response to changes in Ψleaf

that are assumed to remain high in the high‐SM tree, may also lead to

reduced sensitivity of stomatal conductance to high VPD (McAdam &

Brodribb, 2014).

4.5 | Is water potential a better predictor of
stomatal conductance than VPD in hydraulic models?

Our results showed good agreement between the branch‐scale

measurements and the model simulations of stomatal conductance

(Figure 7). Specifically, the simple hydraulic model demonstrates the

effects of Ψleaf on gs and E, which varies based on the Ψsoil and VPD

as the two end‐members. The model shows that gs is sensitive to

Ψleaf, which could remain relatively high even under high VPD

conditions as long as sufficient SM and high Ψleaf are maintained.

The combined experimental and model simulation results support the

conclusions that (1) SM and atmospheric VPD can have differential

effects on leaf gas exchange and (2) SM supply and plant water

potential can have a prevailing effect on the sensitivity of stomatal

conductance to VPD, even under very high VPD values. Such

interactions are not well resolved at present in eco‐physiological and

Earth system models that forecast vegetation response to climate

change since they use VPD as a limiting factor and not as a driving

force (Anderegg et al., 2018; Bartlett et al., 2018; Mirfenderesgi

et al., 2016; Sperry & Love, 2015; Sperry et al., 2016). It is worth

noting that accurately measuring Ψsoil in very dry soil can be

problematic and can lead to unrealistic negative values. Additionally,

predawn leaf water potential (ΨPD) does not directly represent Ψsoil,

and only a few models can estimate these values, as described in

previous studies (Preisler et al., 2021a; Saxton et al., 1986). The large

ΔΨleaf (predawn and midday) in the high‐SM trees (~1MPa)

compared to that of the low‐SM trees (~0.2MPa) during the dry

season (Supporting Information: Figure S8) is additional evidence

demonstrating that the stomatal response to a decrease in water

supply overrode the response to high VPD.

5 | CONCLUSIONS

Although this is a 1‐year study that should be further extended to

reduce uncertainties, it offered a unique combination between

extensive field measurements on mature pine trees under extreme

environmental conditions and elimination of the dry season soil

drought under high atmospheric VPD through experimental manipu-

lation. This setup provided novel insights into the importance

hierarchy of soil and atmospheric droughts on the ecophysiology of

Aleppo pine trees. The results indicated that VPD is not limiting when

its differential increase (i.e., while SM remains high) does not

decrease stomatal conductance (presumably due to stem hydraulic

conductivity, preventing changes in leaf water potential). This study

also highlights the need to quantify the possible mitigating effects of

maintaining Ψsoil on the impact of increasing atmospheric VPD for

predicting ecosystem response to climate change.
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