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Abstract 

Global climate change has increased the risk of worldwide drought-related tree 

mortality. As a result, forests face shifts in their community and structural 

characteristics. These changes can influence the global carbon and hydrological 

cycles by reducing carbon assimilation and evapotranspiration. Forests in semi-

arid areas are more susceptible to drought and its culminating damage. Since 

drought-impacted areas are expected to increase, it is important to research the 

traits leading to survival and development of trees that grow in dry climates. 

This information may improve our understanding of the changes that moister 

forests will experience over the course of the 21st century and their potential 

ability to adjust to climate change. The ability to survive long drought periods 

requires several adjustments, such as high resilience and the maintenance of a 

functioning hydraulic system. This study aims to understand the primary factors 

related to tree survival under drought conditions and to illuminate the related 

ecophysiological processes. To accomplish these goals, a field study was 

conducted in the semi-arid 50-year-old Aleppo pine forest located in Yatir in 

Israel’s northern Negev desert. The study is presented in three chapters, with 

each chapter addressing the main research question from a different angle. 

Chapter one studies the role of the trees' internal water storage (WS) as a key 

trait for survival during long, dry summers. This assessment was performed by 

obtaining tree scale measurements of water potential (Ψ), water content (WC), 

sap flow (SF) and transpiration (E), accompanied by a hydraulic model that 

tested the functional role of WS for these parameters.  

Chapter two asks whether the primary limiting factor for tree survival under 

drought conditions is water supply (expressed by soil water content; SWC) or 

evaporative water demand (expressed by vapor pressure deficit; VPD). A field 

experiment maintained high SWC levels throughout the entire year by irrigating 

one plot, thus enabling full separation between the soil and atmospheric 

droughts. An adjacent control plot was maintained without experimental water 
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addition. Continuous monitoring of branch-scale gas exchange (transpiration 

and photosynthesis) of 14 trees was performed using automated branch 

chambers. The tree SF was measured in 30 trees using heat dissipation method, 

and the stem growth, daily stem diameter shrinkage and expansion were 

measured in 20 trees using point and band dendrometers. A simple hydraulic 

model was used to determine the limiting forces on stomatal conductance. 

Chapter three investigated the 'point of no return' in the mortality sequence 

for mature trees, using the SF and dendrometer data of 7 dying trees in the 

study plot which occurred during the wet season, despite the precipitation.  

The Results of chapter one showed that the use of internal WS by Aleppo pine 

trees during the hot and dry season leads to a time lag of ~5 hours between E 

and SF. This lag allows a relatively high assimilation and E rates in the early 

morning when VPD levels are still low, thus preventing extreme drops in Ψ 

(below -3.2 MPa) that could lead to hydraulic failure and mortality. When WS 

was omitted from the model simulations, the tree SF and Ψ gave unrealistic 

values, leading to hydraulic failure. However, when WS was maintained in the 

model, the simulations better fitted the observations. We conclude that WS is a 

key trait for survival during the long, dry season in semi-arid conditions. WS 

enables efficient stomatal activity in the early morning, avoiding midday stress, 

allowing sufficient carbon gain, and buffering dangerous Ψ drops, thus 

preventing hydraulic failure. 

The Results of chapter two showed that at sufficient water supply, Aleppo pine 

stomata display low sensitivity to high VPD levels, thus VPD functions as a 

driving force of E. At high VPD values (> 5 kPa) during the driest month (July), 

E of the irrigated trees reached rates that were 2.3 times the rates reached 

during natural peak activity without irrigation (March). The branch 

photosynthetic rates (Anet) of the irrigated trees also increased during that 

period 1.13 fold, and the branch stomatal conductance (gbr) increased 1.7 fold. 
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Using Ψ as the primary limiting factor of gbr, the hydraulic model simulations 

showed a good agreement with the observations in both treatments. The results 

indicate that SWC may have overriding effects on VPD regarding the branch gas 

exchange. With sufficient water supply, high VPD does not inhibit gas exchange, 

thus maximizing carbon uptake, even under conditions of extreme atmospheric 

drought. The Results of chapter three revealed a sequence of processes that 

led to mortality of seven mature Aleppo pine trees during the rainy season. Nine 

months prior to visually detectable mortality (brown needles), the stem 

diameter of the dying trees started to shrink, while two months after the onset 

of stem-diameter shrinkage (seven months prior to mortality), diurnal bark and 

phloem width ceased to fluctuate. Both parameters are an indication of radial 

stem water flow from the bark and phloem to the xylem and transpiration 

stream. Four months prior to the visual mortality, at the peak of the rainy 

season, the SF of the dying trees also stopped. The inability to recover from 

drought and to sustain a functioning water flux (both radial and axial) led to the 

die-off of these trees. We suggest that the cessation of the diurnal stem radial 

water flow is a key trait that leads to tree mortality and represents the tree’s 

'point of no return'.  

The results of this study highlight the importance of WS for tree survival, the 

role of water supply in stomatal response to drought and the fatal 

consequences of impaired stem radial water flow. This explains the water use 

strategies leading to the resilience of the Aleppo pine trees during prolonged 

drought and suggests an optimistic outlook for the survival and establishment 

of this key Mediterranean species, despite a drying climate. The consequences 

of this study can affect our understanding of trees’ ecophysiological response 

to drought in less xeric climate, pinpointing the actual role of WS and water 

supply, both in measurements and global vegetation models perspectives.  
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List of abbreviations and symbols 

 

Parameter Abbreviation/symbol Units 

Water potential WP / Ψ MPa 

Transpiration E mmol m-2 s-1 

Photosynthesis Anet mol m-2 s-1 

Branch stomatal conductance gbr mol m-2 s-1 

Stomatal conductance gs mol m-2 s-1 

Leaf area LA cm-2 

Pump flow rate LPM / f Liter min -1 

Precipitation P mm 

Potential evapotranspiration PET  

Aridity index AI; P/PET  

Maximum daily shrinkage MDS mm 

Tree diameter at breast height DBH cm or mm  

Sap flow SF liters or mm day-1 or hour-1 

Vapor pressure deficit VPD kPa 

Soil water content SWC % 

Relative extractable water REW 0-1 

Irrigated area IRRIGATED  

Non-irrigated area CONTROL  

Capacitance C g H2O MPa-1 

Evapotranspiration ET mmol-2 m-2 s-1 

Photosynthetic active radiation PAR mol m-2 s-1 
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General introduction 
The ecological impacts of climate change are rapidly becoming a reality. 

Understanding how trees in different ecosystems will respond to increased 

temperatures and decreased water availability, is of major interest to decision 

makers, and the scientific community. Forests currently cover 30.8 % of the 

world’s land surface (FAO, 2018), hold more than three-quarters of the world’s 

terrestrial biodiversity, and provide many products and services that contribute 

to socio-economic developments. Forests also play an important role in 

mitigating climate change, as their trees sequester ~30 % of human CO2 

emissions (Bonan, 2008; Debonne, 2019), reduce soil erosion and 

desertification, and affect the hydrological cycle in multiple ways. Therefore, 

understanding the strategies and mechanisms that trees use to cope with 

climate change is of paramount importance for improving our understanding 

of how to address it and how to develop predictive models for decision-making 

processes and future afforestation efforts. 

Current climatic forecasts predict that drought severity and increases in 

temperature will intensify in the coming decades across a range of biomes, from 

arid to tropical (Burke, Brown and Christidis, 2006; Alpert et al., 2008; Gao and 

Giorgi, 2008). Furthermore, over the past 10 years, there has been an alarming 

rise in the reports of drought-related large-scale tree mortality in various 

biomes (Allen et al., 2010; Allen, Breshears and McDowell, 2015; Cobb et al., 

2017). The effects of drought on trees and forests is of major importance for 

global ecology, conservation efforts, the prevention of soil erosion, carbon 

balances, the water cycle, and the economy (Pinay, Clément and Naiman, 2002; 

Fuhrer et al., 2006; Phillips et al., 2009).  

Trees uptake water from the soil through their roots via the stem to the 

transpiration stream, along a water potential gradient from ~ -1 MPa to ~ -100 

MPa. Plants invest large amounts of energy to sustain this water column and to 
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avoid air infiltration that will block its continuum (embolism). Water moves 

inside the tree according to the internal water potential gradient, which changes 

throughout the day, enabling the tree to transfer water to the required 

locations. Regulation of water movement is done mainly by stomata, which 

function as optimizing organs of carbon gain and water loss, and are sensitive 

in their responses to the changes in the plant and environmental conditions 

(Haworth, Elliott-Kingston and McElwain, 2011; Buckley, Sack and Farquhar, 

2017; Grossiord et al., 2017; Anderegg et al., 2018). Efficient stomatal regulation 

is a crucial trait, enabling trees to survive conditions of high evaporative 

demand and low water supply.  

Drylands cover ~40 % of the global land area, of which ~10 % is currently 

forested (Li et al., 2015; Huang et al., 2016; Bastin et al., 2017). There are two 

main biomes in drylands, the dry-sub humid and the semi-arid, which together 

cover 25-30 % of the global terrestrial land surface. The dry ecosystems are 

characterized by a strong seasonality, and frequent exposure to prolonged 

drought events. Trees in semi-arid areas are constantly exposed to both soil and 

atmospheric droughts over long periods of time, such as the semi-arid Yatir 

forest, whose meteorological data has reported droughts that last > 340 days. 

Recent works have advanced our understanding of the ecophysiology of 

drought-adapted dryland trees (Cobb et al., 2017; O’Brien et al., 2017; Anderegg 

et al., 2018; Birami et al., 2018; Choat et al., 2018; Preisler et al., 2019). The 

increasing frequency and longevity of drought events may lead to 

enhancements of drought-related tree mortality or to adaptations and drought 

resistance strategies. Increased evapotranspiration due to warming, increases 

the seasonal drought stress in water-limited habitats (Williams et al., 2013). 

Hence, trees in those areas typically have a higher resilience to water scarcity 

(Klein, Cohen and Yakir, 2011; Vickers et al., 2012; Ruehr et al., 2014; Tatarinov 

et al., 2016; Preisler et al., 2019). It appears that in spite of that, trees that 

experience strong and ongoing atmospheric demand for water vapor, together 
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with low soil water content (SWC), are naturally more prone to hydraulic and 

biotic damage (e.g., attack of insects, fungi, etc.), and therefore more 

susceptible to drought-related tree mortality (McDowell et al., 2008; Adams et 

al., 2009; Brodribb and Cochard, 2009). However, the mechanisms that allow 

trees to sustain or succumb to intensive drought stress, are not yet fully 

understood. Soil drought stress is usually accompanied by an increase in 

evaporative demand (Pachauri et al., 2014), and the combination of these 

stressors is likely to increase in Mediterranean and semi-arid areas; resulting 

from the decreased average and intensity of the rainfall, decreased relative 

humidity, and the increased average temperatures(Pachauri et al., 2014; Seager 

et al., 2014). 

The semi-arid Aleppo Pine Yatir Forest is the world's driest pine forest, and it 

has an aridity index (AI) of 0.17, growing at the edge of its semi-arid regions. 

This is below the water availability considered sufficient to sustain a functioning 

forest(Good, Moore and Miralles, 2017; Park et al., 2018). The physiological 

adjustments and adaptations of these Aleppo pine trees to the harsh conditions 

(low water availability and high atmospheric demand for water), have enabled 

the survival and establishment of the Yatir forest. These adjustments include: 1) 

the seasonal decoupling of the stem growth from the needle growth (Maseyk 

et al., 2008); 2) a short and efficient active season (Rotenberg and Yakir, 2010; 

Figure 1); 3) strong stomatal regulation during the long dry season, allowing 

carbon assimilation while the vapor pressure deficit (VPD) is relatively low 

(Maseyk et al. 2008; Figure 1); and 4) fast recovery from extreme heatwaves 

(Tatarinov et al., 2016). These physiological adjustments have allowed for the 

survival of this forest under these extreme dry conditions. Yet, mortality events 

do occur when water availability is slightly changed and limited (Klein et al., 

2014; Preisler et al., 2019). 



15 

 

Figure 1- Mean hourly values for the diurnal trends of the net ecosystem exchange (NEE) of CO2 over a 
fifteen-year period (2000 – 2015), based on the measurements of the Yatir flux tower eddy covariance 
measurements. 

The Yatir Forest trees survive on the edge of their physiological limits, and 

understanding the mechanisms and traits involved in their survival is crucial for 

our understanding of the direction that future forests in similar biomes are 

heading. The Yatir forest is a model forest for examining forest responses to 

climate change and the current study investigates the aspects of these 

characteristics.  

Understanding the physiological strategies that enable the Yatir Forest to 

survive, in relation to its water use, are at the core of this study. To understand 

what allows these trees to survive the long dry season and to shift their active-

hours and active season (Figure 1), we have addressed the following questions:  

1) What is the importance and use of the internal water storage in trees for 

the survival of long dry periods? Does the use of the tree internal water 

storage enable a shift in activity hours and protect from hydraulic 

damage? 

2) What are the driving forces and main limiting factors for tree 

development under extreme dry conditions? Furthermore, is it the lack 

of a water supply or the increase in evaporative demand? 
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3) What is the 'point of no return' in a tree's mortality sequence? Despite 

the impressive survival rate of these trees, mortality still occurs and is 

presumed to increase with a drying climate. Can we describe the 

mechanisms of this mortality sequence? 

The chapters of this study stem from these questions; 

Chapter 1- "The importance of tree internal water storage for survival under 

drought"- using field measurements and hydraulic model. 

Chapter 2- "Effects of eliminating seasonal soil drying on canopy gas exchange 

in a dry Mediterranean pine forest"- describes the trees response to an irrigation 

experiment.  

Chapter 3- "Early warning signs of mortality in pine trees under drought 

stress"- examining a case-study of mature tree mortality events. 

While addressing these questions throughout this thesis, we hope to contribute 

to a better understanding of tree responses to drought, which will be important 

for the future research and management strategies. The structure of this study 

deals with a large range of conditions in the tree lifespan and environmental 

situations; from internal survival mechanisms (Chapter 1- internal water 

storage), to extreme experimental conditions, that expand the limits of our 

physiological understanding of tree responses to drought (Chapter 2- the 

irrigation experiment), to the sequence of their mortality processes (Chapter 3- 

'point of no return'). Linking these three topics together into a framework that 

describes the water use strategies of pine trees in drying climates is the core 

purpose of this study. 
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The importance of tree internal water storage for survival under 

drought conditions 

Yakir Preisler, Teemu Hölttä, José M. Grünzweig, Fedor Tatarinov and Dan Yakir 

Abstract 

Current climatic forecasts predict that drought severity will intensify in the 

coming decades, with potentially unprecedented impacts on organisms and 

ecosystems. The utilization of internal water storage may by critical for trees to 

sustain themselves through these periods of drought stress. We have examined 

the importance of internal water storage in the trees from the Yatir forest, a 

semi-arid Aleppo pine forest exposed to long seasonal droughts, with a mean 

annual precipitation of 280 mm. We measured continuously during a full annual 

cycles, transpiration (E), soil moisture (SWC), sap flow (SF), and stem growth and 

shrinkage by electronic dendrometers accompanied with periodic 

measurements of the water potential (Ψ) and needle water content (WC). A tree 

hydraulics model was used to study the role of the trees’ internal water storage 

in its water balance dynamics and to identify the key processes involved in water 

transport in the soil-plant-atmosphere system, under different climatic 

conditions and tree characteristics. The results showed a time-lag of 5 hours 

between E and SF during the dry season, with E peaking in the early morning 

when the evaporative demand was relatively low, while the stem SF gradually 

increased and peaked at midday. This time-lag was diminished in the wet 

season to < 1 hour. These findings indicate that the early morning E under low 

water availability, critically depends on the internal water storage. The model 

results showed the best fit to all observations when the use of the internal water 

storage component was included in the simulations. Most significantly, the Ψleaf 

without internal storage reaches unreasonable negative values for the study 

species, which may lead to hydraulic failure. We have concluded that internal 

water storage results in the prevention of severe decreases in water potential, 
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which can lead to tree mortality. The importance and relevance of water storage 

in dryland forests should be considered in the management and modeling of 

biomes that are likely to experience an increasing frequency of drought events 

in the future. 

Introduction 

Drought-related tree mortality is expected to increase over the next century, as 

a result of rising temperatures that will increase the atmospheric demand for 

water (high vapor pressure deficit; VPD). Recent investigations have reported 

large scale drought-related tree mortality in various biomes, ranging from 

tropical to semi-arid (Allen et al., 2010; Allen, Breshears, & McDowell, 2015; 

Preisler et al., 2019). Prolonged and harsh drought leads to increases in water 

deficit, and eventually to trees that are operating at the edge of their 

physiological functionality, consequently increasing the risk for tree mortality 

(Anderegg et al., 2018; O’Brien et al., 2017). Therefore, the ability to use other 

water resources when soil water availability decreases, is becoming crucial for 

tree survival under drying climates (Klein, et al., 2014). These additional water 

resources could be in the form of the tree's internal water storage (WS) 

(Meinzer, Johnson, Lachenbruch, McCulloh, & Woodruff, 2009; Melvin T. Tyree 

& Yang, 1990). The link between drought-related tree mortality and tree canopy 

water storage has previously been shown at the ecosystem scale (Brodrick & 

Asner, 2017; Paz‐Kagan et al., 2017), but with poor link to the  tree scale 

measurements that were obtained in parallel (Martin et al., 2018). Therefore, 

understanding the link between WS and tree survival and mortality is of great 

importance, and has already been suggested as a key trait with which to identify 

the early signs of tree mortality (Hammond & Adams, 2019).  

The existence and use of WS in trees is a well-known phenomenon; trees use 

their WS for transpiration, ranging between 10-50 % of their total daily 

transpiration and varying among different tree species and ecosystems 

(Goldstein et al., 1998; Holbrook, 1995; Holbrook & Sinclair, 1992; Köcher, 
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Horna, & Leuschner, 2013; Matheny et al., 2015; Meinzer, James, Goldstein, & 

Woodruff, 2003; Scholz, Phillips, Bucci, Meinzer, & Goldstein, 2011; Melvin T. 

Tyree & Yang, 1990). The WS presence, and its availability, essentially protects 

against water loss from soil evaporation and uptake by neighboring trees, 

allowing each tree to better control its hydraulic state, to meet the high 

evaporative demands, supporting evenly distributed diurnal water flux and 

improved carbon gain (Hartzell, Bartlett, & Porporato, 2017). This eventually, 

allows for the buffering of both the transpiration demand at the diurnal scale 

and the increasing water deficit at the seasonal scale (Čermák, Kučera, Bauerle, 

Phillips, & Hinckley, 2007). This WS buffering effect enables trees to shift their 

photosynthetic active hours, avoiding large drop in their water potential (Ψ), 

allowing for sufficient activity (carbon uptake and transpiration) before the VPD 

is too high and light level is sufficient. It affects stomatal regulation and 

responses to changing environmental conditions, and mitigates the water 

potential gradient from reaching extreme negative values, keeping the tree 

hydraulic safety margins during peak transpiration rates (Meinzer et al., 2009).  

The use of WS can mean the difference between hydraulic failure and tree 

survival in dry conditions. During the long dry season, trees in dry areas face a 

reality of extremely low water supplies (low predawn Ψ (Ψpd) ≈ -2.2 MPa) and 

high evaporative demands (VPD, up to 6kPa). This in turn, creates high tensions 

in the xylem conduits and increases the chances for cavitation to occur. Trees 

can temporarily transpire more water than dictated by the uptake rate from the 

soil to the leaves, by utilizing the WS in the form of the elasticity of living tissues, 

capillary water, and short term cavitation (Hölttä, Cochard, Nikinmaa, & 

Mencuccini, 2009; Phillips et al., 2003; Melvin T Tyree & Zimmermann, 2002). 

However, the usage of cavitation as an internal water storage has a dual role; it 

decreases xylem conductivity, but relieves water stress temporarily, and acts as 

a water release mechanism from the trees internal water storage to the 
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transpiration stream (Hölttä, Kurppa, & Nikinmaa, 2013; Salleo & Lo Gullo, 

1989). 

The capacitance of a plant tissue is defined by the amount of water that can be 

extracted from the tissue, for a unit of change in the tissue water potential ( 

Holbrook, Burns, & Field, 1995; M T Tyree & Jarvis, 1982). One main feature that 

capacitance is commonly used to explain, is the phenomena of a time-lag 

between the sap flow and transpiration. This time-lag is usually related to the 

differences in height between the sap flow sensor locations and the 

transpiration sites, resulting in 60-90 minutes of time-lag, commonly related to 

capacitance use (Kumagai, Aoki, Otsuki, & Utsumi, 2009; Schäfer, Oren, & 

Tenhunen, 2000).  

The fraction of water storage among different tissues is species-specific, and 

water can be stored in the roots, in the stem (in the bark, phloem, and xylem), 

branches, and leaves (Gleason, Blackman, Cook, Laws, & Westoby, 2014). Being 

able to measure each component separately is necessary to quantify the use of 

water storage and its water retention properties that will eventually affect the 

entire contribution of WS to transpiration. 

Long-term forest ecosystem transpiration fluxes are usually obtained from the 

upscaling of the continuous measurements of tree level sap flow (Granier & 

Loustau, 1994; Šír, Čermák, Nadezhdina, Pražák, & Tesař, 2008; Tatarinov et al., 

2016). This enables an independent measure of transpiration when eddy 

covariance measurements are not available, and is also used to partition the 

evapotranspiration (ET) fluxes to its components (Cammalleri et al., 2013; Kool 

et al., 2014). The basic assumption behind this method is that SF equals 

transpiration, mainly due to the mass conservation principle. However, this 

assumption does not account for the role of WS in these fluxes, and its effect 

on the timing of transpiration are mainly expressed under dry conditions. This 

can lead to high uncertainty of the up-scaled transpiration diurnal dynamics, 
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which may cause misinterpretations of stomatal responses in the models, often 

using sap flow data as its input variable. 

The uncertainty of the water supply and its availability to the tree, together with 

the increased atmospheric demand, highlights the importance of the use of WS. 

Research into this topic over the last few decades has demonstrated the 

relevance and importance of tree WS to its hydraulic status, mainly in temperate 

and tropical biomes (Goldstein et al., 1998; Köcher et al., 2013; Matheny et al., 

2017; Wullschleger, Hanson, & Todd, 1996). Yet, the necessity for WS use in wet 

ecosystems for actual survival is assumed to be negligible, whereas under 

limited water conditions the amount of water a tree can access impacts its 

chances of survival, its growth rate, and productivity. This is of importance in 

dry climates (Gleason et al. 2014), but also in tropical and temperate ecosystems 

during periods of drought, as recently shown by Barttlet et al. (2018). They 

showed that WS is an important hydraulic trait for tropical trees when facing 

drought events, and neglecting it will underestimate the gas exchange during 

the drought, which can dramatically affect model predictions (Bartlett, Detto, & 

Pacala, 2018). Currently, there is a lack of knowledge regarding the prominence 

and role of internal water storage in dryer biomes that experience prolonged 

drought, and how it determines a trees chance for survival. The current scientific 

understanding of WS dynamics in dry conditions is limited in scope (e.g. - only 

gymnosperms or small trees; Gleason et al. 2014). Expanding our knowledge in 

this area is crucial for improving our understanding of trees in dry ecosystems 

and the applicability of the relevant models. 

Objectives 

The objectives of this study were: 1) to determine the role and importance of a 

tree's internal water storage in dry environments; and 2) to understand the 

diurnal dynamics of a tree’s internal water storage. 
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The working hypothesis was that water storage reduces the water potential 

drop during high atmospheric demand, thus helping to prevent hydraulic failure 

and mortality in the Aleppo pine trees of the Yatir forest. 

Understanding the dynamics of internal water use in semi-arid forests, is of 

major importance for forest management and conservation in the background 

of climate change, affecting tree survival worldwide. 

Methods 

Study site description 

The study was carried out in the 50-year old, semi-arid Yatir Forest, planted 

predominantly with Aleppo pine trees (Pinus halepensis Mill.), and located at 

the northern edge of the Negev desert, Israel (31° 20’N 35°03’E, 550–700m 

a.s.l.). The mean annual precipitation (P) is 279 ± 80 mm, potential 

evapotranspiration (PET) is 1600 mm yr-1, and P/PET is 0.17. The flux 

measurements and meteorological platform for this study was provided by the 

Yatir Flux Tower site (http://fluxnet.ornl.gov/site/522,  Grünzweig et al., 2007; 

Rotenberg and Yakir, 2010). The duration of the dry season (days without rain) 

ranged from between 200 to 340 days. Vapor pressure deficit (VPD) daily 

maximum values of 2 and 6.5 kPa in the wet and dry seasons respectively. Mean 

soil water content (SWC) ranged at depths of 10-50 cm from 5 to 35 %, between 

the dry and wet seasons respectively, and the water table was -300 m deep. The 

site tree density was 320 trees ha-1 with leaf are index (LAI) of 1.6, the mean tree 

diameter was 19.4 (± 0.4) cm and the mean tree height was 11.8 (± 1.2) m. 

Field measurements 

The hydraulic state and water usage of 40 trees in a 200 m2 area were 

continuously monitored for the following: (1) stem sap flow, using a heat 

dissipation method with self-made sensors (Granier-type); (2) daily stem 

diameter fluctuations and growth were monitored using band dendrometers 

(EMS Brno. the Czech Republic); (3) ET from the eddy-covariance measurements 

http://fluxnet.ornl.gov/site/522
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of the adjacent flux tower; (4) branch scale transpiration direct measurements 

from the branch chamber (see Chapter 2 for detailed method descriptions).  

Branches with at least 2 twigs were sampled from a 6 m height, from the north 

and south sides of each tree (n = 8 trees), and were used to measure the branch 

and needle water potentials (Ψbranch and Ψleaf respectively, (pressure chamber; 

PMS, Albany, USA)), and the water content (WC). Diurnal measurements took 

place since 2014 to date, every 3-4 months, and monthly measurements of 

predawn and midday water potentials (ΨPD and ΨMD respectively) were 

measured since 2017 to date. Sampled twigs were measured seasonally for their 

Ψ as described above and an adjacent twig from the same branch was weighed 

to determine the fresh weight (FW) and the WC of the needles and branches. 

After weighing in the field, each sample was oven dried at 60 ℃ for 48 hr to 

determine the dry weight (DW), and the WC was calculated using (FW-DW)/DW, 

to provide the g of water g DW-1.  

To obtain midday values of Ψbranch we covered (with aluminum foil and a plastic 

bag, for one hour) a twig located next to the twig measured for Ψleaf. In cases 

where the Ψbranch was not measured, the relationship between the Ψleaf and 

Ψbranch were obtained from the available measurements (y =1.262ln (x) + 0.9827; 

r2 = 0.77). All measured parameters and units are summarized in Table S1.   

Model Description 

The model used is based on the xylem transport model of Hölttä et al. (2009). 

The tree was divided into four functional compartments: needles, branches, 

trunk, and roots. Each functional compartment was divided into five numerical 

elements (i.e. there were 20 numerical elements in total). The sap flow rate (J, l 

s-1) from one numerical element to the next was calculated to be the hydraulic 

conductance between the elements (ki-1_i, 1 MPa-1 s-1) and the water potential 

(Ψ, MPa) differences between them, were calculated as follows: 

                        𝐽 = 𝑘𝑖−1_𝑖(Ψ𝑖−1 − Ψ𝑖) (when 1 < i < 20)                 (1) 
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The sap outflow rate from the uppermost needle element (i = 20) was set to be 

the whole tree transpiration rate (Tran, l s-1), as follows: 

                                             𝐽 = 𝑇𝑟𝑎𝑛 (when i = 20)                                      (2) 

 

The sap flow rate to the bottommost root compartment (i = 1) was calculated 

as:  

                                𝐽 = 𝑘𝑠𝑜𝑖𝑙_1(Ψ𝑠𝑜𝑖𝑙 − Ψ1)  (when i=1)                        (3)  

 

where the hydraulic conductance from the soil to the bottommost root 

compartment (ksoil-1, l MPa-1 s-1) was made to be dependent on the soil water 

potential, according to Saxton et al., as follows: 

                                                    𝑘𝑠𝑜𝑖𝑙_1 = 𝑎Ψ𝑠𝑜𝑖𝑙
𝑏                                                (4) 

where a and b are the parameters dependent on the soil type, root density, and 

geometry. The change in water amount (Δmi, l) in each compartment was 

calculated to be the difference of the inflow and outflow rates to the element. 

The consequent change in the water potential of each compartment were 

calculated to be:  

                                                             Δ𝜓𝑖 =
Δ𝑚𝑖

𝐶
                                                    (5)         

Each numerical element was given a dry mass, initial water content, and a value 

for capacitance. A value of the hydraulic conductance was given from one 

numerical compartment to another. The model parameterization is given in 

Table 1. The whole tree transpiration rate and soil water potentials were given 

as inputs to the model, and the model calculated the SF rates, Ψ, and WC in all 

the numerical elements. The SF rates, Ψ, and WC predicted by the model were 

then compared against their measured values. Model runs were conducted 

separately for the dry and wet seasons. For each season, E, SF, Ψleaf and Ψbranch, 
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and NWC were averaged over 30 trees, and 80 weeks of data for each season. 

The model runs were conducted using Fortran programming language. The 

equations were solved using the Euler Method with a small time step (~ 0.01 s), 

so that the solution remained stable and its change did not affect the results. 

To test the sensitivity of the model to the changes in the parameter values and 

the environmental drivers (size of the tree compartments, whole tree 

transpiration rate, capacitances of different tree compartments, soil hydraulic 

conductance, and hydraulic conductivity of the xylem), we varied them one at a 

time while keeping the others constant, and observed how the model 

predictions for sap flow and tree water potential changed. 

Calculating capacitance Kplant, Ksoil and Ψsoil 

In order to calculate the specific capacitance (C; ΔWC/ΔWP) of the needles and 

branches, and their seasonal changes, the slope of the ratio between the water 

content (WC) and Ψ of the needles and branches were used.  

Soil hydraulic conductivity (Ksoil) and soil water potentials (Ψsoil) were calculated 

according to the equations of Saxton et al. (1986), using the Yatir forest-specific 

sand and clay contents (35 % and 23 % mean clay and sand % in the 20-60 cm 

soil layer, respectively). A specific soil calibration curve was used to monitor the 

soil moisture areas, using 10 access tubes per area, to a depth of 100 cm (PR2/6, 

Delta T Devices, London, England), and to calculate the Ψsoil of the Yatir forest 

since August 2016.  

Plant total conductance to water (kplant) was approximated as follows: 

                                                     kplant= (Ψmd - Ψpd)/ E                                             (6) 

where E is obtained from the instantaneous transpiration data of the branch 

chamber and Ψmd and Ψpd from the monthly measurements.  
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Table 1-List of the input parameters for the model, their units, and source of the calculation 

Parameter Symbol/units Value/range Reference and source 

Needle dry mass DMn 11.4 kg 
Allometric equations from Grünzweig et al. 2007; DBH 

1= 17 cm and height = 10 m 

Branch dry mass DMb 34.5 kg 
Allometric equations from Grünzweig et al. 2007; DBH 

= 17 cm and height = 10 m 

Stem dry mass DMs 60 kg 
Allometric equations from Grünzweig et al. 2007; DBH 

= 17 cm and height = 10 m 

 

Needle 

capacitance 

 

C (g water g 

DW-1 MPa) 

 

 

0.01-0.05    

g MPa-1 

 

 

Dry seasons 2015 and 2017 diurnal measurements 

Wet season 2015 and 2019 diurnal measurements 

Branch 

capacitance 

C (g water g 

DW-1 MPa) 

0.04-0.12  

g MPa-1 

 

Dry seasons 2015 and 2017 diurnal measurements using 

Ψ2
branch  

Wet season 2015 and 2019 diurnal measurements Ψbranch 

Max soil- leaf 

conductance 
Ksoil - Kleaf 

1.4 (0.2 - 

1.4) 

 

K3
plant  E/ Ψsoil - Ψleaf 

mmol m-2 s-1 MPa-1 should we change the mmol to mm? 

Branch leaf- 

conductance 
KBranch - Kleaf 1.4 Kleaf          E/ Ψstem - Ψleaf 

Predawn Ψ MPa -1 Specific seasonal measurements 

Midday Ψ MPa -3 Specific seasonal measurements  

    

                                                 
1 DBH= Diameter at Breast Height 
2 Ψ= water potential 
3 K= Conductance 
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Statistical analysis 

The water potential and water content of all organs were averaged among the 

sampled trees and their corresponding standard errors. A paired t-test was then 

used on the two data sets (dry vs. wet season). If the normality test failed, a 

Mann-Whitney Rank Sum test was used. Statistical analyses were performed 

with SigmaPlot12 (Systat Software, Erkrath, Germany) and R (R Core Team 

(2017) Vienna, Austria.) 

Results 

Diurnal trends of Ψ and WC in the different seasons 

The diurnal course of the Ψleaf (i.e. - Ψpd to Ψmd) ranged from -1.1 to -2.5 MPa 

in the wet season and from -2.3 to -3.1 MPa in the dry season (Fig 1). There was 

a 0.6 MPa difference in the diurnal range in Ψleaf  (1.4 MPa vs. 0.8 MPa) between 

the wet and dry seasons. The Ψpd was significantly different in the winter 

(January - February) and spring (May - June) from that in the summer (July - 

August) and autumn (September - October) (p < 0.005). The Ψmd was 

significantly different from the other seasons only in the summer. During the 

spring and winter, the Ψleaf minimum value occurred on average, at 1000 hours 

each day, whereas in the autumn, it occurred at the end of the day, on average 

at 1800 hours each day. In summer, Ψleaf remains in its minimal values 

throughout the entire day. 
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 Figure 1- Diurnal course of water potential in all seasons as measured from 2014-2017. n= 8 twigs for 

each measurement point.  

The needle water content (NWC) total diurnal change ranged from between 

1.05 to 0.9 g H2O DW-1 in the dry season (June - September). The diurnal trend 

of the needles water content peaked at around 0330 hours (predawn) and the 

minimum values were around 1100 hours (Figure 2). 

Figure 2- Measured (symbols) and modeled (lines) diurnal trends of the needle (a) and branch (b) water 
content in the dry season. For the measured values, n = 8 trees measured in each the dry seasons 
between 2014 and 2017. 
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The branch water content (BWC) diurnal trends ranged between 1.04 to 0.943 

g H2O DW-1 in the dry season (June - September), and were similar to the NWC 

trends, as they peaked at predawn, but differed as they reached their minimum 

at 1330 hours, 2.5 hours later (Figure 2b). The modeled diurnal trends were 

similar with those measured, but with smaller fluctuations and lower values both 

in the NWC and BWC. 

Volumetric xylem water content (XWC; %) of the stem was monitored 

continuously and showed a decrease of 2.6 % in the XWC from April to June, 

alongside the natural soil drying (Figure S1b). The diurnal trend of the XWC was 

0.3 % in the wet season and 0.55 % in the dry season (Figure S1b).  

The fraction of WS from the total transpiration stream 

The water extracted from the WS of the branches and needles equated 

contributes ~35 % of the total daily transpiration in the dry season. This is 

computed according to the average values of WC and transpiration diurnal 

dynamics in the dry season (Figure 2 & 3a) and from the entire biomass of the 

branches and needles of a mature Aleppo pine tree, using the tree size of DBH 

= 17 cm and height 10 m, according to Grünzweig et al. (2007), that translates 

into 45 kg of DW (branches and needles). The branch capacitance is 0.12 kg 

(H2O)/kg (dry mass)/MPa). Therefore, the total amount of water freed from the 

branches is 0.09 kg (H2O)/kg (dry mass)/MPa * 34 kg * 1 MPA ~ 3.06 kg. The 

needle capacitance is 0.043 kg (H2O)/kg (dry mass)/MPa. Therefore, the total 

amount of water freed from needles is 0.043 kg (H2O)/kg (dry mass)/MPa * 11 

kg * 1 MPa ~ 0.47 kg. Hence, the total amount taken from the branches and 

needles is about 3.53 kg, which is 35.3 % of the total daily transpiration.  

Using the measured diurnal water loss from the needles and branches (0.15 and 

0.09 g of water respectively) in the dry season for the same purpose, leads to 

similar results. There was 0.15 g H2O g DW-1 of the total ~11 kg of needles, 

resulting in 1.65 kg of water and 0.1 g H2O g DW-1 of total ~34 kg of branches, 
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resulting in 3.06 kg of water. This sums to 4.71 liters, which is ~47 % of the total 

daily average transpiration. 

Time lag/decoupling 

The diurnal dynamics of the evapotranspiration (ET) trends differed between the 

wet and dry seasons, reaching their maximum values two hours earlier in the 

dry season than in the wet season (Figure S2). This behavior was also observed 

in the direct continual twig transpiration (E) measurements conducted at the 

study site (Figure 3). During the wet season, ET and E peaked around midday, 

following the typical diurnal VPD and solar radiation trends. In the dry season, 

ET peaks around 0900 hours, and E peaks earlier, around 06:00-07:00, avoiding 

the high VPD values that reached >2 kPa after 09:00 (Figure s1). In contrast, the 

SF diurnal trends did not differ between the seasons, reaching their peak values 

around midday, both in the wet and dry seasons. This in turn, led to a clear time 

lag of five hours (± 35 minutes) between the E to SF in the dry season (May - 

Nov), in the two years of parallel measurements (Fig 3a). However, during the 

wet season, the time lag was less than one hour (Fig 3b). This phenomenon was 

also observed when compared to the ecosystem scale measurements, using 

evapotranspiration (ET) from the flux tower and up-scaled SF data that were 

consistent with the past seven years of overlapping measurements (Figure S2). 
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Figure 3-Diurnal trends of the sap flow (orange lines) and branch transpiration (blue lines), in the dry 

(a) and wet (b) seasons. Mean values of two years (2017-2018) with their standard errors. 

From a theoretical point of view, the only explanation for the sap flow rate to 

lag behind the transpiration rate, is that some of the water that is transpired, is 

taken from the water stored inside the tree during the peak transpiration period, 

when the water potential is decreasing. This is evident, considering the mass 

balance of the tree; when the tree is losing more water by transpiration than 

that used by the sap flow at the tree base, then the total amount of water in the 

tree must decrease. 

Modeling the effects of capacitance on the diurnal trends of sap flow and transpiration 

in the dry season 

To examine the role of capacitance on the tree hydraulic state during the long 

dry season, we used the model described above, examining two scenarios; with 

capacitance (C1) and with negligible capacitance (C0), and compared them to 

field observations (OBS). When capacitance was being used (C1), the diurnal 

amplitude of the Ψleaf was 0.25 MPa (from -2.4 to -2.65 MPa), similar to the OBS 

values which changed by 0.45 MPa (from -2.3 to -2.75 MPa) during the day (p 

value of C1 and OBS > 0.05), (Figure 4a). When a negligible capacitance value 

(0.005 g mpa-1) was used (C0), the Ψleaf sharply decreased early in the morning 

in parallel to the E peak timing in the dry season (shown in Figure 3), reaching 
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unreasonable Ψleaf values (<-3.5MPa), significantly different than the C1 and 

OBS values (p < 0.001). The total amplitude of this simulation is 1.7 MPa (from 

-2 to – 3.7 MPa). Note that in the C0 scenario, the Ψleaf  went below the P99 

threshold at predawn, which is the value where photosynthesis equals zero and 

the stomata close (Klein, Cohen, & Yakir, 2011). 

The SF trend was, by definition, always equal to transpiration in the C0 scenario, 

with the early morning peak. However, in the C1, the sap flow shifted to midday, 

as seen in the OBS (Figure 4b). 

Non steady-state conditions between soil to tree in the summer 

Another insight that has emerged from this study is that the Ψsoil does not 

equilibrate with Ψleaf overnight. In other words, the night is too short to allow 

for a proper equilibrium between the leaves and soil, and the internal water 

storage of the trees is not fully recharged. This is shown by the discrepancy of 

the Ψsoil values obtained from the Saxton model and the ΨPD values measured 

monthly in the field (Figure 4). The Ψsoil values throughout the year, reached 

their maximal value (-0.03MPa) during the rainy season (December - April), 

remaining below -0.14 MPa for the entire wet season, and their minimal values 

Figure  4 - Dry season diurnal dynamic of Ψ (a) and SF (b) as resulted from the model simulations and observations with 
(C1;black line) and without capacitance (C0; red dotted line) and OBS (green triangles for Ψ and dotted line for SF). The 
dashed brown line represents the P99, a point of full stomatal closure as obtained from Klein et al. 2011. 
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in September, reaching -0.93 MPa. The Ψsoil presumably equilibrated the ΨPD 

measured monthly, and showed similar annual trends, but did not equilibrate 

with the modeled Ψsoil. The ΨPD maximal and minimal values were -1.1 and -2.6 

MPa, respectively, with 0.96 and 1.67 MPa differences between the Ψsoil and ΨPD 

in the wet and the dry seasons, respectively. 

 

Figure 5- Annual trend of Ψsoil and ΨPD as obtained from the Saxton model (Saxton et al 1986) and the 

field measurements, respectively. Ψsoil at the different soil layers was calculated from 2017 soil water 

content (SWC) data at the different soil layers.  

Discussion 

The role and significance of the internal water storage in a tree, appears to be 

that it is crucial for its survival under dry conditions. The Aleppo pine trees in 

the Yatir semi-arid forest, function in a narrow hydraulic safety margin, showing 

near-zero assimilation rates below Ψ values of -2.8 MPa and reaching PLC50 

between -3.2 to -5 Mpa (David-Schwartz et al., 2016; Klein et al., 2011; Oliveras 

et al., 2003). In order to avoid these negative values of Ψ and to prevent 
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excessive water transport from the soil during peak transpiration, staying above 

this Ψ threshold is crucial for survival in these dry conditions. This is well 

demonstrated by the diurnal trends of the Ψ in the dry season, characterized by 

a drop in the early morning and then a constant Ψ above -3.2 MPa for the entire 

day, recovering only after sunset. The use of internal water storage in that case, 

during the dry season, allows this dropdown in Ψ to be constrained. 

The time lag that occurred repeatedly between the sap flow and transpiration, 

every dry season, both at the ecosystem scale (ET vs, up-scaled SF) and the tree 

scale, is a unique feature of the Aleppo pine trees in this semi-arid research site. 

As far as we know, time lags of this length between the transpiration and sap 

flow have not previously been reported in the literature. Being able to precede 

the main activity hours to early morning when VPD values are still low, decreases 

the extreme dropdown of the Ψ and maintains a safer hydraulic system 

throughout the entire dry season, reducing the risk of hydraulic failure. This 

short time window (the ‘stomatal conductance golden hour’ as described by 

Gosa et al. (2019) is mainly enabled by the use of capacitance. This occurs to 

allow for transpiration to happen at a faster rate than the steady-state water 

transport, from the soil to the leaf. A previous study in the Yatir forest defined 

the Ψleaf threshold at -2.8 MPa, as the point when the stomata are 99 % closed, 

and the Anet = 0 (Klein et al., 2011), while other studies and measurements 

including those from this study, showed that the minimum values of the Ψleaf 

never reached below -3.5 MPa at midday, even in the stressed trees (Preisler et 

al., 2019). This narrow range of Ψleaf is due to strong stomatal regulation when 

there is low soil water availability, allowing these trees to avoid excessive water 

loss under high VPD values.  

Additional evidence for this phenomenon came from the irrigation 

manipulation experiment that took place in the same study site (described in 

details in Chapter 2). In this case, when the soil water content was high and 
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constant (SWC ~32 %) for the entire year, the SF timing was equal to E during 

the dry seasons in the irrigated trees, with a time-lag of < 30 minutes. 

The decoupling of E and SF in the dry season  

Maintenance of the SF throughout the day, while the stomata are closed, is an 

indication that the internal hydraulic redistribution is refilling the empty water 

stores. Therefore, under dry conditions, we should consider this decoupling 

between the SF to the transpiration, when upscaling the SF data to predict 

ecosystem scale transpiration. Using the water potential, transpiration, sap flow, 

and water content data, we parametrized and tested the model, and described 

the range of activities that these trees have, in terms of diurnal and seasonal 

trends and amplitudes. The significant differences between the seasons in the 

absolute values and in the diurnal behavior, emphasizes the capability of these 

trees to avoid run-away cavitation when the supplies of water are low in the dry 

season, by using internal water stores. Yet, while using smaller amounts of 

water, as demonstrated in the Ψ and WC in the dry season diurnal values, the 

water is utilized earlier in the day, supporting the early peak of E, reaching ~35 

% of the total E that originated  from the WS. This fraction, supports 

transpiration in the early morning, and is in line with previous studies (Kaner et 

al. 2020, Goldstein et al., 1998; Holbrook, 1995; Holbrook and Sinclair, 1992; 

Köcher et al., 2013; Matheny et al., 2015; Meinzer et al., 2003; Scholz et al., 2011; 

Tyree and Yang, 1990). 

Using the detailed Ψ and WC content data from the field measurements also 

allowed us to parametrize the model, for each organ’s capacitance and to 

predict the Ψ behavior under the different capacitance and climatic conditions. 

Minimizing the existence of the tree internal water storage in the model 

simulations, (capacitance ≅ 0) shows a strong dropdown of Ψ, below the 

threshold that will lead to runaway cavitation and tree mortality. It should be 

noted, however, that if stomatal responses to leaf water potential were included 

in the model, then runaway cavitation could be avoided even in the case of no 
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capacitance. In this case, the stomata would be forced to be much more closed 

during the morning and daytime, the transpiration rate would be lower than 

what is actually observed, and the carbon balance of the tree would be less 

favorable due to the decreased photosynthesis rate, during the morning and all 

day. Stomatal response is embedded in the model being coupled with Ψleaf and 

since transpiration is given as an input to the model. Therefore, the use of WS 

is expressed in stomatal response which is in turn buffered by moderate 

dropdown of Ψleaf. Thus, tree mortality evidently would have occurred more 

intensively in Yatir Forest, if the capacitance would not be a major component 

mitigating this water loss.   

Our simulation results predicted that the tree water potential did not equilibrate 

with soil water potential during the night, as the sap flow rates did not reach 

zero at the end of the night. This is due to the short night period in the dry 

season, and in relation to how fast the water stores are refilled, which in turn, 

depends on capacitance and hydraulic resistance, and on how much the water 

stores have been depleted during the day. The higher the capacitance and 

resistance and the more the water stores have been utilized, the longer it will 

take for them to refill. When transpiration starts in the morning, the water 

potential differences between the soil and the tree drives the sap flow from the 

soil to the tree. Moreover, several previous studies have found that the ΨPD is 

lower than Ψsoil, mainly due to nocturnal transpiration (L. A. Donovan, Richards, 

& Linton, 2003; L. Donovan, Linton, & Richards, 2001; Kavanagh, Pangle, & 

Schotzko, 2007), which differs from previous assumptions (Hinckley, Lassoie, & 

Running, 1978; Ritchie & Hinckley, 1975). We provide more evidence for this 

from a modelling point of view. We also suggest that this disequilibrium results 

from the large use and depletion of capacitance during the day. When the sap 

flow is measured with the thermal dissipation method, the zero-sap flow rate 

needs to be set at some value of ΔTmax, and typically it is set at the highest ΔTmax 

during the night.  We have assumed (as most studies do), that the sap flow rate 
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goes to zero at night when the VPD and light levels are low, so the sap flow 

rates, indicated by the sap flow sensors at night, should be treated with caution. 

This effect is also demonstrated in the discrepancy between the modelled and 

measured sap flows during the night, when the modelled sap flow rate never 

reaches zero, while the measured one does. 

Conclusion 

The role of capacitance on tree water relations has been demonstrated here, 

showing how crucial it is for tree survival under dry conditions, for low WP 

values that lead to runaway cavitation, to be avoided. While not being important 

in the wet season, these Aleppo pine trees would die due to hydraulic failure in 

the dry season without their internal water stores. Although the absolute 

amount of water drawn from the water stores during the day is small, the 

amount is large in comparison to the amount of water transpired, and under 

such extreme dry conditions, the ability to buffer the water loss by the 

atmospheric demand, leads to the difference between survival and mortality. 

The impact of internal water stores on tree water relations should be extended 

to vegetation models, especially when using SF data as a predictor of 

transpiration. 
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Appendix Chapter 1 

 

Table s1- Summary of all measured parameters in the study area setup. 

Parameter Method Units Sample size 
Measured 

since 

Sap Flow 
Heat dissipation 

(Granier self-made) 

Liter hr-1 

tree-1 
40 2011 

Stem diameter 

fluctuations and 

growth 

Band dendrometer 

mm 

20 2014 

Point dendrometer 8 2017 

Stem and twig water 

potential 
Pressure chamber -MPa 

6 trees per month;2 

twigs per tree 
2014 

Water content 

(needle, branch and 

xylem) 

Weighing Fresh and 

dry weight (FW-

DW)/DW 

gH2O gDW-1 

8 trees. 2 samples per 

tree, 4 times a year, 

every season 

2014 

Transpiration Branch chambers mmol m-2 s-1 
14 trees, hourly 

timescale resolution 
2017 

Evapotranspiration 

(ET) 
Eddy covariance mmol m-2 s-1 Flux tower 2000 

Soil water content Delta T % 
10 access tubes 10-

100cm depth 
2016 
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Figure s1- Stem xylem water content seasonal (top) and diurnal (bottom) changes as obtained from the 
stem water content sensors (n=4). 
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Abstract 
The predicted warming and drying of the climate in the Mediterranean and other 

regions, is associated with increases in vapor pressure deficit (VPD) and lower levels of 

precipitation and soil moisture. The atmospheric drying and soil drying can evolve 

differentially, and thus the partitioning of their effects on leaf gas exchange are 

important when assessing plant responses to climate change. We have achieved such 

partitioning, by eliminating the summer soil drying during a period of high atmospheric 

drought, in a 0.1 ha stand of trees in a semi-arid pine forest. Continuous measurements 

using automated branch chambers showed an enhanced pulse of activities following 

the onset of the irrigation treatments in the early summer (May), with the rates of 

transpiration (E), net photosynthesis (Anet), and branch stomatal conductance (gbr) 

increased within 3 weeks, by a factor of 4 - 8. During the hottest summer month (July), 

the irrigated trees maintained higher rates of gas exchange and branch conductance 

than during the native spring peaks of activity (March; pre-irrigation), with E, Anet, and 

gbr higher by factors of 2.3, 1.2, and 1.7, respectively. The correlation of E with VPD in 

the summer was nearly linear, up to 5.5 kPa in the irrigated trees, and negative in the 

control trees above 1.5 kPa. During the period of VPD increase, the branch conductance 

remained nearly constant and relatively high (0.08 - 0.1 mol m-2 s-1) in the irrigated 

trees, up to 5.5 kPa, but decreased with increasing VPD in the control trees, above 2.5 

kPa. Model simulations using water potential (Ψ) as the main limiting factor to gbr, 

showed good agreement with the observations, highlighting the importance of the 

water supply in influencing branch conductance. The results indicate that soil moisture 

may have overriding effects on branch gas exchange, and if moisture levels are 

sufficient, high VPD does not inhibit gas exchange, which can help maximize carbon 

uptake, even if there is extreme atmospheric drought.   
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Introduction 
Recent years have seen water scarcity and rising temperatures becoming major 

tangible realities in a range of ecosystems, from arid to tropical biomes. Current 

climatic forecasts predict that drought severity and temperature rises will further 

intensify in the coming decades in many of these biomes(Burke, Brown and Christidis, 

2006; Alpert et al., 2008; Masson-Delmotte, Pörtner and Skea, 2018); such events will 

have potentially unprecedented effects on organisms and ecosystems. In the past 10 

years, there has been an alarming increase in the reports of large-scale drought-related 

tree mortality in various biomes (Allen et al., 2010; Allen, Breshears and McDowell, 2015; 

Cobb et al., 2017; Preisler et al., 2019). Drought is an objective parameter that depends 

on the perspectives of whoever defines it, but it is usually explained as having three 

main components: duration, magnitude, and severity. Ecological drought is commonly 

described as a period characterized by water deficit, owing to lower than average 

precipitation and increased temperatures. These factors lead to two types of drought, 

namely, soil and atmospheric drought. Soil drought refers to water deficits in soil that 

limit plant development, whereas atmospheric drought pertains to the occurrence of a 

relatively high vapor pressure deficit (VPD), reaching greater than average values. The 

main differences between these drought types lies in their reduction of the water 

supply or their augmentation of the atmospheric demand for water. VPD is the driving 

force of transpiration and depends on both relative humidity and temperature. As 

expected, high VPD values occur during the dry season and are often accompanied by 

soil drought, in natural conditions. Soil and atmospheric drought normally happen and 

change in conjunction with each other, but there are instances wherein these events 

are decoupled. An important requirement, therefore, is to understand the responses of 

plants independently to these drivers. Research addressing the effects of global 

warming tends to focus on temperature and often neglects the expectation that VPD 

will increase at a rate faster than temperature rise (Breshears et al., 2013), a matter of 

particular importance in high-VPD environments. Plants regulate water loss via 

stomatal conductance to maintain hydraulic safety and to balance the water supply 

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

in response to a reduction in leaf water potential (Ψleaf) caused by soil drought and an 

increase in VPD, stemming from temperature rises and/or reduction in air humidity 
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(Ball, Wood and Berry, 1987; Tyree and Sperry, 1988; Cochard, Bréda and Granier, 1996; 

Buckley, 2005; Woodruff, Meinzer and Lachenbruch, 2008; Meinzer et al., 2009). 

Stomatal closure also involves physical and chemical mechanisms (turgor loss, sugar 

concentration, and abscisic acid production) (Brodribb et al., 2003; Haworth, Elliott-

Kingston and McElwain, 2011; McAdam and Brodribb, 2012, 2014), and is correlated 

with leaf water potential (Ψleaf) that regulates guard cell activity (Jarvis, 1976; Cochard, 

Bréda and Granier, 1996; Brodribb and Holbrook, 2003; Wolf, Anderegg and Pacala, 

2016; Anderegg et al., 2018). The drivers and inhibitors of stomatal function are 

incompletely understood, and most physiological and earth system models entail the 

use of empirical equations to simulate stomatal regulation (e.g.- (Oren et al., 1999; 

Medlyn et al., 2017). A highly relevant and important requirement for both 

physiological and global climatic models, therefore, is to understand the responses of 

stomatal regulation to changing environments and, specifically, the role of different 

types of drought stress (soil vs. atmospheric drought). Such knowledge could improve 

the estimation of carbon and water fluxes and the accuracy of models intended to 

project future global warming. 

The understanding of stomatal regulation and responses to a drying climate are 

represented mainly through the use of photosynthesis optimization-oriented models, 

which mostly include VPD as a direct driver of the stomatal regulation and closure (Ball, 

Wood and Berry, 1987; Oren et al., 1999; Damour et al., 2010). Addressing VPD as the 

main cause for stomatal closure may miss important physiological adjustments in cases 

where soil moisture is decoupled from the VPD, as commonly occurring in irrigated 

agricultural fields, desert riparian zones, and groundwater-fed forests. Thus far, works 

intended to disentangle the effects of soil moisture and VPD on transpiration have 

revealed that the latter exerts more influence on stomatal closure (Damour et al., 2010; 

Novick et al., 2016), indicating a direct link between increased VPD and reduced 

stomatal conductance (gs). However, some studies have shown the opposite; in the 

case of grapevines, for example, sufficient water supplies enabled a linear increase of 

transpiration with the rise of VPD, even at high values (>4 kPa) (Collins, Fuentes and 

Barlow, 2010; Hochberg et al., 2018). 
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This issue was also explored in studies on pine trees growing in different climatic 

conditions, such as semi-arid and moist Mediterranean climates (pinon pine, 

ponderosa pine, and loblolly pine, respectively). Grossiord et al. (2017) showed that 

under semi-arid conditions (mean annual rainfall of 415 mm), the main limiting factor 

of gas exchange was soil moisture and not VPD. Ruehr, Martin and Law (2012) showed 

a decoupling of carbon from the water flux responses to the water supplements and 

sensitivity of the stomatal conductance to SWC and not VPD. Domec et al. (2009) 

discovered that in moist sites, with apparently sufficient water supplies (annual rainfall 

>1200 mm), the factor that dominantly limited tree transpiration shifted from VPD to 

the soil water content (SWC), as soils became drier. Despite the insights provided by 

these studies, they operated at relatively high native SWC (with some annual and inter-

annual fluctuations) and relatively low VPD (< 3.5 kPa). In these studies, VPD was always 

lower than 3.5 kPa, which is reflective of moderate conditions in semi-arid areas. 

Therefore, the suitability of these investigations to provide conclusions about the 

future climatic conditions is limited. A study performed in the semi-arid Yatir Forest, 

where the conditions are warmer, found different gs responses to increasing VPD under 

varying soil moistures. Their results indicated, like Domec et al. 2009, that gs was 

controlled by SWC under wet conditions and by VPD under dry conditions (Maseyk et 

al., 2008). Notably again, in this study when SWC was high, VPD did not exceed 3.5 kPa, 

thus highlighting the urgent need to separate the relative effects of SWC and VPD to 

accurately predict tree response to more extreme drought (Williams et al., 2013; Novick 

et al., 2016). Therefore, the need for such separation became a major concern in various 

theoretical modeling and meta-analysis studies (Novick et al., 2016; Sulman et al., 2016; 

Sperry et al., 2017). 

The main challenge in separating and quantifying the responses of trees to soil and 

atmospheric drought are: (1) disentangling the effects of the two types of drought 

under field conditions, and the simultaneous realization of high VPD and high SWC 

levels; (2) carrying out reliable and continuous measurements at the tree scale in 

different climatic conditions; and (3) acquiring a continuous record that represents the 

physiological responses of trees to contrasting conditions. Based on these challenges, 

effectively isolating SWC from the VPD effects on trees necessitates a thorough 
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drought elimination experiment under field conditions, typified by alleviated SWC 

limitations. Accordingly, we conducted an intensive experiment involving irrigation 

manipulation in the semi-arid Yatir pine forest. This experiment enabled the 

identification of key ecophysiological responses, such as transpiration, photosynthesis, 

stomatal conductance, tree growth, and phenology. These phenomena underlie tree 

responses to atmospheric drought at different levels of water supply. Understanding 

the physiological responses of the pine species from the Yatir Forest to changing 

climatic conditions could shed light on the large-scale ecosystem responses to future 

drying and warming climates. The previous investigations into this issue have 

presented mixed results (Novick et al., 2016; Hochberg et al., 2018) and others have 

derived limited ranges of VPD or soil moisture levels (Maseyk et al., 2008; Domec et al., 

2009; Ruehr, Martin and Law, 2012; Grossiord et al., 2017). These deficiencies were 

resolved in the current case study through the explicit separation of soil moisture and 

VPD as drivers of water use in an extreme environment. 

Motivation and Objectives 

The overall motivation for this study was the current lack of understanding of 

the major limiting factors for tree activity at the dry timberline. Therefore, we 

asked whether elimination of soil drought under conditions of extreme 

atmospheric water demand releases trees from drought stress of key 

physiological processes. The separation of soil and atmospheric drought was 

intended to answer the following specific research questions: 1) at which level 

and to what extent does VPD limit the gas exchange of trees with unlimited 

access to soil water; 2) how fast do the irrigated trees respond to the water 

supply; 3) will rates of photosynthesis and transpiration change to the same 

extent in irrigated trees; and 4) how do leaf water potential and VPD interact in 

their control of the stomatal openings. 

Methods 

Study site and experimental design 

The study was carried out in the flux-net site of Yatir forest (Grünzweig et al., 

2007; Rotenberg and Yakir, 2010), a semiarid, 50-yr old forest planted 
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predominantly with Aleppo pine (Pinus halepensis Mill.), located in the northern 

edge of the Negev desert, Israel (31° 20’N 35°03’E, 550–700m a.s.l.). The mean 

annual precipitation from 1970 to 2018 was 279 ± 90 mm, the potential 

evapotranspiration (PET) was 1600 mm yr-1, and P/PET was 0.17. The minimum, 

maximum, and daily mean temperatures during the coldest and warmest 

months were 2.5 ± 0.7 °C, 21.2 ± 1.2 °C, 16.1 ± 0.5 °C, and 35.1 ± 0.9 °C, 

respectively from 2000 to 2018. During the dry season, the VPD maximal value 

reached 6.5 kPa and the SWC minimum reached 5 – 10 % at 10 – 40 cm depth, 

respectively. Tree sap flow (SF) was continuously measured since 2015 in 40 

trees (17 in each plot and six in the buffer area), by lab-made heat dissipation 

sensors (Granier, 1985). 

Two adjacent study areas were established near the flux tower site: one serving 

as an ambient control (CONTROL) and the other functioning as an irrigated area 

(IRRIGATED). 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 m and 18 cm, 

respectively), and covering an area of 1000 m–2. 

Soil moisture 

Soil water content (%) was monitored in the study plots from August 2016 to 

date, using five access tubes per area, with specific calibration curves (PR2/6, 

Delta T Devices, London, England) to a depth of 100 cm (10, 20, 40, 60, and 100 

cm), (Figure s1). To obtain a relative index of the SWC, which was available to 

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

Preisler et al. (2019), the SWC was scaled according to its minimum SWC (11 %) 

and field capacity (42 %) values, expressed as relative extractable water (REW), 

as described by Granier et al. (1999, 1987).  

Branch chambers 

To enable the continuous measurements of photosynthesis and transpiration in 

the harsh field conditions, custom-made branch chambers were designed, 
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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 (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. Each chamber conveniently contained a branch 

with four twigs, which was replaced every two to four weeks. 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 minutes per hour 

randomized between chambers), when a movable lid automatically closed. A 

programmed magnetic valve controlled the randomized air sampling from the 

chambers (more details in appendix methods). The chambers were constructed 

from a transparent cylinder enclosed by two caps (inner volume: 11.2 L), all 

made of Perspex.  

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, Lincoln, Nebraska) situated 

in-between the two plots at 6 m height, and the other for sample measurements 

(LI-7000), that were randomly sampled from each chamber for four minutes 

(Figure 1; Fig S2). The LI-7000 IRGA works in a differential mode as it measures 

the differences in water vapor 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 IRGA allowed us to 

obtain absolute H2O and CO2 values at the resolution and accuracy needed to 

accurately calculate the low rates of transpiration and photosynthesis, and the 

local VPD values using the ambient temperature and H2O concentrations.  

A photosynthetic photon flux density (PPFD) sensor (calibrated g1118 

photodiode, Hamamatsu Photonics K. K., Hamamatsu, Japan) and a fine 
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thermocouple (type T) were located in the center of each chamber. A small 12 

V fan continuously circulated air inside the chamber to ensure a flow of 

homogeneous air.  

 

Figure 6- Diagram of the gas exchange measurement setup. For simplification, the diagram shows only two 

chambers, but the real setup consisted of 14 branched chambers and two empty chambers, measured in 

sequence. The chambers remained open, except for short periods of 4 minutes per hour, when the 

measurements were taken and a movable lid would automatically close the chamber. The direction of 

airflow is indicated by the small arrows. 

Calculation of fluxes  

The leaf area (LA) of the four twigs enclosed in each branch chamber, the 

number of needles per twig (n), their length (l), and their radius (d)  were 

measured. Assuming that the pine needles were a semi-cylindrical shape, we 

used equation (1) to calculate the leaf area (cm2): 

𝐿𝐴 = 2𝑟𝑙(𝜋 + 𝑛)/100.    (1) 
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LA was determined each time the twigs in the chambers were replaced. 

H2O (mmol m–2 s–1) and CO2 (µmol m–2 s–1) fluxes, i.e., 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 calculations were performed using the following equations (von 

Caemmerer and Farquhar, 1981): 

𝐸 =
𝑓∆𝐻2𝑂

𝐿𝐴
,     (2) 

𝐴𝑛𝑒𝑡 =
𝑓∆𝐶𝑂2

𝐿𝐴
− 𝐶𝑠𝐸,    (3) 

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 mole fraction (mol/s), that passes through the chamber per 

second; Anet is corrected for the dilution via the outgoing transpiration fraction 

(CsE); and Cs is the ambient CO2 concentration.   

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 between the 

needles to calculate the leaf-to-air VPD. Branch conductance (gbr in mol m–2 s–

1) was then computed as follows: 

𝑔𝑏𝑟 =
𝐸(1000−

𝑒𝑙+𝐻2𝑂𝑜𝑢𝑡
2

) 

𝑒𝑙−𝐻2𝑂𝑜𝑢𝑡
 ,    (4) 

where el stands for the mole fraction of leaf vapor pressure and H2Oout is the 

water concentration in the ambient air plus the H2O molecules added by 

transpiration, resulting in leaf-to-air VPD. 

Irrigation treatments 

To maintain a constant SWC, we employed five soil moisture sensors at average 

depths of 20 - 40 cm in the IRRIGATED plot to operate as ON/OFF switches for 
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the irrigation system. The threshold was set from 0.6 to 0.7 REW (equivalent to 

30 to 33 % SWC) 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 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 mean REW was 0.3 (SWC = 19 %). The responses to this 

initial large-scale irrigation event are described in this paper. 

Model description and equation 

To comprehensively elucidate the driving forces of the tree transpiration, we 

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

relationships between the water consumption and soil and atmospheric 

drought. We applied a simple mathematical model to our results to explain the 

response of the stomata (or, in our case, gbr) to the VPD observed in this study. 

The model couples a canopy conductance model with a plant hydraulics model 

along the soil–plant–atmosphere continuum (SPAC). It is applicable at the daily 

scale under assumptions of equilibrated, daily averaged transpiration rates and, 

for simplification, 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.  

Canopy conductance (mmol m–2 s–1) is described as follows:  

𝑔𝑐 = 𝑔𝑐,𝑚𝑎𝑥
1

exp[(− 
𝜓𝑃
𝛽

)𝛽]
 ,     (5) 

where 𝑔𝑐,𝑚𝑎𝑥 is the maximum canopy conductance, and 𝛽 is the sensitivity of 

the canopy conductance to the plant water potential, 𝜓𝑃. The daily transpiration 

flux across the canopy is given by:  

𝐸 = 𝑔𝑐(𝜓𝑃)𝐷,      (6) 

in which 𝐷  represents the daytime-averaged VPD (mol H2O mol–1 air). 

Transpiration is regulated by the pressure potential gradient from the soil to 
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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., Φ = ∫ 𝑘(𝜓)𝑑𝜓
𝜓𝑖

−∞
], using the Kirchhoff 

transformation (Ross and Bristow, 1990; Sperry et al., 1998). The daily 

transpiration water flux from the soil to the canopy was expressed as follows: 

𝐸 = − ∫ 𝑘𝑋(𝜓)𝑑𝜓
𝜓𝑃

𝜓𝑆
= −(Φ𝑃 − Φ𝑆),    (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 and Willigen, 1998): 

𝑘𝑋(𝜓𝑃) = 𝑘𝑋,𝑚𝑎𝑥 (1 −
1

1+𝑒𝑎(𝜓𝑃−𝜓𝑋50)),    (8) 

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

conductivity 𝑘𝑋,𝑚𝑎𝑥, and 𝑎 denotes a fitting parameter.  

Simultaneously solving equations (6) and (7) yields the solution to (𝐸, 𝜓𝑃) given 

inputs for soil water potential 𝜓𝑆 and vapor pressure deficit 𝐷. Other plant traits, 

such as 𝑔𝑆,𝑚𝑎𝑥 , 𝑘𝑋,𝑚𝑎𝑥 , 𝑎 , 𝛽 , and 𝜓𝑋50 , are also needed to parameterize the 

hydraulic mathematical model. In the succeeding model validation, the 

measurements of daily average transpiration rate from Pinus halepensis and 

VPD were used in combination with the following fixed traits: 𝑎 = 2 , 𝛽 =

1, 𝑘𝑋,𝑚𝑎𝑥 = 1.0, and 𝜓𝑋50 = −3.5MPa (Oliveras et al., 2003; Klein, Cohen and 

Yakir, 2011; David-Schwartz et al., 2016). Additionally, the soil water potential 

values of the IRRIGATED individuals were assumed to be constant at 𝜓𝑆 = −0.5 

MPa (mean Ψsoil was determined using the Saxton et al. (1986) model with 

measured SWC), and the soil water potential values of the CONTROL individuals 

were assumed to decrease incrementally along with a simulated increase in VPD 

from 𝜓𝑆,0  to 𝜓𝑆,𝑚𝑖𝑛 . Three fitting parameters were employed: the maximum 
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canopy conductance ( 𝑔𝑆,𝑚𝑎𝑥 ) and the maximum and minimum soil water 

potential values under the control settings (𝜓𝑆,0 and 𝜓𝑆,𝑚𝑖𝑛, respectively). The 

resultant fitted parameters (with minimum weighted mean squared errors) were 

recorded for each month.  

Data and statistical analysis 

Chamber data (transpiration and photosynthesis) were expressed as the 

average values of the seven chambers, per plot, and the trees corresponding to 

these chambers were represented as one tree, with standard error calculations 

shown in the error bars for each area. 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 labeled 

as corresponding to the trees located in either the CONTROL or IRRIGATED 

sites. Data analysis and calculations were performed using MATLAB R2016b 

(MathWorks, Natick, MA, USA). Student t-tests were used to determine 

significant differences between the treatments. When normality tests failed, the 

Whitney-Mann sum rank test was used. All mentioned p values were used in 

that form, unless mentioned otherwise.  

Results 

Pre-treatment  

Prior to irrigation (January – May 2017), the SWC in both areas was similar 

(Figure 2), (p = 0.14), and so was the activity of the trees in both areas (p > 0.05), 

as expressed by the diurnal trends and flux amplitudes of the sap flow (SF) 

(Figure s3), and E and Anet (Figs. 3&4). When the drought started to evolve 

during this period (April–May 2017), the sample trees presented a typical diurnal 

trend characterized by a midday depression in transpiration and 

photosynthesis, as indicated by an early decrease in gbr when VPD reached ~2 

kPa and a total shutdown of activity (zero assimilation and minimum 

transpiration) at a VPD of ~3 kPa.  
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Soil moisture response to irrigation  

REW increased from 0.299 to 0.709 after the onset of irrigation (Figure 2). The 

REW in the treatment plot remained stable at the range 0.685 ± 0.005 for the 

entire study period, whereas the control plot gradually dried up, with the REW 

decreasing from 0.299 to 0.057 by October 2017. The mean REW value in the 

control plot was 0.105 ± 0.003. The REW in the IRRIGATED plot was significantly 

higher than in the CONTROL plot (p < 0.001).  

Figure 2- Annual trend of REW and their standard errors (gray area) before (purple and green 

lines indicate the IRRIGATED and CONTROL plots, respectively; n = 4 each), and after the onset 

of irrigation in the IRRIGATED (blue line; n = 5), and the CONTROL (red line; n = 5) plots. Irrigation 

began on 14 May 2017 (green arrow). The gray bars denote the daily precipitation amounts during 

the study period. The peaks and lows of REW during the summer months were caused by irrigation 

malfunctions and corrections. Missing data points are due to sensor malfunctions. 

Immediate response to irrigation 

The initial response to the onset of the irrigation at the beginning of the 

summer was fast. During the 10 days prior to irrigation, the mean E rates during 

the daytime (0500-1900) of the IRRIGATED and CONTROL trees were similar at 

0.35 ± 0.02 and 0.31 ± 0.02 mmol m–2 s–1 (p > 0.05). Thirty days after irrigation, 

the mean E rates during the daytime remained relatively stable for the following 
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two months (average 2.74 ± 0.15 mmol m–2 s–1), a value 8 times higher than that 

observed a week prior to the irrigation onset, and 17.5 times higher than the 

mean value of the CONTROL trees in the same weeks. For a daily resolution of 

the responses to irrigation, see Figure S4. 

During the 10 days prior to irrigation, Anet daytime mean rates of the IRRIGATED 

and CONTROL trees were similar, 1.9 ± 0.4 and 1.63 ± 0.23 µmol m–2 s–1 

respectively, (p > 0.05), (Fig 3b). In the first 10 days after irrigation, it increased 

to 6.5 ± 0.6 µmol m–2 s–1 and remained in this range after 20 days (6.73 ± 0.32 

µmol m–2 s–1). Anet increased to 8.0 ± 0.41 µmol m–2 s–1 30 days after irrigation 

and ranged between 8 to 10 µmol m–2 s– for the following two months (average 

9.3 ± 0.38 µmol m–2 s–1); a value 4 times higher than that observed a week prior 

to the onset of irrigation and 34 times higher than the mean values of the 

CONTROL trees in the same weeks.  

The branch conductance (gbr) did not differ between the IRRIGATED and 

CONTROL during the 10 days prior to irrigation (0.017 ± 7.68E-04 vs 0.015 ± 

9.62E-04 mol m–2 s–1
,
 respectively, p > 0.05), (Figure 3c). In the first 10 days after 

the start of irrigation, the gbr increased to 0.06 ± 3.43E-03 mol m–2 s–1 and kept 

increasing 20 and 30 days after irrigation to 0.08 ± 4.62E-03 mol m–2 s–1 and 0.09 

± 4.67E-03 mol m–2 s–1. The gbr ranged between 0.1 to 0.12 mol m–2 s–1 for the 

following two months (average of 0.104 ± 5.61E-03 mol m–2 s–1); a value 5.8 times 

higher than that observed a week prior to the onset of irrigation, and 22 times 

higher than the mean value of the CONTROL trees in the same weeks.  

Overall, the activity of the measured parameters were similar in the pre-

treatment period among the plots, with non-significant differences (p > 0.05) in 

most months, except for higher rates in the CONTROL in February for E and Anet 

(p < 0.05) (Figure 3). Sap flow rates were slightly (p = 0.396) larger in February 

in the pre-IRRIGATED trees, and similar for the rest of the pre-treatment period 
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(Figure s3). This ensures that there were no biased measurements prior to 

treatment.  

Maximum native activity and activity under treatment in the peak of the summer 

To delineate the tree responses to drought and evaluate the roles of the soil 

and atmospheric drought, we used the long-term measurement dataset of the 

Yatir Forest flux tower to compare two peaks of tree activities (tree gas 

exchange and ecosystem flux) under natural (pre-treatment) and well-watered 

soil (post-treatment) conditions. The peak activity during the wet season was 

defined (also according to (Maseyk et al., 2008; Rotenberg and Yakir, 2011)), as 

the peak of tree activity in the non-manipulated seasonal cycle, in March 2017 

(mean midday VPD = 2.6 ± 0.04 kPa). The peak activity during the dry season 

was defined as the maximal annual mean midday VPD occurring in July (mean 

midday VPD = 6.3 ± 0.12 kPa). The comparison of these periods showed that E 

increased 2.3 times (from 2.2 to 5.2 mmol m-2 s-1), Anet increased 1.13 times 

(from 13.1 to 14.8 µmol m–2 s–1), and gbr was elevated 1.7 times (from 0.09 to 

0.16 mmol m-2 s-1) between March to July 2017 in the treated trees (Figure 3d-

f). The VPD values increased ~2.4 times in the same period (from 2.6 to 6.3 kPa).  
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Figure 3- Daytime mean values of (a) transpiration (E), (b) net photosynthesis (Anet), and (c), 

branch conductance (gbr) in the IRRIGATED (blue) and CONTROL (red) trees since the 4th of May 

2017 (i.e. -10 days prior to irrigation) to 31st of July 2017 (i.e. -90 days after irrigation). Each bar 

represents 10 days average (±SE of that 10 days). Black circles (a) represent VPD mean values for 

the same period. Monthly mean and SE of midday maximum values of (d) transpiration (E), (e) 

branch conductance (gbr), and (f) net photosynthesis (Anet) in the IRRIGATED (blue) and CONTROL 

(red) trees from January to December 2017. The black circles represent midday VPD, and the 

brown triangles denote PAR (in panels d, e and f, respectively). The initiation of the irrigation is 

indicated by the green arrows.  

Overall, the branches in the IRRIGATED area transpired ~400 mm while ~470 

mm of irrigation was applied, between May to August, whereas the CONTROL 

trees transpired 32 mm over the same period. 



67 

Diurnal trends of gas exchange before and after the onset of irrigation 

The diurnal trend of E in the IRRIGATED trees did not change from the wet to 

the dry seasons. In both seasons, E was highest during midday, at which point 

the VPD was greatest (~1.5 and ~4 kPa in the wet and dry seasons, respectively). 

During the dry season, E in the CONTROL trees reached its daily peak (0.35 

mmol m–2 s–1) at 0700 hours and then decreased during the day, associated with 

the daily increase in VPD. 

The diurnal trend of gbr changed between seasons, peaking at 1000 to 1100 

hours during the wet season and at around 0600 to 0700 hours during the dry 

season, in both the IRRIGATED and CONTROL trees. During the dry season, the 

gbr in the CONTROL trees dramatically decreased after 0700 hours, from 0.08 

mmol m–2 s–1 to ~0.001 mmol m–2 s–1 at midday. Conversely, the IRRIGATED 

trees maintained similar values (> 0.08 mmol m–2 s–1) until 1500 to 1600 hours, 

beyond which the gbr started to decrease (Figure 3b). The mean midday VPD 

values increased from ~1.5 kPa in the wet season to ~3.9 kPa and 5.2 kPa in the 

IRRIGATED and CONTROL trees, respectively, in the dry seasons (Figure 4c). 

These differences in VPD (inside the chambers) between the treatments during 

the dry season are due to the differences in E between the treatments, which 

changed the actual H2O concentrations in the chambers and, by extension, the 

measured VPD. Mean midday ambient VPD, measured adjacent to the 

chambers were 1.5 and 3.4 kPa in the wet and dry season (Figure s5). 

The diurnal trends of Anet varied between the seasons, reaching its peak around 

midday (1000–1300 hours) during the wet season, but shifted to 0900–1300 

hours and 0700 hours in the IRRIGATED and CONTROL sites, respectively, 

during the dry season (Figure 4d). 
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Figure 4- Diurnal dynamics of the mean daily gas exchange (Transpiration (E) branch stomatal 

conductance (gbr), photosynthesis (Anet)) and VPD values during the wet season (prior to irrigation; 

circles) and the dry season (triangles; post-irrigation) in both areas (IRRIGATED (blue) and 

CONTROL (red)). Mean ± SE, n = 85 days per tree for each season.  
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In response to irrigation, the daily morning values (0600–1100 hours) changed 

beginning in May 2017 and lasted until July 2017, as follows: E increased from 

0.45 to 3.2 mmol m–2 s–1 in the IRRIGATED trees and decreased from 0.45 to 

0.21 mmol m–2 s–1 in the CONTROL trees. Anet increased from 3.2 to 12.6 µmol 

m–2 s–1 in the IRRIGATED trees and decreased from 4.8 to 1.5 µmol m–2 s–1 in the 

CONTROL trees. The gbr values increased from 0.05 to 0.105 mol m–2 s–1 in the 

IRRIGATED trees and decreased from 0.05 to 0.003 mol m–2 s–1 in the CONTROL 

trees (Figure 4).  

Response to increasing VPD 

The natural atmospheric drought (VPD) measured in the branch chambers 

increased during the study period from 0.5 to 7.0 kPa. The constant water supply 

to the IRRIGATED trees, accompanied by the increased VPD, led to a positive 

relationship between VPD and transpiration (Figure 5). Conversely, a negative 

relationship between VPD and transpiration developed in the CONTROL trees 

(Figure 5). In the IRRIGATED trees, gbr decreased with increasing VPD but 

remained high, even at extreme VPD values (>3.5 kPa), with the reductions 

occurring from 0.15 to 0.08mol m–2 s–1. In the CONTROL trees, gbr decreased to 

a minimum of 0.01 mmol m–2 s–1 with rising VPD (>1.5 kPa).  
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Figure 5- Monthly mean values of the relationships between VPD and E (left) as well as gbr (right) 

during the first three months of the irrigation experiment (May–July). Data were binned for every 

0.5 kPa. The circles and triangles represent the irrigated and non-irrigated trees, respectively. A 

quadradic model (f = y0+ax+bx^2) was used to describe transpiration (left), with R2 = 0.97 and 

0.63 for the IRRIGATED and CONTROL areas, respectively, and p < 0.001 for both. An exponential 

decay model (f = y0+a*exp(-b*x)) was adopted to describe the stomatal response to increasing 

VPD, with R2 = 0.95 and 0.99 for the IRRIGATED and CONTROL areas, respectively, and p < 0.001 

for both. 

Model simulations of the stomatal response 

A comparison of our measurements with those derived from the hydraulic 

model, both before and after irrigation, indicated good agreement between the 

measured transpiration responses to VPD and the model predictions. A similar 

trend with no significant difference (p > 0.5) was found prior to irrigation 

(February – April) between the CONTROL and IRRIGATED trees, but there were 

clear differences after irrigation (p < 0.05) in the responses to the increasing 

VPD (Figure 6). The Kmax and gs_max parameters were updated in the model 

according to the maximum levels measured in the branch chambers in both 

periods. 
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Figure 6- Branch transpiration responses to increasing VPD before (a) and after (b) irrigation. 

Model output (line) and measurement (dots) results are also shown. Maximal stomatal 

conductance (gs_max) was determined for each period (a and b) and each treatment separately. 

Maximal tree hydraulic conductance (Kmax) was determined for each period. ps0 and dps are 

respectively the soil water potential values that occurred with the lowest VPD in the CONTROL 

area during each period. These values represent the daily range of soil water potential.   

The responses of modeled and measured gbr to the changing VPD were 

consistent both before and after irrigation was initiated (Figure 7). A similar 

trend with no significant differences (p > 0.05) occurred prior to irrigation in 

both the CONTROL and IRRIGATED trees, but a clear difference after irrigation 

(p < 0.05) emerged, owing to the elevated VPD (Figure 7). Both the model and 

the measurements showed that the gbr in the IRRIGATED area declined in 

response to the increasing VPD but remained at high levels, even with 

considerable VPD values (Figs. 4b and 7b).  

 

Figure 7- Observed and simulated stomatal conductance responses to the increasing vapour 

pressure deficit (VPD) before (a) and after (b) irrigation. Both the model output (line) and the 

measurement (dots) results are shown. In the model, the soil water potential of the IRRIGATED 

trees was constant at –0.5 MPa, but in the CONTROL trees, this value ranged from –0.5 to –1.6 

MPa. ps0 and dps are respectively the soil water potential values that occurred with the lowest VPD 

in the CONTROL area during each period. These values represent the daily range of soil water 

potential. 

a b 

b a 
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Discussion 

Fast response to irrigation 

Irrigation started on the 14th of May 2017, at the beginning of the summer, 

three months after the last rain event. The REW was lower than 0.3, the VPD was 

about 5 to 6 kPa, and the transpiration and Anet levels were equal to their 

approximate minimum annual values. The rapid response of all of the measured 

physiological parameters to the water supplement emphasized that the trees 

were able to use the added water, without additional structural adjustments 

that requires more time, and a low rate of native embolism, which could limit 

conductivity under these conditions. Note that a 50 % loss of hydraulic 

conductivity (PLC50) of the Aleppo pines was observed in the range of –3.2 to –

5 MPa leaf water potential (Oliveras et al., 2003; Klein, Cohen and Yakir, 2011; 

David-Schwartz et al., 2016). Yet, in our study site, the lowest measured midday 

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

minimal damage to the hydraulic conductivity of the examined trees.  

We compared our results to leaf scale transpiration measurements conducted 

on the Aleppo pines, growing in more mesic ecosystems (Beit Dagan, 570 mm; 

Klein et al., 2013, and Biriya Forest, 800 mm; unpublished data) characterized by 

lower VPD and higher SWC than in the Yatir Forest. It showed that the 

transpiration rates of the IRRIGATED trees in Yatir were almost two times higher 

than those of the trees in Beit Dagan during the wet season (2 mmol m–2 s–1 ; 

Klein et al., 2013; Figure s6), and similar to those in Biriya (5.2; Shani Rohatyn's 

unpublished data), where midday VPDs was 3.6 kPa. The IRRIGATED trees in the 

Yatir semi-arid forest reached, therefore, summer transpiration rates similar to 

the peak values in the mesic pines during the wet season. This further indicates 

that the transpiration potential of these trees is much higher than the levels 

observed under soil drought conditions. These observations may indicate that 

the transpiration rates in Yatir under non-limiting soil moisture and extremely 

high VPD, reflect the upper limits to transpiration rates and the hydraulic 
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conductance of these trees, although this requires further confirmation. Note 

that from the perspective of the energy limitation, the transpiration of the 

IRRIGATED trees reached about 50 % of the energetic limit to evaporation, as 

computed from the ecosystem energy balance (Figure S7). These findings seem 

to point to soil moisture availability and hydraulic limitations (supply side) as 

the main factors limiting transpiration in the Aleppo pine trees of the Yatir 

Forest, rather than atmospheric demands (demand side). 

Peak activity periods (March and July) 

Our results showed that the peak activity of the IRRIGATED trees in July led to 

a transpiration rate that was 2.3 times higher than the natural peak that 

occurred in March. This was associated with a VPD that was 2.4 times higher in 

July compared to March. The nearly linear increases in the transpiration rate, 

with the rise in VPD in that period, demonstrated how transpiration rates is 

driven by VPD when the water supply is sufficient. This also demonstrated that 

high VPD alone was not sufficient to induce stomatal closure, as reflected in gbr 

values.  In contrast, in the control trees, with a limited soil moisture supply, gbr 

decreased in response to increasing VPD in the summer. The branch 

conductance (predominantly stomatal) response is based, therefore, on the 

interactions between soil moisture and VPD, which likely help to maximize the 

carbon uptake. 

While E responds to VPD, photosynthesis was not expected to show the same 

response. It is likely that Anet was limited in the irrigated trees in the summer 

mainly by conductance, and its modest increase in July (x1.13 in July compared 

with March), corresponded to a similar increase in gbr (x1.7 in July compared 

with March). This may indicate that Anet at this level was near its maximum 

capacity, although the summer decrease in atmospheric CO2 by ~10 ppm may 

also provide some limitations.  
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Branch conductance, gbr, was likely dominated by stomatal conductance if there 

was sufficient soil moisture, and remained relatively high even at high VPD 

(Figure 5b). Similar responses of the Aleppo pine seedlings (from the Yatir 

forest), indicating low insensitivity to high VPD under high SWC, were recently 

reported by Birami et al. (2018). Similar stomatal conductance responses to VPD 

were also reported under well-watered conditions in agricultural trees (Cohen 

and Naor, 2002; Paudel et al., 2015), and the effects of SWCs on stomatal 

responses to VPD were previously discussed (Bond et al., 2008; David et al., 

2004). Note, however, that most studies were carried out on acclimated trees, 

where the maximal VPD values were smaller than 3.5 kPa, while the present 

research extends to more extreme conditions (VPD of up to 8 kPa). 

High stomatal conductance in the dry air may be assisted by the pine’s sunken 

stomata (Howard, 1971), which allows for microclimate isolation between the 

dry background atmosphere and the isolated air boundary layer in the stomatal 

cavity. It is also possible that when the water supply is high and the turgor 

pressure of guard cells remains high, the stomata cannot close hermetically. 

This is consistent with the significant nighttime transpiration observed in the 

IRRIGATED trees during the dry season, when VPD was ≥1 kPa (Figure 3a). It is 

also possible that some of the low sensitivity of the stomatal responses to VPD 

is due to the slow production of abscisic acid in conifers, and its production is 

in response to changes in leaf (which presumably stays low in the irrigated 

trees) rather than VPD (McAdam et al., 2011; McAdam and Brodribb, 2016).  

There was a good agreement between the observations at the branch scale, 

made at extreme conditions, and the predictions of the simple hydraulic model 

designed to simulate total canopy conductance. In the simple hydraulic model, 

we used water potential to simulate the response of canopy (stomatal) 

conductance and the supply of water to the leaves, while the calculation of 

transpiration from the leaf to the atmosphere (E) is based on VPD and the water 
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potential gradient (Eqs.5-7). The model simulations demonstrate, that the 

reduction in stomatal conductance is sensitive to leaf water potential, which 

could remain relatively low, rather than directly to VPD, which can reach high 

values. 

The combined experimental and model simulation results support the ideas of: 

(1) the contrasting effects of the soil moisture and atmospheric VPD on gas 

exchange and the rate of evaporation; and (2) that the soil moisture supply has 

an overriding effect on the sensitivity of branch and canopy conductance to 

VPD. Such insights should be useful addition to ecophysiological and Earth 

system models (Sperry and Love, 2015; Mirfenderesgi et al., 2016; Sperry et al., 

2016; Anderegg et al., 2018; Bartlett, Detto and Pacala, 2018), for defining the 

water demand- vs. supply constraints around stomatal regulation. 

Conclusion 

When addressing the threats and concrete realities of a warmer world, we need 

to consider how plants will respond to a warmer and drying climate, especially 

when the effects on temperature and precipitation can be decoupled. Our 

results showed that when water supply is sufficient, transpiration will be driven 

by the atmospheric demand, even under very high VPD. This could help to 

optimize gas exchange and carbon uptake, and prevent plant starvation under 

future low humidity conditions, as long as the soil moisture is sufficient. Clearly, 

more research is needed to extend these results to a multi-seasonal scale, to 

explore the effects of other limiting factors, such as radiation and temperature, 

and to assess the responses of other tree species. 
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Appendix_2_Methods 

 

Branch chambers flushing time 

To allow a proper flushing time of each chamber, from the previous chamber 

gaseous concentration remaining, making sure there is no 'contamination' of 

the sample, a clear flushing time of 200 seconds was determined. Each chamber 

lid is closed for 240 seconds (4 minutes), and the data used for the final 

calculation extracted and averaged from the last 40 seconds. This was enabled 

thanks to a thorough examination of the equilibrium point in all weather 

conditions achieved in that time. 

 

Figure s2- Flushing time examples from different chambers at different seasons, wet (top) and dry 
(bottom) for H2O (mmol m-2 s-1) and CO2 (µmol m-2 s-1). The blue horizontal line represents the 
last 40 sec of the chamber sampling which is used for the final calculation 

Figure s1- pictures of drip irrigation system and SWC sensor in it access tube (left), branch chamber located 
at 6 m height (middle) and close look at the branch chamber (right). 
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Appendix_2_Results 
 

 

 

Short term response daily values 

 

 

 

 

 

 

 

Figure s4- Transpiration (upper) 
and photosynthesis (lower) 
diurnal day time values, of the 
IRRIGATED and CONTROL trees, 
from 10 days prior to the onset 
of irrigation until 2 months 
later. Black arrow represents 
the irrigation start date. Gray 
line (upper) shows VPD values 
for the same time. 

Figure s3-Monthly mean diurnal SF of the IRRIGATED (blue circles) and CONTROL (red triangles) and 
their standard error (n= 12 trees per treatment). No significant difference was found between plots prior 
to irrigation (p>0.05) and since irrigation started (green arrow) SF was always higher in the IRRIGATED 
trees (p<0.05) 
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Average ambient VPD diurnal trend for the wet and dry seasons 
 

 

 

 

 

 

 

 

 

Comparing Yatir to Beit Dagan and Biriya forest

 
Figure s6- Wet and dry seasons mean values of transpiration (upper) from leaf scale 

measurements conducted in Biriya forest (Bi) and Beit Dagan (BD) Aleppo pine stands (measured 

with li-6400) and in Yatir with the branch chambers (Ya_irr and Ya_con for IRRIGATED and 

CONTROL trees respectively). Precipitation of each site is noted above the bars. Yair irrigation 

supplement from May to July in addition to the 340 mm of the wet season was ~790 mm. Mean 

midday values of VPD (lower) ranged, in Biriya, between 1.5 to 3.9, in Beit Dagan from 2.9 to 4.2 

kPa and in Yatir from 2.1 to 5.5 kPa. Bi data is from unpublished data and BD data is from Klein 

et al. 2013,  

Figure s5-Mean diurnal ambient air VPD 
measured next to the study plots, in the wet and 
dry seasons (n=85 days preseason). 
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Energetic limit of transpiration 

The factors which may limit transpiration are: the plant hydraulic conductivity, 

the atmospheric demand for water and the available energy. We calculated the 

energy limitation using an energy balance (Priestley and Taylor, 1972) for the 

trees in Yatir during 2017, using the data originated from the flux tower. The 

results showed annual trend of potential transpiration, peaking around May 

(whereas the actual peak is in March). The maximum transpiration of the model 

is 8 mmol m-2 s-1, while our maximal values were around 4mmol m-2 s-1 (Fig. s7). 

Therefore, we conclude that there is no energetic limitation for transpiration of 

the IRRIGATED trees. 

 

Figure s7- Maximal ecosystem transpiration according to an energy balance calculation, for 2017. 

The green line represents the maximaltranspiration rate as measured in the branch chambers.  
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Early warning signs of mortality in pine trees under drought stress 

Yakir Preisler, José M. Grünzweig, Fedor Tatarinov and Dan Yakir 

Abstract 

Drought-related tree mortality is increasing in many regions, but an improved 

understanding of the sequence of ecophysiological changes leading to it could 

help to develop better mitigation strategies. A tree mortality event was 

observed in the spring of 2016 in the semi-arid pine forest site of Yatir in 

southern Israel. Comparative analysis of dendrometry and sap flow (SF) 

measurements in 31 trees, of which seven died, revealed four stages in the 

development of mortality. The first, nine months prior to the visual signs of 

mortality, there was a decrease in the tree diameter at breast height (DBH) in all 

dying trees, but not in the living ones. Second, six months prior to the visual 

signs of mortality, there was a decay to near zero in the regular diurnal stem 

swelling/shrinkage dynamics, which reflects the water storage capacity in these 

trees. Third, three months prior to the visual mortality signs, the stem SF 

stopped, accompanied by decreasing trees moisture content during the rainy 

season. Finally, there were clear visual mortality signs, such as dry leaves across 

the tree canopy. These results show that mortality can be detected long before 

the visual signs are observed, and that these signs demonstrate the differential 

effects of drought on the stem growth, water storage capabilities, and water 

uptake from the soil. The irreversibility of the water management capacity, even 

during the rainy season following the drought, indicated that the observed 

sequence of events followed a 'point of no return' in the mortality process. 
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Introduction 

The global climatic trends in previous decades have shown a rise in 

temperatures and drought intensity, leading to the increased vulnerability of 

forests and tree mortality events in various biomes (Breshears et al., 2009; Allen 

et al., 2010; Allen, Breshears and McDowell, 2015; Preisler et al., 2019). Tree 

mortality and canopy dieback can be traced directly to water shortages, as well 

as to secondary stress factors, such as insect damage (McDowell, 2011). The 

ubiquitous forest mortality has consequences for global carbon, water, and 

energy fluxes (McDowell et al., 2008; Adams et al., 2012; Bastin et al., 2017; Pugh 

et al., 2019). Despite the significant impacts of trees on the global 

biogeochemical cycles, the series of physiological responses to drought before, 

during, and after a tree mortality event are unknown—inflating uncertainty in 

the future of our forests. Thus, understanding, quantifying, and detecting the 

tree mortality sequences, from an ecophysiological perspective, is urgently 

required.  

Two physiological mechanisms leading to tree mortality are hydraulic failure 

(embolism) and carbon starvation, which have been investigated in many 

previous studies over the past decade (McDowell et al., 2008; Sala, Piper and 

Hoch, 2010; Choat et al., 2012; Hartmann, Ziegler and Trumbore, 2013; Sevanto 

et al., 2014; Hartmann, 2015; Meir, Mencuccini and Dewar, 2015; Adams et al., 

2017; Cailleret et al., 2017; Kono et al., 2019). Specifically, identifying early 

warning indicators to determine when trees cross the 'point of no return', 

beyond which mortality is more likely than survival, has been a major focus of 

recent studies, suggesting that plant water content, leaf wilting, and loss of 

hydraulic conductivity are major candidates for that (Anderegg, Berry and Field, 

2012; Hartmann et al., 2018; Hammond et al., 2019; Sapes et al., 2019). 

Experimental manipulations have largely been conducted on young trees (e.g., 

seedling, sapling) in controlled conditions measuring physiological responses 

such as percent loss of conductivity (PLC), water potential (Ψ), and nonstructural 
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carbohydrates (NSC), while large-scale observations (e.g., remote sensing) have 

focused on foliar color, GPP, etc. (Ogaya et al., 2015; Schwantes, Swenson and 

Jackson, 2016; Paz-Kagan et al., 2018). The controlled experiments were 

conducted mainly due to technical limitations but understanding the mature 

tree behavior under natural drought conditions may give other and important 

insights into tree physiology under a changing climate.  

Physiological indicators and thresholds of vulnerability to drought may be 

similar or differ quite considerably among species. Yet, the progression of the 

risk of mortality is likely related to the coordination of many plant traits, rather 

than a single trait (Blackman et al., 2019; Hammond and Adams, 2019). 

Furthermore, the resistance in different species to drought stress is also related 

to their plant anatomy and physiology. While some species are expected to 

have minimal recovery after crossing their Ψ values were 50 % loss of 

conductivity  (P50) occurred (Brodribb and Cochard, 2009), many surviving 

conifers have been observed to reach 90 % loss of conductivity (Tyree and 

Sperry, 1988; McCulloh and Woodruff, 2012; T. Klein et al., 2016; Hammond et 

al., 2019). The progression of tree mortality risk can be related to different traits, 

such as stomatal control (Delzon and Cochard, 2014; Martin‐StPaul, Delzon and 

Cochard, 2017), the use of internal water storage (Chapter 1, Colangelo et al., 

2017; Steppe et al., 2015), cuticular water loss (Cochard, 2019), NSC availability 

and mobility, and phloem transport (Sala, Woodruff and Meinzer, 2012; Klein et 

al., 2014; Sevanto et al., 2014; Hoch, 2015; Savage et al., 2016; Wiley, Hoch and 

Landhäusser, 2017). 

Recovery from embolism occurs during the radial growth of new sapwood 

(conductive xylem) that replaces the old embolized xylem (Hammond et al., 

2019). Growing new conductive areas requires both available carbon and a well-

functioning phloem (De Swaef et al., 2015; Steppe, Sterck and Deslauriers, 2015). 

This link between the xylem hydraulic state and the functioning of the phloem 
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is also expressed in the daily stem diameter changes caused by radial water 

transport from the living bark and phloem tissues to the transpiration stream, 

following the water potential gradient between these neighboring tissues 

(Zweifel, Item and Häsler, 2001; Daudet et al., 2005; Hölttä et al., 2006; Hölttä, 

Mencuccini and Nikinmaa, 2009; De Schepper and Steppe, 2010; Sevanto, 

Hölttä and Holbrook, 2011; Sevanto et al., 2014; Steppe, Sterck and Deslauriers, 

2015). Diameter variations are driven by differences in xylem water potentials 

and phloem osmotic concentrations (Hölttä, Mencuccini and Nikinmaa, 2009; 

Sevanto et al., 2014). Diurnal variations in stem diameters resulting from 

interconnected xylem and phloem responses to plant water status, are used for 

physiological assessments and modeling efforts (see review by  De Swaef et al., 

2015). These diurnal fluctuations in diameter originate mainly from the 

shrinkage and swelling of the living phloem and bark tissues (70 – 90 % of the 

total diurnal fluctuations), and the remaining contribution (30 – 10 %) is from 

the xylem. Some studies show a higher proportion of the daily fluctuations are 

from the xylem (> 30 % of the total)(Sevanto et al., 2002; Zweifel et al., 2014), 

but in most cases, the phloem and bark are the major contributors (> 50 %) (see 

e.g. Cermak and Nadezhdina, 1998; Irvine and Grace, 1997; Scholz et al., 2008).  

This hydraulic link between xylem and phloem supports phloem transport under 

well-watered conditions but limits it under dry conditions when the xylem 

tensions increase (Hölttä, Mencuccini and Nikinmaa, 2009). Phloem tissues also 

acts as a water reservoir for transpiration, buffering high transpiration demands 

during the dry season, thus promoting tree survival (Zweifel and Häsler, 2000; 

Pfautsch, Hölttä and Mencuccini, 2015) and growth (Hölttä et al., 2010; 

Coussement et al., 2018). Direct damage to the phloem via insects or 

pathogenic attacks will reduce the phloem’s ability to transport and allocate 

sugars (Schultz et al., 2013), potentially resulting in growth declines or increased 

risk of tree death. Nonetheless, the direct effects of phloem damage to the 

xylem (in particular to the sap flow), are still unclear.  
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While knowledge of the physiological mechanisms of tree mortality and their 

sequences have been elucidated in controlled experimental conditions, it is 

unknown how mature trees in forests may differ in their responses. The 

objectives of this study were: 1) to identify the 'point of no return' in the mature 

trees mortality sequence; and 2) to improve our understanding of the traits 

involved in the tree mortality sequence. These objectives were addressed by 

using high-resolution physiological measurements of both xylem and phloem 

hydraulic status, which are required to understand tree resilience and 

vulnerability to potentially lethal drought events. For these purposes, we 

measured the tree water regime in a minimally-invasive way with dendrometers, 

for the stem diameter changes (Sevanto et al., 2014; Zweifel, 2016) and with sap 

flow sensors.  

The radial growth and sap flow of the 50-year-old Aleppo pine (Pinus 

halepensis) trees growing in the worlds driest pine forest (P/PET=0.17) in Yatir 

(a FLUXNET site), have been measured continuously since 2009 (Klein et al., 

2016; Tatarinov et al., 2016). In the spring of 2016, mortality was observed 

among the sampled trees, with visual indicators of the tree death (brown and 

dry needles) beginning in April 2016. Here, we describe the physiological 

sequences leading to tree mortality in the mature Aleppo pine trees grown in 

the semi-arid forest and demonstrate the link between phloem and xylem water 

transport under drought conditions. 

Methods 

Experimental site 

The study was conducted in the Yatir forest, located at the northern edge of the 

Negev desert (31˚20'N, 35O03'E, 550–700 m above sea level). This forest, planted 

mainly in the mid-1960s, is dominated by Aleppo pine (Pinus halepensis Mill.) 

and covers an area of about 3000 ha. Current stand density is about 300 trees 

ha-1, with a deep and unreachable ground-water table (>-300 m). The soil type 

is classified as light Rendzina (Haploxeroll) above chalk and limestone. The 
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climate is Mediterranean with prolonged summer drought periods from May to 

October (average daily temperature in July is 25 ˚C) and a winter period with 

low levels of precipitation (annual mean is 280 ± 90 mm) and moderate 

temperatures (~10 ˚C in January), (Grünzweig et al., 2007; Rotenberg and Yakir, 

2010).  

The hydrological years 2013/14, 2014/15, and 2015/16 (October to September 

in each year) were characterized by above average precipitation, 323, 357, and 

349 mm, respectively, compared with the long-term mean of 290 mm. The 

hydrological year 2016/17 was dry, with 246 mm of precipitation.   

Tree physiology 

Tree-scale measurements included continuous sap flow and stem radial growth 

measurements, and periodic 24-hr measurements across the seasonal cycle of 

stem and needle water potentials, needle water content, and leaf-atmosphere 

gas exchange. Tree sap flow (SF) was continuously measured since 2010 in 31 

trees, by self-made heat dissipation sensors (Granier, 1985). Variations in stem 

diameter at breast height (DBH; 1.3 m height)) were measured by automatic 

band dendrometers (EMS, Brno, Czech Republic) in 5 trees since 2012, and in 

20 trees starting in August 2015.  

Intensive 16 to 24-h leaf-scale diurnal measurements were conducted in 13 

different trees equipped with dendrometers and sap flow sensors in six 

campaigns from May 2014 to September 2015, there were 5-7 trees in each 

campaign (Table S1). Measurements were taken every 1.5-2 hours, including 

twig water potential (Ψleaf), using a pressure chamber (PMS Instrument 

Company, Albany, OR, USA), needle water content, and leaf gas exchange (LI-

6400, Licor Inc., Lincoln, NE, USA). In total, 12-18 shoots per tree were sampled 

within each campaign (for detailed methods, see Supplementary information 

methods). 
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Mortality event 

In the spring of 2016, a mortality event occurred in the study plot where the sap 

flow and dendrometry measurements were carried out. Visual browning (Figure 

S1) of the needles was observed in seven trees, starting in April 2016. Bark 

beetle (Orthotomicus erosus) presence was observed in five out of the seven 

dead trees in June-July 2016, with typical galleries and exit holes (Figure S1). 

Some beetle attacks (mature feeding of top canopy needles) were also observed 

in the living trees. All seven trees which died during the mortality event had SF 

sensors, and five had dendrometers. The last diurnal physiological 

measurements, in August 2015 and September 2015, included eight trees, of 

which three eventually died in Apr-May 2016 (18 branches were pruned during 

each campaign, per tree).  

Statistical analysis 

Measured values from the physiological campaigns were averaged across the 

sampled trees and sampling hours. For each season, differences between the 

pairs of living and dying trees at each sampling hour (0600 to 1700 hours) were 

analyzed using a paired t-test. Piecewise regression analysis was applied to the 

half-hourly dendrometer data to determine the tipping point at which the DBH 

dynamics of the dying and living trees started to diverge. A paired t-test was 

then used on the two data sets (dying and living trees) for the periods before 

and after the identified tipping point. Statistical analyses were performed in 

SigmaPlot12 (Systat Software, Erkrath, Germany) and R (R Core Team (2017) 

Vienna, Austria.) 

Results  

Gas exchange and hydraulic traits prior to mortality 

Overall, the differences between the living and dying trees were not significant 

during the diurnal campaigns in May 2014, September 2014, January 2015, and 

August 2015 (Table 1). Leaf transpiration and Ψleaf were higher in the live trees 

than in the dying trees in May 2014 (P < 0.005 and < 0.001, respectively; two 
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years prior to mortality), but these differences were not consistent over time. In 

the diurnal campaign of August 2015 (7 months prior to tree decline), a 

difference in the daytime needle WC (p = 0.006) was observed, but it is of note 

that the sampling day in August 2015 occurred during an extremely hot and dry 

period, with VPD >7 kPa, and that these differences were not observed in the 

following campaign. 

Table 1- Summary of the physiological parameters measured throughout the seasonal campaigns from 
May 2014 to September 2015. Mean daytime values are presented for the living and dying Aleppo pine 
trees in each campaign (n = 5-7). A significantly higher value in the living trees than in the dying (P < 
0.005) was denoted with bold digits. na indicates a lack of data; Anet is the net photosynthetic rate; gs 
is the stomatal conductance; MDS is the maximum daily stem shrinkage; Ψleaf is the shoot water 
potential; VPD is the vapor pressure deficit; WC is the water content.  

Parameter/
Date 

May-14 Sep-14 Jan-15 Aug-15 Sep-15 

 Live Dying Live Dying Live Dying Live Dying Live Dying 

Anet (umol m-2 
s-1) 

3.41 3.94 na na 7.67 9.29 0.16 0.03 na na 

Transpiration 
(mmol m-2 s-1) 

0.88* 0.51 na na 1.58 1.80 0.01 0.68 na na 

gs (mmol m-2 
s-1) 

0.025 0.028 na na 0.12 0.13 0 0.002 na na 

VPD_Leaf 
(kPa) 

3.43 3.34 na na 1.27 1.12 4.79 4.88 na na 

Ψleaf (MPa) -2.08* -2.18 -2.83 -2.85 -1.95 -1.92 -2.99 -3.03 -3.26 -3.34 

Needle WC (g 
H2O DW-1) 

0.98 0.96 na na 1.33 1.34 1.26* 1.14 1.07 1.04 

MDS (mm) 0.17 0.09 0.05 0.03 0.02 0.03 0.02 0.03 0.02 0.01 

 

Lack of stem growth as an indication of mortality 

The mean annual stem growth was 2.0 (± 1.4) mm, which starting after 

the first rain event (around December) and ceased in April. From April to the 

next rainy season, the stem diameters were relatively stable, or shrank up to 0.9 

(± 0.5) mm, depending on the precipitation regime of the preceding rainy 

season (Figure S2). The diurnal variation of stem diameter in the rainy season 
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was characterized by a morning maximum at around 0800 hours and a 

minimum at the end of the day at around 1700 hours (Figure S3).  

No significant differences were found between the DBH trends of the living and 

dying trees prior to September 2015 (p > 0.05). For trees which eventually died, 

the clear phenological trends in stem diameter stopped in 2015. The stem 

diameter of the dying trees started to strongly decline at a steeper rate at the 

end of the growing season in May, and started to clearly diverge from the living 

trees in September 2015, (p < 0.001), with negative trends recorded until June 

2016 (Figure 1). The decline in stem diameter was 2.2 (± 0.003) mm in the 

September 2015 to June 2016 period, whereas the living trees grew 2.5 (± 1.4) 

mm in the same time frame. The dying trees did not show any response 

(increase) in their diameter to the onset of the rainy season or to any 

subsequent rain events, in contrast to the living trees that started to show clear 

growth at the end of December. 
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Figure 1- Changes in stem diameter and sap flow of the living and dying trees two years prior to the 
visual signs of mortality. (a) Daily cumulative diameter increments. Divergence between the living and 
dying trees (P < 0.001) started in September 2015 (black arrow). Visual mortality was observed in May-
June 2016. (b) Mean monthly diurnal trends of SF, two years prior to the visual mortality. Diversions in 
the SF values and trends between the two tree categories (p < 0.05) started in February 2016 (3-4 
months prior to the visual signs of mortality; black arrow) after which the SF sensors of the dying trees 
did not show any reliable data (expressed, e.g., by midnight peaks). 

Cessation of stem water transport as an indication of mortality  

The typical seasonal patterns of sap flow were characterized by their maximum 

values (34.5 ± 3.1 liters tree-1 day-1) between February and April, following the 

rainy season (Nov - April) and the minimum values around October - November 

(7.8 ± 0.6 liters tree-1 day-1), at the end of the dry season (Figure 1b; Fig s4). The 

diurnal dynamics of the SF and transpiration were similar in the wet season, 

both peaking around midday when the stem was shrinking (Figure s4). In the 

dry season, the SF trends remained the same and the transpiration peaked early 

in the morning, ~0700 when the stems were still expanding, as shown in 

a 

b 
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Chapter 1, Figure 2. The SF in the living and dying trees co-varied until 

December 2015. After the first big rain event in January 2016, the SF increased 

dramatically in the living trees (midday maximum of 2.0 L/hr), whereas in the 

dying trees, the SF showed only a minor recovery of 0.2 L/hr (Figure 1b). From 

February 2016 and throughout the entire rainy season, the SF of the dying trees 

essentially stopped, with the sensors showing unreliable values (maximum 

values at midnight, indicating dry wood and thermal artifacts of the sensors).  

In addition, the wood drying processes of the dying trees from February 2016 

to June 2016, were supported by the apparent trend of increasing temperature 

differences between the heated and reference probes of the SF sensors, 

expressed in the voltage readings (dT, mV; Figure 2). In addition to the SF trend 

itself, the dT depends on xylem heat conductivity, which, in turn, depends on 

the wood water content. The increasing trend in the apparent dT during the 

period when SF showed sharp recovery from the dry period in the living trees 

but not in the dying ones, clearly indicated a drying trend in the xylem of the 

dying trees. 

 

Figure 2- Temperature difference output (dT in mV) in the living (blue; n= 20) and dying (red; n=5) trees from 
February 2015 to May 2016. The increasing trend in dT represents a trend of wood drying.  
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Reduction of daily radial stem water flows as an indication of mortality  

Besides plotting cumulative stem diameters, as shown above, the maximum 

daily shrinkage (MDS; calculated as the difference between diurnal maximum 

and minimum of the DBH) can be computed. MDS did not differ significantly 

between the live and dying trees prior to November 9th 2015 (p>0.05; Figure 3). 

However, after accumulative rains of 37 mm, the MDS began to diverge 

significantly between the living and dying trees (p < 0.001), as follows: MDS in 

the living trees started to increase, indicating high diurnal fluctuations and 

radial water flow, whereas in the dying trees it remained approximately the 

same, thus not responding to the rain (Figure 3).  
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Figure 3. Maximum daily shrinkage (MDS, max-min of stem diameter change, 30-day moving averages) of the living 
(blue) and dying (red) trees. Rainfall events during that period are shown in the gray bars in the lower panel.  

  

Discussion 

The dying trees in this study had dry brown needles in Apr-May 2016, but as 

already shown by Hammond et al. (2019) and Blackman et al. (2019), needle 

color is a poor indicator of when a tree dies—and apparent color change occurs 

once a tree is already past the ‘point of no return’ in terms of mortality. In this 

study we had the opportunity to carry out comparative measurements over 

several seasons in a forest stand during the development of a drought-induced 

mortality event to identify the stages that lead to visible mortality. 
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The results identified three discrete early signs of tree mortality, detectable 

several months before the visual signs of mortality were observed (Figure 4). 

The first early warning indicator was a decrease in stem diameter, which started 

in September 2015, 8-9 months prior to the visual signs of mortality. Decreases 

in stem diameter can result from a combination of cessation of growth, tissue 

destruction, and tissue shrinkage due to water loss. However, as shown in figure 

S2 and in earlier studies at our site (Maseyk et al., 2008), the onset of shrinkage 

observed in the dying trees started outside the stem growth period (usually Dec. 

to April). Growth cessation was therefore part of the regular seasonal patterns 

at the time. No marked differences between the living and dying trees in gas 

exchange characteristics indicated carbon starvation effects at this early stage. 

It is therefore most likely that the decline in stem diameter resulted from the 

shrinking of the live spongy tissues (bark and phloem), due to the net water 

depletion. This depletion can result from the net radial water flow, from live soft 

tissue (storage) to the water transport tissues (xylem and associated tissues), 

supporting transpiration in the absence of full nocturnal rehydration, usually 

occurring in the case of high soil water availability to the tree, which is lacking 

in our study site. Phloem and bark drying processes observed as MDS, occurred 

less than two months after the onset of stem diameter shrinkage. The reduction 

in MDS was reflected by a minimal response to the new water supply in the 

form of 290 mm of rain throughout the whole rainy season (of 2015-16), and 

different from the regular behavior in the years prior. It appears that some of 

the damage associated with the stem shrinkage is irreversible and the 

functionality of the living tissues was permanently lost. Note that the low 

summer MDS remained at non-zero reflecting some water storage and 

capacitance that balanced the early morning peaks in transpiration with the low 

SF at that time (Chapter 1). 
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No clear evidence was found in the tree physiological measurements in the two 

years prior to the visual mortality. The significant pruning that took place during 

these physiological measurements, for measurement purposes, may have led to 

some damage to the trees defense system (e.g.- resin production) and exposed 

it to biotic damage, but we cannot draw any clear link between the branch 

sampling and mortality, as the living and dying trees were similarly sampled 

throughout the study. The higher transpiration and Ψ values in May 2014, in the 

dying trees (Table 1) were probably not an indication of the early signs of 

mortality, as it was measured two years before mortality, and because such 

differences were not observed subsequently. The higher needle water content 

in August 2015 was not consistent with the subsequent measurements in 

September 2015, and do not provide any clear indication of the mortality-

related processes.  

Radial water flow, from the live and spongy tissues (mainly bark and phloem) to 

the xylem and then to the transpiration stream, is a well-known process that 

helps to buffer the high evaporative demand and reduces the Ψ drop which 

may lead to hydraulic failure (Hölttä et al., 2009; Sevanto et al., 2011; Chapter 

1). The ability to transfer water from the tree water storage to the transpiration 

stream contributes to the survival chances of the tree, as also shown in Chapter 

1. From our findings, it appears that when this radial flow was disabled, which 

Figure 4- The chronology of the dieback sequence of the aleppo pine trees in the Yatir forest. First, 5 intensive campaigns that included pruning 
of ~24 branches each campaign occurred from May 2014 to September 2015, with no detectable differences. Stem diameter of the dying trees 
started to decrease and diverge from the living trees in September 2015, then the stem diurnal fluctuations stoped (expressed by maximum daily 
shrinkafe; MDS) in November 2015. In February 2016, the sap flow rate started to differ, and finally, visual mortality ( brown needles) was 
observed in May 2016. 
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was reflected in the MDS decline (Figure 3) and in the stem total diameter 

decrease (Figure 1a), the trees could not recover from the drought. Furthermore, 

the lack of recovery in these functions, even when the water supply increases, 

indicated that there was some irreversible damage to the radial water transport. 

It also indicates that the ability to transfer water radially to sustain xylem water 

transport is a critical trait for tree recovery from drought, by sustaining its 

hydraulic status, the stem capacitance, and the reproduction of new xylem 

(Nardini et al., 2017; Hammond et al., 2019).  

The ability to have active sap flow, two months after the MDS diversion, is 

probably due to the available water supply from the soil, since the volumetric 

SWC at the root zone was >25 % between November 2015 and February 2016 

(data not shown). The final or total hydraulic failure (i.e- SF cessation) occurred 

2.5 months after the radial water flow stopped. Although embolism was not 

quantified directly, the drying of the wood (Figure 3) may suggest that air 

accrued in the stems during these two months, during which the xylem 

transitioned from a fluid-filled, non-flowing state, to an air-filled, embolized 

state, consistent with the findings that hydraulic failure accumulates during 

lethal drought events (Tyree and Sperry, 1989; Borghetti et al., 1998; Choat et 

al., 2012; Anderegg et al., 2013; Sperry and Love, 2015) and that the redundancy 

of the xylem and the production of new xylem, reduced the risk of hydraulic 

failure due to embolism (Hammond et al., 2019; Körner, 2019).  

The clear MDS and diameter decline discussed above, might also reflect the 

direct damage to the bark and phloem tissues by pathogens. Indeed, the 

drought period was followed by a bark beetle attack at the site. However, we 

note that the time of the onset of the bark beetle attack was not known and it 

could be a consequence of the stress effects and weakening of the tree 

(Dobbertin et al., 2007; Preisler et al., 2019), rather than its cause. Furthermore, 

our qualitative assessment of the bark beetle damage indicated that its effects 
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were similar in the living and dying trees.  Interestingly, the bark beetle attacks 

were also noted in two additional trees in the study stand in the following year, 

one of which died and one which survived, but with similar DBH responses in 

the living vs. the dying trees, as shown above (data not shown). It seems likely, 

therefore, that the bark beetle damage was not part of the drought-induced 

mortality development discussed above. 

There is aggregating evidence from recent studies that emphasizes the fact that 

hydraulic stress leading to runaway cavitation and loss of conductivity is not the 

single sole cause of tree death, and a combination of traits are involved in this 

process (Sevanto et al., 2014; Blackman et al., 2019). Our results support the 

view that the coordination of several traits leads trees to irrecoverable states, 

and that suites of interacting traits must be taken into consideration when 

considering the sequences leading up to tree mortality, including stem drying 

and shrinkage, embolism, and phloem radial flow cessation. 

Furthermore, our results suggest that the ability of trees to transfer water 

radially, e.g., from the bark and phloem to the xylem, may be critical for 

resilience to drought. The exact 'point of no return' cannot be detected by this 

study since this natural sequence of mortality was not linked to a recovery study, 

as would be initiated by experimental watering. However, we suggest the 

cessation of daily stem fluctuations as a probable key trait in the 'point of no 

return' definition. Radial water transport may also be linked to damage to the 

phloem transport and can lead to carbon limitations and further contribute to 

the development of mortality. The evident effects of the direct damage to the 

phloem can also lead to phloem transport damage. Therefore, it might be a 

combination of a decrease in the water radially transported to the xylem and 

carbon limitations, which eventually reduced the tree's ability to develop new 

xylem and to recover from drought (Améglio et al., 2002; Spicer and Groover, 

2010; Hammond et al., 2019).   
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Conclusions 

We identified early warning signals for the mortality of the mature Aleppo pine 

trees. The results point to both tree radial flow and phloem functionality as 

being critical traits in drought resistance and the recovery processes. These 

findings should motivate further investigation into these traits in controlled 

environments, and in different species. The results also demonstrate that stem 

diameter shrinkage, that can be easily measured, can help in forest 

management and decision-making, by identifying forest stresses and possible 

declines, many months prior to the visually observable declines and mortality. 
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Appendix chapter 3 

Detailed methods for the diurnal sampling  

Measurements included sampling from 5-7 trees, on which sap-flow (SF) 

sensors (Granier method) and band dendrometers were installed. The trees 

were chosen to represent the range of SF rates and seasonal trends, using their 

total sap flow rate and seasonal variation. On each tree and campaign, two 

branches were sampled at 6 m height. The branch were around 30-45cm long 

to provide enough material for all measurements (WC, gas exchange and water 

potential). In total, between 12-18 twigs were sampled from each tree at each 

campaign. 

The following parameters were sampled for their diurnal curve (1 sample every 

1.5-2 hours. 

 Leaf water potential- from predawn to sunset 

 Needle water content (NWC) 

 Leaf-scale gas exchange 

Sampling method: 

a. Leaf water potential 

Leaf water potential was measured from predawn to one round hour after 

sunset (05:30-20:00), every two hours. Two twigs were sample from both sides 

(N and S) of the tree were immediately placed in the pressure chamber to 

determine the twig water potential. 

b. Leaf scale gas exchange 

Two branches, 20 cm length were cut and immediately placed in the LI-

6400 leaf chamber (2x3 cm) with led source using two instruments in parallel.  

c. Needle water content (NWC) 

NWC was determined for needles of current-year and previous-year cohorts. 

After sampling, the needles were weighed for their fresh weight (FW) and then 
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transported to the lab and dried at 60°C for 48 h and weighed again (DW). The 

NWC, is calculated as 
𝑓𝑤−𝑑𝑤

𝑑𝑤
 (gH2O gDW-1).  

 

Table S1 - list of measurements took place in each tree during the diurnal campaigns of May 2014 to September 
2015. Sap floe (SF), water content (WC), Ψ (WP), gas exchange (LI-COR) and dendrometers (Dendro). 

 

Tree #

1 2 5 15 21 24 30 44 51 52 55 57 75

SF SF SF SF SF

WC WC WC WC WC

WP WP WP WP WP

Licor Licor Licor Licor Licor

Dendro Dendro Dendro Dendro Dendro 

SF SF SF SF SF

WP WP WP WP WP

Dendro Dendro Dendro Dendro Dendro 

SF SF SF SF SF SF

WC WC WC WC WC WC

WP WP WP WP WP WP

Dendro Dendro Dendro Dendro Dendro Dendro 

Licor Licor Licor Licor Licor Licor

SF SF SF SF SF SF SF

WC WC WC WC WC WC WC

WP WP WP WP WP WP WP

Dendro Dendro Dendro Dendro Dendro Dendro Dendro 

Licor Licor Licor Licor Licor Licor Licor

WC WC WC WC WC WC

WP WP WP WP WP WP

Dendro Dendro Dendro Dendro Dendro Dendro 

M
ay
-1
4

Se
p
-1
4

Ja
n
-1
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u
g-
15
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Appendix_3_results 

   

Figure s7- Dying trees in May 2016 with brown needles (a&b). The bark beetle galleries (c) in the stem 

bark (man- pilled), the Orthotomicus erosus beetle (d) and the damage of beetle adult feeding of a 
branch (e). 
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Figure s2- Typical phenology of the stem diameter changes of the Aleppo pine trees in Yatir forest. 
Diameter growth started in January (black line), and continued until the end of April, after which the dry 
season started (green line).  Mean values of 20 trees, with standard error represented by shadow areas. 
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Figure s3- typical dynamic of transpiration (blue) sap 
flow (black) and dendrometer (green) during the wet 
active season (December – April). Transpiration from 
the branch chambers (explained in Chapter#2) 
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Figure s4- Mean daily sum sap flow rate for each month (n=5 years, 30 trees) 
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General discussion 
 

The semi-arid Yatir forest is a unique study site that allows for novel research 

on the ecophysiology of mature trees under dry conditions. The reasons behind 

the resilience and survival, in a drying climate, of the 55-year old planted Aleppo 

pine trees was investigated in this study. The research first focused on the 

mechanisms and strategies for survival and is presented in Chapter 1. We found 

that a tree's use of its internal water storage was crucial for its survival in a drying 

climate, by reducing the risk of run-away cavitation when the atmospheric 

demand was very high (for 58 and 35 % of the days in the dry season and the 

whole year respectively, VPD > 3). However, even with such high levels of 

evaporative demand and low levels of precipitation, these trees manage to 

survive, grow, and be an efficient carbon sink (Rotenberg and Yakir, 2010; 

Qubaja et al., 2019). The risk of drought-related mortality is high, and even a 

single year with a long dry season can lead to forest decline and large scale tree 

mortality (Preisler et al., 2019). The physiology and phenology of the Yatir forest 

has been well documented over the past 19 years, evidencing the uniqueness 

of the Aleppo pine trees grown there, from the soil to stand canopy levels 

(Grünzweig et al., 2007; Maseyk et al., 2008; Yaseef et al., 2009; Ungar et al., 

2013; Klein et al., 2014, 2016; Tatarinov et al., 2016; Preisler et al., 2019; Qubaja 

et al., 2020). However, a thorough understanding of the key traits enabling their 

survival mechanisms in this environment, was previously lacking.  For example, 

Maseyk et al. (2008) observed that during the dry season, a midday depression 

of gas exchange occurred: "…even though assimilation was highly suppressed 

for much of the day, some photosynthetic activity continued through the entire 

seasonal drought period". They also observed a decoupling of the stem and 

needle growth, from the wet and dry seasons. These findings, among others, 

were key observations that explained how the Yatir forest adjusts and responds 

to drought, and in comparison to other Aleppo pine trees, along the sharp 
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climatic gradient of Israel (Maseyk et al., 2011; Rohatyn et al., 2018). These 

adjustments are done mainly by reducing their activity throughout the dry 

season (Figure 1) and being able to cope with extreme conditions without 

damaging their photosynthetic activity (Tatarinov et al., 2016; Birami et al., 

2018). However, no clear explanation of the mechanisms allowing for these 

adjustments was found. The results presented in chapter 1, "The importance of 

tree internal water storage for survival under drought", offer a better 

understanding of these described phenomena. The ability to shift the main 

activity hours to early morning throughout the long dry season and to avoid 

embolism damage was enabled by the internal water storage (WS). Trees use 

WS for transpiration in the early mornings and open their stomata to allow 

sufficient Anet in hours of relatively low VPD, resulting in the avoidance of 

extreme negative Ψ values. Therefore, the trees survive the long and repeated 

droughts by using their WS. However, understanding the importance of the WS, 

does not identify the main limiting factors behind the trees water use; i.e., 

atmospheric demand (VPD) or water supply (SWC). In order to disentangle this 

question and to understand if the WS was still being used when the water 

supply was sufficient, a manipulated irrigation experiment was conducted, as 

described in chapter 2: dealing with the "Effects of eliminating seasonal soil 

drying on canopy gas exchange in a dry Mediterranean pine forest". In this 

chapter, we showed the responses of trees to irrigation, by measuring high-

resolution gas exchange (hourly scale), sap flow (half hourly scale), stem growth, 

and diurnal fluctuations (half hourly scale), in addition to the tree phenology 

and anatomy. The results of this experiment showed that even if the VPD values 

were high, the stomata of the IRRIGATED trees remained open, enabling high 

rates of transpiration, 2.3 times higher than when they transpired in the peak 

active season. This low sensitivity of the stomata to the high VPD, allows for the 

Aleppo pine trees to maintain high gas exchange when the water supply was 

sufficient, demonstrating that the main limiting factor for transpiration was the 
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water supply and not the atmospheric demand. This finding contradicts several 

previous studies that predicted that VPD to be the main limiting factor for 

transpiration in the future (Novick et al., 2016), and therefore further research 

on other species is needed. As atmospheric drought is usually accompanied by 

soil drought, so it is hard to decouple these two stressors and identify the 

specific limiting factor for transpiration. In this study we achieved full separation 

of these factors, which enabled us to draw a clear conclusion for the Aleppo 

pine tree responses to high VPD and high SWC. Another insight that emerged 

from this chapter, that also supported the results of chapter 1, was that the time-

lag between the SF and E observed in the dry season as a result of the use of 

WS, did not occur in well-watered conditions in the dry season.  

Since irrigating all forests is not a practical option and forest trees growing in 

semi-arid regions will keep experiencing soil water deficits and high evaporative 

demands, the risk of tree mortality still exists, and will probably be exacerbated 

in the future. Considering that, we aimed to understand the sequence of the key 

physiological traits leading to mature tree mortality. The survival process, 

strategies, and mechanisms are described in chapters 1 and 2, while the 

mortality process is described in chapter 3. Understanding the causes of tree 

mortality is a matter of high relevance and interest worldwide, especially the 

identification of the 'point of no return' in the mortality process. Hence chapter 

3 deals with "Early warning signs of mortality in pine trees under drought stress". 

We used the existing setup of the highly monitored mature trees growing in a 

semi-arid forest, which naturally mimics the greenhouse drought manipulation 

experiments (which in turn tries to mimic the field conditions). This setup 

consisted of a long drought with gradual soil drying (SWC at 10 - 20 cm can 

reach < 10 %) with gradual increases of VPD, up to 6 kPa, together with no 

rainfall for 7-8 months. After a dry season mimicking a drought experiment, the 

annual rainfall starts around December, functioning as a re-watering 

experiment. This approach allowed for a thorough investigation of the main 
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features involved in tree mortality. Since we do not measure all the traits 

involved in tree mortality (O’Brien et al., 2017), we aimed to understand and 

identify the processes involved with the traits we did measure (stem diameter 

fluctuations and growth, sap flow, and background measurements of gas 

exchange and Ψ). The results from the investigation, in chapter 3, showed that 

early signs of tree decline started nine months prior to the first signs of visual 

mortality, with significant stem shrinkage (mainly due to the dehydration of 

phloem and bark living tissues) and cessation of the diurnal stem fluctuations. 

The stem diameter decline, and diurnal fluctuations did not respond to the re-

watering (rainfall), illustrating that these two traits could be indicators that the 

trees are past their 'point of no return'. Interestingly, SF did respond to the 're-

watering' but then faded in the middle of the wet season when the water supply 

was sufficient. This shows that although the water supply is sufficient, the risk 

of embolism still exists. When the buffer effect that the WS provides is not 

functioning, expressed here by the decay of the MDS, the wood will dry as a 

result of embolism, even during the wet season. Thus, without being able to 

transport water from the WS of the stem (mainly in the phloem and bark), then 

the entire hydraulic system of the trees is exposed to hydraulic failure, 

demonstrating again the role and importance of the WS to tree survival, as 

shown in chapter 1. Therefore, the 'point of no return' may be highly related to 

the phloem radial transport dynamics, and further research is required on that 

topic. Accordingly, it appears that the radial water transport is crucial for tree 

survival and recovery from drought, and that early signs of mortality could be 

detected using dendrometry monitoring.  

Conclusions 

In this comprehensive study, we explored the main strategies of the Aleppo pine 

trees surviving drought conditions, answering our main research questions. We 

showed that a main mechanism of tree survival under drought is linked to the 

use of its WS, preventing the tree from experiencing Ψ values that are too 
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negative, that will lead in turn, to hydraulic failure. The WS was also linked to 

the mortality sequence, showing a strong link between the stem radial water 

transport and the 'point of no return' in mature trees after drought and the re-

watering 'experiment'. This, together with the fact that we illustrated the 

insensitivity of the Aleppo pine to high VPD when water supply is sufficient, 

alongside with the strong activity constraints under drought, sheds light on the 

key features leading to forest survival of drought conditions. The described 

studies demonstrate the uniqueness of the Yatir forest as a model study site, for 

developing tools and knowledge to predict tree responses to drier climates. Yet, 

the fact that it consists of one species is a limitation when trying to draw holistic 

conclusions and further research is needed on other key species. These study 

results highlight the specific water use strategies taking place in the Aleppo pine 

trees survival of the prolonged droughts. Emphasizing these strategies allows 

for better understanding of this key species responses to a drying climate and 

the need for a thorough understanding of the ecophysiology in the drought 

conditions of semi-arid forests. The outcomes of this research will be important 

for future studies and for the development of global vegetation models, 

improving their assessments of forest- atmosphere dynamics. Using this study 

results in forest management such as using dendrometers for discovering early 

signs of forest decline. Using the ecophysiological understanding that emerged 

from Chapters 1 and 2 on trees strategies and mechanism for survival of 

drought conditions, can help in expanding these results to other dominant 

forest species and to further investigation of the liming factors of tree 

physiology under drought, both in measurement and models. 
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SF . בשעות הבוקר המוקדמות כאשר הדרישה יחסית  יםגבוהקצבי פוטוסינתזה ודיות מאפשרת השהיה זו

ובעקבות כך מונע כשל הידראולי  Ψ מונע ומווסת ירידה חדה ב WS. השימוש במים נמוכההאטמוספרית ל

. תוצאות המודל ההידראולי הראו כי Ψמערכים שלילים מדי של אשר נגרם של מערכות ההובלה של העץ 

מגיעים לערכים לא מציאותיים עבור מין זה שגורמים  Ψ, אזי ערכי WSכאשר אנו מבטלים את השימוש ב

אם כך, מאפשר את שרידות העצים בתנאי יובש ממושכים תוך  WSמותת עצים מהירה. השימוש בלת

 שמירה על משק מים תקין. 

ירושלים מציג אורן , בקרקע מים מספקת בהינתן תכולתהראו כי  שניהפרק הניסוי ההשקיה מתוצאות 

ומוליכות הפיוניות  E ע שלמתפקד ככוח המנימכך, יובש האוויר  הכתוצא אוויר. ליובשרגישות נמוכה 

(, יולי)ביותר במהלך החודש היבש  .(kPa 5 <)יובש אוויר  בערכים גבוהים שלנשמרת גבוהה וקבועה אף 

מהערכים שנמדדו בחודש עם פעילות השיא  2.3ה לערכים גבוהים פי הגיע מושקיםשל העצים ההדיות 

בהתאמה, בין אותם  1.7-ו 1.13גדלו פי  )מרץ( טרום ההשקיה. ערכי הפוטוסינתזה ומוליכות הפיוניות

חודשים. ההבנה שיובש האוויר אינו הגורם המגביל לדיות של עצי אורן ירושלים באה לידי ביטוי גם 

כגורם המגביל לטרנספירציה והראה מתאם טוב  Ψמשימוש במודל הידראולי פשוט, אשר משתמש ב 

כך שיובש הקרקע מגבילה את פעילותם של עצי לתוצאות מניסוי ההשקיה. תוצאות פרק זה מצביעות על 

אורן ירושלים ביער יתיר, אשר תחת אספקת מים קבועה מגדילים את יכולת קיבוע הפחמן שלהם גם תחת 

שבעה  תחשפו רצף של תהליכים שהובילו לתמות שלישיהפרק התוצאות דרישה אטמוספירית קיצונית. 

מחטים )תמותה הופעת סימנים חיצוניים של ודשים לפני תשעה ח. ומההגש העונבמהלך העצי אורן בוגרים 

, (שבעה  חודשים לפני התמותה)מכן חודשיים לאחר  .החל להתכווץ הגוססיםשל העצים הגזע קוטר (, מותחו

המהלכים היומיים של התכווצות והתרחבות המעידים על תנועת מים רדיאלית מהקליפה והשיפה פסקו 

חודשים לפני התמותה, בשיא העונה הגשומה, זרימת המים בגזע פסקה  לעצה, ומשם לשטף הדיות. ארבעה

לחלוטין. חוסר היכולת להתאושש מהבצורת ולשמר משק מים תקין ומתפקד, הן רדיאלי והן אקסיאלי, 

הובילה לתמותת עצים זו. אנו מציעים כי הפסקת זרימת המים הרדיאלית בין הקליפה והשיפה לעצה מהווה 

בתהליך תמותת העצים ויכולה לשמש כאינדיקציה להתחלתו. תוצאות מחקר זה מעלות על 'נקודת אל חזור' 

. נס את חשיבות אוגר המים של העץ לשרידותו ואת יכולתה של אספקת מים להשפיע על פעילות פיוניות

המחקר מרמז על חשיבותה של הולכת מים רדיאלית בנקודה הקריטית של התאוששות מבצורת , כמו כן

העולות , אסטרטגיות השימוש במים של עצי אורן ירושלים. לכות ההרסניות של פגיעה בתקינותהואת ההש

מסבירות את שרידותו של המין ומציעות עתיד אופטימי בכל הקשור להמשך קיומו של מין זה , ממחקר זה

ת של עצים פיזיולוגי-בכוחן של תוצאות אלו לעצב את תפיסתנו לגבי התגובה האקו. באקלים הולך ומתייבש

חשיבותן יכולה לבוא . תוך הדגשת  חשיבותם של אוגר המים של העצים ושל תכולת המים בקרקע, לבצורת

 . לידי ביטוי ברמת המדידות כמו גם ברמת מודלים גלובליים של צמחייה
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 תקציר

 . שינויי האקלים הגבירו משמעותית את הסיכוי לתמותת עצים ברחבי העולם כתוצאה מאירועי בצורת

יכולים  ושינויים אל. כתוצאה מכך יערות רבים ניצבים בפני שינוי בהרכב ובמבנה אוכלוסיית העצים

ושינוי בקצב הפחמן קיבוע על ידי הפחתת  תגלובליברמה ההידרולוגי המחזור הפחמן וה על מחזור להשפיע

שטווח האזורים יוון כמ יערות באזורים צחיחים למחצה רגישים לבצורת ולנזקיה המצטברים. .הדיות

חשוב ללמוד ולהבין את התכונות המאפשרות לעצים לשרוד ולהתפתח , החשופים לבצורות צפוי להתרחב

יערות ב הסביבתיים הצפויים להתרחש השינוייםלגבי מידע זה עשוי לשפר את הבנתנו . באזורים יבשים

של יערות הפוטנציאלית יכולתם ללמדנו על ו 21-במהלך המאה ה  באזורים ממוזגים ומשופעי משקעים

ממושכות נדרשות מגוון התאמות פיזיולוגיות לשרוד תקופות בצורת על מנת  .להסתגל לשינויי האקליםאלו 

ותחזוקה של מערכת כושר ויכולת התאוששות מתקופות יובש ארוכות תוך שמירה כגון  ופנולוגיות,

עצים של  םהישרדותל יים הקשוריםלהבין את הגורמים העיקרהיא  מטרת מחקר זה .ת מתפקדתהידראולי

לצורך הבנה וחקירה של התאמות אלו,  .רלוונטייםה פיסיולוגיים-האקותחת תנאי בצורת ואת התהליכים 

תוצאות המחקר מוצגות . שנה 50-ביער אורנים צחיח למחצה בן כ, בצפון הנגב, נערך המחקר ביער יתיר

 .אחרתכל פרק עוסק בשאלת המחקר מזווית  –בשלושה פרקים 

 םכמאפיין מפתח להישרדות ,(WS)עצים וחשיבותו של אוגר המים ב ואת תפקיד בוחן הראשוןפרק ה

לצורך כך נמדדו ברמת העץ הבודד פרמטרים המעידים על מצבו ההידראולי: . יבשהארוך והקיץ הבמהלך 

. מדידות אלו (E)ודיות  (SF) קצב זרימת המים בצינורות העצה, (WC) מים כולתת(, Ψ)מים  פוטנציאל

מתמקד בגורם  השניפרק ה .על המאזן ההידראולי של העץ WS השפעתאת  דקבמודל הידראולי שבנתמכו 

אספקת מים המגביל הדומיננטי לשרידות עצים באקלים צחיח למחצה, כאשר הגורמים שנבדקו היו 

; רעון לחץ האדיםיג על ידי מבוטא) דרישת המים האטמוספריתאו ( SWC; בתכולת מים בקרקעהמתבטאת )

VPD .) לשם כך בוצעה הפרדה מלאכותית בין בצורת קרקע לבצורת אטמוספירית באמצעות אספקת מים

סמוכה ה הביקורת גבוה וקבוע בחלקת הניסוי במהלך שנתיים רצופות. בחלקת SWCקבועה ושמירה על 

-בארבעה( יות ופוטוסינתזהד)ענף חילופי גזים ברמת הניטור רציף של  בוצע. השקיה כלל תוספת לא ניתנה

גדילה ו, עציםבשלושים  ברמת העץ SF . בנוסף, נמדדאוטומטיים מדידהבאמצעות תאי עצים עשר 

מודל הידראולי פשוט שימש כדי לקבוע את . דנדרומטריםעצים באמצעות בעשרים הגזע נמדדו  והתכווצות

של ברצף התמותה " אל חזורדת הנקו"חקר את  פרק שלישיה .הפיוניותהכוחות המגבילים על מוליכות 

ניסוי במהלך העונה החלקת בשמתו עצים ודנדרומטרים בשבעה  SFתוך שימוש בנתוני , עצים בוגרים

עצי אורן על ידי  WS בכי השימוש עולה  ראשוןהפרק התוצאות הגשומה לפני שהחלה ההשקיה. מ

  -ו Eשעות בין  כחמשהיה של במהלך העונה החמה והיבשה מוביל להש (Pinus halepensisירושלים )
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