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Abstract 

Future climate in the Mediterranean basin is predicted to be hotter and drier, and semi-arid forests 

in this region represent ‘high-risk ecosystems’ under such scenarios. Consequently, assessing the 

trees’ resilience to stress becomes increasingly important, but the factors influencing tree recovery 

from heat and drought stress are largely unknown. The main objective of this study was to evaluate 

the effect of the duration of the two main environmental stressors in the semi-arid Yatir forest, soil 

drought (SWC; the ‘supply side’) and atmospheric drought (VPD; the ‘demand side’), on the 

recovery and resilience of the physiological indicators (photosynthetic net assimilation, Anet, 

Evapotranspiration, E, and branch conductance, gb). To achieve this objective, we first examined 

the links between the two stressors to the seasonal cycle of the physiological indicators to better 

understand the effect of the different stressors on the different physiological parameters. 

We have used an automatic branch chambers system to measure leaf gas exchange (LGE) 

continuously and in-situ in the Yatir forest since 2017. We quantified the patterns of the annual 

cycles of the environmental stressors together with the different LGE variables  (Anet, E, and gb). 

This allowed us to assess the links of the trees’ recovery time (Rt), recovery rate (Rr), and post-

stress peak activity level (Pr) with the antecedent stress duration and intensity. To accurately 

quantify the LGE variables, we also had to develop a new methodology to estimate effective leaf 

area using image analysis accounting for self-shading effects inside the branch chambers, which 

was successfully tested and validated.  

The results revealed that the annual cycle of E was strongly linked to that of soil water content 

(SWC), but that of gb and Anet was more strongly linked to changes in atmospheric vapor pressure 

deficit (VPD). This resulted in high water use efficiency (WUE; Anet/E) during autumn when the 

stress relief in VPD preceded that in SWC, contributing to the ecosystem resilience. In addition, 

while Rt correlated with the length of the seasonal stress period, no such correlation was observed 

for Rr and post-stress peak activity, which were dominated by the concurrent post-stress 

conditions.  

Our results demonstrated that E responded differently from Anet and gb to VPD and SWC. 

However, the extent of the Anet response to VPD remained sensitive to SWC, the latter of which 

is likely the most critical stress factor in this system. In contrast to previous reports, Rr and post-

stress peak activity did not show a ‘legacy effect’ related to the duration and intensity of the 
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preceding seasonal stress, but, instead, reflected environmental conditions in the subsequent 

activity period. 

ערות צחיחים למחצה בעשורים הקרובים. בתרחיש כזה, י להיות חם ויבש יותרצפוי האקלים העתידי באגן הים התיכון 

הופכת לחשובה  מפני עקות אקלימיות, הערכת חוסן העצים על כן .מייצגים 'מערכות אקולוגיות בסיכון גבוה'זה באזור 

. המטרה לא מספק בצורתתקופות הגורמים המשפיעים על התאוששות העצים מבשלב זה המידע אודות  ולםיותר ויותר, א

במחקר זה ביקשנו  באופן ממוקד יותר,. פער זההייתה להרחיב את הידע בנושא במאמץ לצמצם העיקרית של מחקר זה 

בצורת הקרקע )ההיצע(  :ביער יתיר ות איתם מתמודדים העציםיקריהע ותהסביבתיעקות י התבין ש להעריך את הקשר

)פוטוסינתזה, דיות ומוליכות  של העצים יםחילופי הגזשל ובצורת האטמוספירה )הביקוש(, לבין המחזור העונתי 

 שאחריה.פעילות הו התאוששותעל דפוסי ה עקהת הוהערכנו את ההשפעות של תקופנוסף על כך,  פיוניות(.

אופן בהמודדת  יםהשתמשנו במערכת תאי ענפים אוטומטית למדידת חילופי גזיג את המטרות הנזכרות לעיל כדיי להש

המשתנים  אלה של יחד עם ותהסביבתי עקותנו את דפוסי המחזורים השנתיים של הת. כימ2017ביער יתיר מאז ף רצי

 קצב ההתאוששות ם,העצי תאוששותזמן ה בין שריםלנו להעריך את הק ואפשרחילופי הגזים. מדידות אלה  השונים של

ים של פרמטרה. כדי לכמת במדויק את ת העקות שהעצים חווועוצמ אורךלבין , עקותורמת הפעילות בשיא לאחר ה

באמצעות ניתוח תמונות המתייחס  פעיל. זאתשטח העלים ה ומדןחדשה לא שיטה פיתחנו חילופי הגזים ברמת הענף,

 .שנבדקה ותוקפה בהצלחה ההדדיתהצללה הלהשפעות 

ואילו מחזורי  המים בקרקע.לזה של תכולת  באופן הדוקהיה קשור  הדיות השנתי של הפעילות ו כי מחזורהראהתוצאות 

י. רעון לחץ האדים האטמוספריחזק יותר לשינויים בגהפוטוסינתזה הראו קשר ו מוליכות הפיוניות הפעילות השנתיים של

לוף הגזים לעקות השונות יחד עם ההקלה בעקת היובש האטמוספרי שקדמה להקלה של התגובה השונה של מרכיבי חי

 עקת יובש הקרקע בתקופת ההתאוששות, הביאו לעלייה ביעילות ניצול המים ובכך תרמו לחוסן המערכת האקולוגית.

צב ההתאוששות עם ק, לא נצפה מתאם כזה עקהעם אורך תקופת ה התאמהנמצא ב זמן ההתאוששות, בעוד שנוסף על כך

 .התנאים הסביבתיים ששררו באותה העת נשלטו על ידיהפעילות שלאחר העקה. אלה  שיא או עם רמת

בצורת האטמוספרית ולזו של הקרקע. ל שונהמגיבים באופן מרכיבי חילוף הגזים ש לאורן של התוצאות שנזכרו הסקנו

 עקההוא ככל הנראה גורם הגם ליובש הקרקע, שנותר רגיש גירעון לחץ האדים ל הפוטוסינתזה עם זאת, היקף תגובת

שיא לאחר הפעילות רמת , מצאנו ש. בניגוד לציפיות ולדיווחים קודמיםאקולוגית מוגבלת מיםהקריטי ביותר במערכת 

את תנאי הסביבה בתקופת ה , אלא שיקפבעונה הקודמת עקה'אפקט מורשת' הקשור לאורך ועוצמת ה ביטאהלא  עקהה

  .ת שלאחר מכןהפעילו
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1. Introduction 

1.1 Forests and climate change 

Forests cover ~30% of the terrestrial surface area (Bonan, 2008; Dangel, 2016). A recent 

estimation done by Bastin et al., (2017) suggested that the area covered by dryland forests globally 

is 40-47% higher than previously estimated, which would increase the total forest area estimation 

by at least 9%. Climate change-related processes are likely to cause wider areas to fall under the 

definition of drylands, and accordingly, the dryland forest cover is expected to further increase 

(Huang et al., 2016). In contrast to the uncertainty regarding the dryland’s forest area estimations 

(Cruz, Quintana-Ascencio, Cayuela, Espinosa, & Escudero, 2017; Gregersen, Lundgren, & 

Byron, 1998), the importance of dryland`s forests and their ecosystem services is well established  

(Eyal Rotenberg & Yakir, 2010; Griffith et al., 2017; Poulter et al., 2014; Tal & Billig, 2020).  

Forests are a crucial component in the Earth’s carbon cycle and climate change mitigation efforts. 

By using the energy of sunlight for photosynthesis, forests sequester nearly 30% of the 

anthropogenic carbon dioxide (CO2) emission (Bonan, 2008). As described by Poulter et al., 

(2014), semi-arid ecosystems play an important role in the interannual variability of the global 

carbon sink. These authors showed that, particularly in wet years, semi-arid ecosystems act as a 

large CO2 sink, thus significantly influencing the concentration of atmospheric CO2. 

Current climate models view the biosphere and atmosphere as a coupled system. Recent studies 

had shown that an increase in anthropogenic CO2 emissions and, subsequently, in temperature, 

caused land vegetation gross primary productivity (GPP) to increase (Haverd et al., 2020). The 

increase in GPP in response to changing conditions help keep a stable CO2 “airborne fraction” 

over the last decades (the ratio of the annual CO2 increase in the atmosphere to the annual 

anthropogenic emissions, which is around 0.5) and demonstrates the ability of land and ocean 

systems to adapt to changing conditions (Raupach, Canadell, & Le Quéré, 2008). Despite the 

adaptability of terrestrial vegetation, rising temperatures above a certain threshold might lead to 

a ‘tipping point’ where the photosynthesis rate starts to decrease, while the total ecosystem 

respiration (Re) increases. In such a situation, forest ecosystems will transform from a sink to a 

source of CO2 to the atmosphere, which, in turn, intensifies climate warming, and further 

strengthens the decline in vegetation productivity through a negative feedback loop (Duffy et al., 

2021). In light of such expectations, a better understanding of the factors influencing the recovery 
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of plant and ecosystem activities after stress periods can help us estimate the response of the land 

biosphere to the ongoing climatic changes. 

While the warming trend is projected with high certainty for most regions on Earth, the 

precipitation regime is predicted to be highly variable. However,  it is expected that wider areas 

of the Earth's surface will become warmer and drier in the next decades (Gray, 2007; Jarraud & 

Steiner, 2012; Masson-Delmotte et al., 2018). Such predictions include the Eastern 

Mediterranean, and southern Israel in particular. The decrease in the amount of precipitation 

described by the models often shows a specific pattern of reduction in precipitation at the 

beginning and end of the rainy season (Evans, 2009; Mariotti et al., 2008; Yu, Roiloa, & Alpert, 

2016; Ziv, Saaroni, Pargament, Harpaz, & Alpert, 2014). This pattern will result in an increased 

length of drought periods accompanied by high temperatures, and thus, longer periods of low soil 

water content (SWC) together with higher water vapor demand (VPD). As a result, trees have 

narrow ‘windows of opportunity’ for effective carbon assimilation, which is vital to maintaining 

metabolic functioning under drought (Freeman, 1980; Martínez-Vilalta, Piñol, & Beven, 2002; 

Väänänen, Osem, Cohen, & Grünzweig, 2020). Klein et al., (2015) showed that at the end of the 

dry season, both photosynthesis and respiration fluxes are low at least partly due to low carbon 

pools (Klein & Hoch, 2015), which indicate that further prolonging the dry season may lead to 

depletion of reservoirs and finally to mortality by “starvation”. 

Trees growing in semi-arid environments already experience such a narrow window of 

opportunity to accumulate carbon (Wang, Gitelson, Sprintsin, Rotenberg, & Yakir, 2020), and 

therefore their fast and efficient recovery at the end of the stress period is of great importance for 

their survival. The importance of productivity recovery after stress (e.g., heat waves) during the 

growing season was recently demonstrated at the ecosystem level in Yatir forest - a semi-arid pine 

forest (Tatarinov et al., 2016). This study estimated that the contribution of the recovery period 

(October - December) contributes ~13±1.8% of the annual carbon gain. 

1.2 Leaf gas exchange measurements 

Ecophysiological research critically relies on measurements of physiological activities which often 

includes continuous, branch-level gas exchange measurements (Bamberger et al., 2017; Birami et 

al., 2018a; Breuninger, Oswald, Kesselmeier, & Meixner, 2012; Kooijmans et al., 2017; Preisler, 

2020; Tuovinen, 2006). These kinds of measurements provide us with a high-resolution time series 
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of environmental and gas-exchange variables. However, despite its routine use, a major challenge 

in branch-chamber gas exchange measurements remains, which is to correctly estimate the active 

leaf area enclosed in the measuring chamber. The challenge stems from the fact that inside the 

branch chambers, the spatial organization of the twigs involves mutual shading. This requires, in 

turn, consideration of the complex needle and twig geometry and arrangement in space. Previous 

studies demonstrated the effect of canopy structure on PAR penetration to the inner and lower 

parts of the canopy (Arthur Sampson & Smith, 1993; Navrátil, Špunda, Marková, & Janouš, 2007). 

Such studies were the basis for the assumption that reliable quantification of the leaf area is also 

required at the branch chamber scale to improve the accuracy of our flux quantification. A recent 

study reinforced this by showing that even when sunlight is abundant in ecosystems such as Yatir 

forest, PPFD may still be a limiting factor for leaf gas exchange, both at the stand and the leaf level 

(Tsamir et al., 2019). Because of its importance and the lack of a standard approach in previous 

studies (Nogués et al.,  2001; Speckman et al., 2015; Birami et al., 2018), efforts must be invested 

in correctly quantifying the effective leaf area in ecophysiological studies. 

1.3 Stress intensity, duration, and post-stress recovery  

The significant contribution of the recovery period to the ecosystem's annual productivity, 

together with forecasts for increasing stress periods, highlight the importance of resilience, and 

the trees’ ability to both endure and recover from long hot and dry periods. Resilience is a key 

concept in ecology, which describes the ability to maintain a certain state and recover from 

disturbances (Ingrisch & Bahn, 2018). Although the importance of resilience is clear under 

ongoing climate change, the factors influencing recovery from, for example, drought stress and 

its spatiotemporal patterns are largely unknown (Schwalm et al., 2017).  

While plant responses to heat and drought stress have been studied intensively (Grossiord et al., 

2020; Klein et al., 2016; McDowell et al., 2008; Salmon et al., 2018), post-stress recovery and 

resilience received less attention. So far, studies that involve tree recovery and resilience have 

been conducted mainly in controlled conditions on young seedlings, to ensure that the pre- and 

post-stress conditions are the same (Birami et al., 2018; Brodribb & McAdam, 2013; Posch & 

Bennett, 2009). The framework of the controlled conditions studies included quantification of the 

activity before the stress period (Bs), during stress (S), and after the stress period (As). Those 

parameters were used to quantify the stress intensity (Bs-S), post-stress recovery (As-S), and 
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resilience (As/Bs). Such knowledge on the recovery and resilience of woody plants is only 

beginning to accumulate, and research under field conditions and in mature trees is still scarce 

(Ruehr et al., 2019). The stress effects on the subsequent recovery and resilience in a natural 

condition are often opportunistic (e.g heatwaves) and post-event environmental conditions might 

have significant effects on estimating the recovery post-stress activities (Ruehr et al., 2019). Few 

studies have dealt with the recovery and resilience of mature trees in field conditions. In order to 

quantify the recovery and resilience those studies have used the framework of controlled condition 

experiments, this fact limits the ability to draw conclusions about the trees ability to recover and 

their resiliencedue to changing environmental conditions between seasons (Lloret, Keeling, & 

Sala, 2011; Serra-Maluquer, Mencuccini, & Martínez-Vilalta, 2018). The lack of studies on 

resilience and recovery in general, and field studies under natural conditions in particular, 

highlight the need for comprehensive, long-term field research to fill this knowledge gap.  

Characterizing the ability of ecosystems and trees to recover from stress can be based on different 

variables, which are generally divided into structural and functional variables. The structural 

variables at the ecosystem level include the ecosystem “ecological state”, that is, the species 

composition, the species richness, the physical characteristics, and the functioning level of the 

ecosystem (Ingrisch & Bahn, 2018; Nimmo, Mac Nally, Cunningham, Haslem, & Bennett, 2015). 

The main functional variables are gross primary production (GPP) and net primary production 

(NPP), leading to growth and biomass accumulation (Lloret, Keeling, & Sala, 2011; Stuart-

Haëntjens et al., 2018). At the tree level, physiological (functional) variables are more commonly 

used than structural ones. Such parameters include net photosynthetic carbon assimilation (Anet), 

evapotranspiration (E), stomatal conductance (gs), leaf water potential (ψw), photosystem II 

activity (PSII), abscisic acid concentration (ABA), nonstructural carbohydrate concentration 

(NSC) in different organs, and leaf conductance (Gleaf) (Ruehr et al., 2019). In this study, we used 

Anet, E, and branch conductance (bg) to assess recovery and post-stress activity levels. 

Environmental conditions directly affect tree physiological activity. Trees mediate their gas 

exchange with the atmosphere mainly through the stomata, which help maintain hydraulic integrity 

while optimizing carbon uptake according to the environmental conditions (William R.L. 

Anderegg et al., 2018; Tyree & Sperry, 1989).  As illustrated in Fig. 1, environmental stress causes 

a decrease in the rate of physiological parameters. This decrease reflects the change in 
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physiological activities according to the stress exerted on the plant. The recovery phase from stress 

is separately treated, and can be influenced by the intensity of the stress (i.e. how low the activity 

declines) and the length of the stress period, but can also be independent of the precedent stress, 

being influenced by the actual conditions during recovery and the subsequent non-stress period. 

The combination of these effects would determine the extent of recovery (or mortality) and, in 

turn, the resilience of the ecosystem (the ratio of activity after recovery to that before the onset of 

the stress). Disturbances of sufficient magnitude or duration can also profoundly affect a plant or 

ecosystem's recovery time and rate, which has to be considered separately. In semi-arid 

ecosystems, characterized by prolonged periods of low water availability, accompanied by high 

water vapor demand, it is yet unclear if the observed interannual variability in the overall stress 

impact is dominated by the length of the ‘stress period’ or the ‘recovery conditions’.  

 

 

1.4 Post-stress recovery framework 

Investigating the effect of stress on post-stress recovery requires a formal framework to assess and 

quantify observations. A possible approach, adopted here, is to quantify the length of the stress 

period based on soil moisture (SWC, the supply side controlling plant activity), and atmospheric 

evaporative demands (VPD; the demand side). These two environmental stressors are considered 

the main factors that limit trees’ physiological activity in a water-limited environment (Birami et 

R
at

e 

 

Figure 1. Example of a typical course of decline and recovery for a certain physiological parameter activity rate 

caused by stress over time. Different stress level showed by the different lines in different shades of gray. 

Horizontal dashed lines separate between different stress levels. 𝑆𝑟𝑒𝑝 – Repairable damage 𝑆𝑑𝑚𝑔 – non-

repairable damage (Ruehr at.al 2019). 
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al., 2018a; dos Santos et al., 2013; Preisler, 2020), and the minimal activity period of the different 

components of leaf gas exchange (LGE).  

The independent quantification of the stress and the recovery period allows us first, to examine the 

relationships between the length of the ‘environmental stress period’ and the actual length of the 

‘minimal activity period’ (MAP), and second, to examine the relationship between the length of 

MAP and the subsequent indicators of recovery, mainly physiological activities (e.g., LGE). 

To advance this approach, a formal set of definitions is a critical tool to complement the conceptual 

scheme presented in Fig. 1. Such an extension, which is increasingly being used in ecosystem 

research related to climate change (Camarero et al., 2018; Ingrisch & Bahn, 2018; Lloret et al., 

2011) is presented in Fig. 2. In this framework, and in order to independently quantify the 

environmental stress and activity parameters, we propose to define terms that describe the stress 

cycle separately from those describing the activity cycle.  

In Fig. 2 we first define the key parts of the seasonal cycle, which include the ‘peak activity’: the 

90th percentile of the annual data for a given LGE parameter. ‘Peak activity period’: the time 

between the first and the last day of the ‘peak activity’ (first and fourth stages, Fig.2). After the 

peak activity period, the stress effects start to build up, physiological activity decreases, and the 

‘low activity period’ begins. Within the ‘low activity period’ is the ‘Minimal Activity Period’ 

(MAP), when the actual physiological activity is at its annual minimum (≤ lowest 60 days running 

mean; Fig. 2). The 60-day time window was chosen to balance the identification needs of the 

activity during the summer period, on the one hand, to represent the summer period in a general 

enough way that the identification is not sensitive to "spikes" in the data but on the other hand not 

too wide and includes days of activity outside the dry period. MAP is followed by the ‘Activity 

restoration’: the day when activity exceeds the lowest 60-days summer mean in two or four 

standard deviations, depending on the noise of the dataset (see methods 3.9) and the ‘recovery 

period’: the time between ‘activity restoration’ and start day of ‘peak activity’, which is the 

transition point between recovery and the second peak of activity (phases three and four) (Fig. 2). 

The ‘low activity period’ defined above was based on ‘functional parameters’ (LGE). However, it 

also includes the high-stress periods imposed by the two main ‘environmental stressor’, the 

‘maximal VPD period’: the period when VPD ≥ summer VPD mean; and the ‘dry season’: when 

SWC < transpirable SWC limit (which do not necessarily overlap; (Klein et al., 2014). These 

‘environmental stressors’ also help define the ‘stress onset’ and ‘stress relief ‘: the start and end 
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dates of the ‘maximal VPD period’ and ‘dry season’ (with both the ‘maximal VPD period’ and 

‘dry season’ are within the ‘stress period’; Fig. 2).  

 

 

Once we have quantified the parameters illustrated in Fig. 2, including the main parts of the 

seasonal cycle, and its partitioning to the different functional and environmental stress and 

recovery components, it will be possible to examine the links between the length of the 

environmental stress period and the post-stress recovery and activity of trees under field conditions 

 

1.5 Yatir Forest as a model forest for research 

Yatir forest provides a useful research site as a “model” semi-arid forest for several reasons. First, 

the Yatir forest is a forest dominated by Aleppo pine (Pinus halepensis), which is one of the most 

common tree species in the dry Mediterranean region (Klein, 2020). Second, this is one of the 

driest pine forests in the world, with an aridity index (AI) of 0.22(Amer, 2020), allowing us to 

understand the effect of the length of the stress period on the resilience of trees in extreme 

conditions that are expected to develop in additional regions under climate change. Finally, the 

Figure 2. Schematic diagram of the activity and stress cycle and its stages: 1) Peak activity 

of a given year (Peak 1 and 2). 2) Low activity period stress period, within this time period 

is the minimal activity period of the different LGE variables (MAP) in black line. 3) Recovery 

period (dashed red line). 
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natural conditions at the site include a well defined long drying season (with no rain), and a re-

wetting rainy period, without the complications due to groundwater (300 m deep at the site), which 

allows long-term examination of the factors influencing the resilience to drought in mature trees. 

To use the unique conditions of  Yatir Forest to examine the effect of stress duration on the 

recovery at the tree level, an extensive system was established a few years ago for in-situ LGE 

measurements at the branch level providing continuous data of Anet, E and gb  (Preisler, 2019). 

2. Objectives 

The dry Mediterranean region is characterized by a long, hot, and dry and summer. Trees’ 

resilience to such a stressful period, which may be exacerbated by climate change, can greatly 

influence their productivity and survival. The main objective of this study was to evaluate the 

effect of the duration of the two main environmental stressors in the semi-arid Yatir forest, soil 

drought (‘supply side’) and atmospheric drought (‘demand side’), on the recovery and resilience 

of physiological indicators. To achieve this overall objective, we carried out extensive gas 

exchange measurements in the Yatir semi-arid pine forest accompanied by continuous 

measurements of environmental conditions. 

 

2.1 Specific objectives  

 To differentiate between the environmental stress levels induced by soil and atmospheric 

drought, and to assess their differential effects on the different leaf gas exchange variables.  

 To quantify leaf gas exchange rate under maximal stress effect during the dry season of 

each year, and to develop quantitative indicators to identify the onset of the recovery from 

seasonal drought.  

 To develop and apply new indicators to assess the factors influencing the timing, rate, and 

extent of recovery of different components of leaf gas exchange after stress removal.  

 To improve estimates of the rates of CO2 and water vapor gas exchange at the branch scale 

by quantifying the effective leaf area in branch measurements under field conditions. 
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2.2 Main hypotheses 

H1. The duration and intensity of the seasonal drought stress period influence the timing and rate 

of the recovery, but not its extent (i.e resilience) of leaf gas exchange recovery after the stress 

relief. 

H2. The different components of leaf gas exchange (photosynthesis, transpiration, and branch 

conductance) will respond differently to the relief of the different drought stressors (SWC, VPD).  

3. Methods 

3.1 Site description  

The study was carried out in Yatir forest (31◦ 20′ N; 35◦ 30′ E; 600–900 m above sea level; 2800 

ha) (Preisler, 2020; Wang et al., 2020), a 55 years old, semi-arid forest dominated by Aleppo pine 

(Pinus halepensis s Mill.) . The forest was mainly planted in the mid-1960s (Tatarinov et al., 2016), 

making it almost completely age- and species-uniform. The study area density was 320 trees per 

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

(Preisler, 2020). The average leaf area index is about 1.70 (m2 m-2) (Sprintsin et al., 2011). The 

soil is mostly composed of light brown Rendzina, 25–100 cm deep. The roots are mostly 

concentrated in the upper 60 cm and the main fine root zone is between 20-40 cm layer 

(Grünzweig, Gelfand, Fried, & Yakir, 2007; Preisler, 2014). The forest is located at the northern 

edge of the Israeli Negev desert, an area with average precipitation (P) of 279 ± 90 mm yr -1 and 

potential evapotranspiration (PET) of 1600 mm yr-1 (Preisler, 2020), resulting in a low aridity 

index (
𝑃

𝑃𝐸𝑇
) of 0.22 (mean values for 1970–2018) (Amer, 2020). The forest area is characterized 

by a prolonged dry period that can vary between 200-340 days with no rain (Preisler, 2020). In the 

course of the dry season, mean soil water content (SWC) drops to 5-10% at 10 – 40 cm depth, 

while vapor pressure deficit (VPD) can rise up to a daily maximum of ~8.5 KPa in July. In the wet 

period, mean SWC rises to 35% and VPD decreases to maximum daily values of ~2 KPa in 

January.  

3.2 Environmental variable 

3.2.1 Soil moisture   

Volumetric SWC profile (10-100 cm) was monitored since August 2016 to date, using five access 

tubes per plot (PR2/6, Delta T Devices, London, England). In the irrigated plot, 4 short sensors 
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(10-40 cm) and one long sensor (10-100 cm) were positioned in a way that represented the different 

distances from the drippers. In the control plot, 5 short sensors were placed. In both plots, the 

sensors were placed in a way that best represented the heterogeneity of the plot. Gravimetric SWC 

was measured by weighing the soil samples in the field, drying them in the laboratory oven and 

re-weighing after drying to obtain a depth- and pit-specific calibration curve. To best represent the 

water availability to the trees, the average SWC of the main rooting zone (10-40 cm) (Preisler et 

al., 2019) was used. 

3.2.2 Temperature  

The temperature of the air as close as possible to the needles was measured continuously in all 

branch chambers (see below) using custom-made type T (Copper/Constantan) thermocouples 

(REOTEMP Instrument Corporation, San Diego). The data was stored in AM-25 data logger 

(Campbell Scientific, Logan, USA). We measured air rather than leaf temperature due to technical 

difficulties of measuring the temperature of the ~150 needles in the chamber. 

3.2.3 Vapor pressure deficit and potential evapotranspiration 

VPD was calculated as the difference between the partial water vapor pressure at saturation and 

the partial water vapor pressure in the air surrounding the leaves.  

   𝑉𝑃𝐷 = 𝑒𝑠 − 𝑒𝑙                                                                 (1) 

where 𝑒𝑠 is the water vapor partial pressure at saturation (Pa) and 𝑒𝑙 the water vapor partial 

pressure in the air surrounding the leaves (Pa) (Buck Arden L., 1981). The partial pressures was 

derived from the thermocouple in the measuring chambers (see above) and the humidity measured 

by the IRGA.  

PET was calculated by the Priestley‐Taylor equation (Priestley & Taylor, 1972).  In our study, the 

values of the parameters of the equation were calibrated by the measured data from the Yatir 

fluxnet station (Eyal Rotenberg & Yakir, 2010; Tatarinov et al., 2016). 

3.2.4 PAR 

Photosynthetic photon flux density (PPFD) was measured continuously since July 2020 with 8 

sensors (Apogee SQ-500, North Logan, USA), 4 in each plot. The PPFD sensors were placed on 

an articular arm outside but at the height of the chambers to measure the total incoming PPFD 

without casting shade on the leaves. To correct the incoming PPFD values to those reaching the 

needles inside the chambers a calibration curve was created (Fig. s12, s13). Logbook reporting the 
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integrity of the sensors was filed every week, and bad data was removed in the final data analysis 

code (J. D. Muller & Oz, 2021). 

3.3 Experimental setup  

The branch-scale gas exchange experiment included 15 custom-made branch chambers designed 

to function under harsh field conditions, modified from previous studies (Bamberger et al., 2017; 

Pumpanen, Heinonsalo, Rasilo, Hurme, & Ilvesniemi, 2009). The chambers were made of a 

transparent Perspex cylinder enclosed from both sides with doors that can be opened and closed to 

remove and insert the branches from one side and to close the chamber while measuring at the 

other side (inner volume: 11.2 L). Each chamber contained a self-made type-T thermocouple for 

temperature measurements (see above), a small 12 V electronic fan (JAMICON, Belmont, USA) 

for air circulation in the chamber, and a PPFD sensor(Apogee SQ-500) located next to the 

chambers – available since July 2020.  

The chambers were located at mid-canopy (~6m) in two adjacent plots: a manipulation plot 

(irrigated) and a control (natural condition), with a buffer area of ~ 10 m separating between them 

(Fig. s1 & s2). In each plot, each of the six measuring chambers contained four twigs, while one 

empty chamber located in the buffer area served as a reference to constantly examine the chamber 

effect (blank). In each plot, the chambers were placed on different sides of the canopy to best 

represent the heterogeneity of the mid-canopy. The chambers were normally open except for the 

measurement time of 240 seconds, once per hour. To capture the temporal heterogeneity of the 

fluxes in the chambers, a CR-basic program on a CR1000 datalogger (Campbell Scientific, Logan, 

USA) was used to randomize the order of chambers closing and solenoid (Baccara, Geva, Israel) 

opening to allow measurement of one chamber at a time. To sample the air from the measuring 

chamber and the reference chamber at the same time, two air pumps (KNF, Philadelphia, USA ) 

were used to simultaneously pump air from the two sources at the same flow rate (~9 litter per 

minute) through the Dekabon ¼ inch tubes (Eaton, ¼ inch; Dekabon, California, USA) of the same 

length (~25 m), a 1 µm filter (Campbell Scientific, São Paulo –SP, BRASIL), the pumps, a flow 

meter (TSI 4140/4143, Shoreview, Minnesota, USA), a buffer tube (to reduce pressure 

fluctuations), and using a vent split and a mass flow controller (ALICAT Scientific, Arizona USA) 

to reduce the flow rate to 1 L/min into the Infra-Red Gas Analyzers. The parallel measurement of 

ambient and sample H2O and CO2 concentrations was done using a setup that consisted of two 
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IRGAs, one for ambient air (LI-840A, LI-COR, Lincoln, Nebraska) originating from the reference 

chamber, and the other one for sample measurements originating from the branch chambers (LI-

7000). The LI-7000 was used in the differential mode, with the sample air measured against the 

ambient air after it passed through the LI-840 analyzer. This allowed us to obtain both the absolute 

H2O and CO2 concentration values and achieve the high sensitivity and precision required for the 

branch gas exchange measurements. More detail and a diagram of the measurement system were 

provided in the appendix (Fig. s3). 

Weekly based maintenance of the branch chambers included cleaning them with distilled water 

and soft tissue paper, and cleaning and leveling of the PPFD sensors. Monthly based maintenance 

included leaf area (LA) measurements (see below) for each chamber and checks of irrigation 

record and function. Once every 6 months we calibrated the two IRGAs (LI-840A & LI-7000) 

with 99.999% N2 for zero and a lab standard cylinder with known CO2 concentration (checked 

annually by NOAA, Boulder, CO, USA) for span,  and a dew point generator (LI-610) for H2O 

calibration.  

The data from our measurement system, including gas concentrations, flow rate, temperature, 

PPFD, etc. as listed in Table S.4. The data was recorded every two seconds using a CR1000 

datalogger (Campbell Scientific, Logan, USA), with a raw data file created and stored every hour.  

3.4 Data processing 

3.4.1 Data filtering 

Within the 240 seconds of the chamber measurement period, we accounted for the flushing time 

of the air from the previous chamber and the time required to reach a new steady-state (Fig. s4). 

Based on extensive testing, this was set to 210 seconds (Preisler, 2020), thus using the average 

values of the last 30 seconds of each measurement cycle for the gas exchange calculations. Data 

for periods of known technical problems, and time with indications of dew formation condition, 

and occasional data spikes were removed. See detailed filtering parameters in the final analysis 

script (Muller J and Oz I, 2021).  
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3.4.2 Data based calculations 

Transpiration (E) and photosynthesis (Anet) fluxes were calculated from the differences in the 

H2O and CO2 concentrations between the sample and reference chambers. The calculations 

were performed using the following equations (von Caemmerer & Farquhar, 1981): 

  E= (
fΔH2O

LA(1 – h)
)  103                                                                     (2) 

                                                            Anet=(fΔCO2/LA+𝐶𝑆E)  106                                                       (3) 

                                                                                                                                                                                                                      

where ΔH2O (mol mol–1) and ΔCO2 (mol mol–1) are the differences in the concentrations between 

the ambient and sample air; f represents the flow rate from the sample pump, expressed as the 

volume of air in moles (mol s-1), LA is the leaf area (m2) and ℎ is the ambient H2O ambient 

concentration (mmol H2O/ mol air). Anet was corrected for the dilution via the outgoing 

transpiration fraction (CsE) from the leaves where Cs is the ambient CO2 concentration (von 

Caemmerer & Farquhar, 1981).  

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

                                                    gb =
E(1000−

el+ea

2
 )

el−ea
                                                                   (4) 

where el is the molar concentration of water vapor within the leaf (mmol H2O / mol air), which is 

computed from the leaf temperature Tl (C) and the total atmospheric pressure Pa (kPa) as follows: 

                                                            el =
e𝑇𝑙

P
 ·1000                                                                       (5) 

The function eTl is saturation vapor pressure (kPa) at temperature T (C), ea is the water 

concentration in the ambient air plus the H2O molecules added by transpiration (mmol H2O/ mol 

air) (Preisler, 2020).  See further and detailed calculations in the analysis script (J. D. Muller & 

Oz, 2021). The final data output was hourly averaged to include all chambers of each plot within 

the smallest time window possible.  

 

3.5 Leaf area measurements  

Estimating gas exchange fluxes using a branch gas exchange system is challenging from two main 

aspects. First, needles are arranged in fascicles, in our case, two needles per fascicle. The two 

needles form one perfect cylinder but are often split. Therefore leaf area can be calculated in 
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different ways (see Table.1, 1-3), but an “effective leaf area” (ELA) is required to accurately 

calculate leaf gas exchange. Second, the needles on the twig and the twigs in the branch are 

organized in a complex spatial array, with significant self-shading, which must be accounted for. 

Estimating the ELA is, in fact, an attempt to make the branch gas exchange measurements 

comparable to more conventional single and flat-leaf gas exchange measurements. Because no 

established method was available to estimate ELA in needle-leaf branch chambers studies, we 

made extensive efforts to develop such an approach and validate it. 

3.5.1 Total leaf surface area calculations 

Leaf area was measured every month for every chamber specifically. For each chamber, we 

harvested one twig adjacent to the chamber to represent the twigs in the chamber in the best 

possible way, without the need to harvest and change the twig every month. To obtain the total 

leaf area for the four twigs in the chamber, the measured leaf area calculated for one twig was 

multiplied by four. 

The average needle length and the number of fascicles were recorded for each twig every month, 

average needle diameter was measured once for each year and plot. The fact that two needles on 

one fascicle form almost a perfect cylinder make the effective surface area calculation relatively 

simple.  

In one approach, we estimated the total cylinder surface area of the two needles, and cross-section 

surface area (accounting for the flat surface of the 2-needle; see Fig.s5) using the following 

equation: 

  𝑇𝐿𝑆𝐴 = ((𝐷𝜋𝑙) + (𝐷𝑙𝑛)) ∙ 𝑁                                                              (6) 

where 𝑇𝐿𝑆𝐴 is the total leaf surface area D is average needle diameter (m), l average length of the 

needle in the chamber(m), n is the number of needles in the fascicle (in our case n=2) and 𝑁 is the 

number of fascicles per twig (Fig. s5). 

An alternative way is often used to calculate leaf area for flux calculation is based on the ‘projected 

leaf area’. In this case, we simply used the fascicle cross-section area, based on the needle diameter 

and length, i.e., D∙l (Birami et al., 2018b; Grace, 1987; Speckman et al., 2015). However, for the 

projected leaf area calculation we can consider two ways of calculation. One uses the fascicle as 

the basic unit for the calculation assuming that the two needles are tightly coupled into one 

cylinder, which we will refer to as method 1D (1 diameter). The other approach uses the needle as 
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the basic unit for the calculation assuming there is no tight coupling between the needles within 

the fascicle and both needles are exposed to incoming PAR, and we will refer to this method as 

2D (2 diameter). 

Projected area 1D (m2)   = D·l·N                                            (7) 

  Projected area 2D (m2)   = D·l·N·n                                         (8) 

where N is the number of fascicles and n is the number of twigs in each fascicle. 

3.6 Effective leaf area  

3.6.1 Estimating light attenuation by needles inside the branch chamber 

PPFD attenuation by increasing leaf self-shading was quantified using two Apogee SQ-500 PPFD 

sensors. The sensors were placed outside and inside an empty chamber to measure incoming PPFD 

and PPFD at the bottom of the chamber. Data from both sensors was used to calculate light 

intensity attenuation by the branches inside the chamber, as the change in PPFD fraction 

(
𝑃𝑃𝐹𝐷 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑜𝑚 𝑠𝑒𝑛𝑠𝑜𝑟

𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑃𝐴𝑅
∗ 100) reaching the leaves. The longitudinal side of the chamber was 

oriented north-south to prevent self-shading from the chamber on the PPFD sensors (Fig. s6).  We 

compared the values of the two sensors before the experiment started to make sure there was no 

difference between them. The experiment included 6 repetitions, each one started with 4 branches, 

and every 2 minutes one branch was removed. The data used for PPFD fraction comparison was 

the two minutes average for the different leaf area classes (0, 0.02, 0.05, 0.07 and 0.09 m2) (n=6). 

After each round of measurements, we checked to make sure there were no changes in leveling 

and positioning of the sensors. Note that the attenuation included that of the chamber itself, which 

was constant, and the calculation relied on the change due to different numbers of leaves. 

3.6.2 Estimating ELA using image-based calculation  

After establishing the fact that mutual shading has a significant effect on light attenuation, we used 

the twigs as they are arranged in the branch chamber to quantify the light-absorbing leaf area. This 

effective leaf area quantification method was based on the photographed shadow cast by the four 

twigs on a white wooden board next to a measuring tape to later estimate the area. Four different 

chambers, two from each plot, were used in this experiment. The twigs were taken out from the 

chamber as they lay in it to represent the mutual shading as it occurs in the current arrangement of 

the twigs in the chamber. Every four twigs’ shade was photographed from a distance of ~50 cm to 
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maintain the uniformity proportion for all images and from 3 different angles (45°, 90°, and 135°) 

to simulate the movement of the sun during the day. The images were corrected for perspective 

and objects that appeared in the picture and we did not want to identify as our object (the shadow 

from the needles) were painted in the color of the background (GIMP 2.10.20 software). To remove 

the woody part of the twig from further analysis we calculated its area as follows: 

Woody area = 𝐷𝜋𝑙                                                     (9) 

Where 𝐷 is the average diameter and l is the total length of the woody part for the four twigs. We 

used machine learning software (Ilastik software) to differentiate between shade and background 

and to generate a matrix of pixels with values of 2 or 1 where 2 is the background and 1 is the 

object. The final calculation of the leaf area was as follows: 

𝐼𝑃𝐿𝐴 = (𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 ∙
𝑂𝑏𝑗𝑒𝑐𝑡 𝑝𝑖𝑥𝑒𝑙𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙𝑠
 ) − Woody area                         (10) 

Where 𝐼𝑃𝐿𝐴 is the image projected leaf area, Total area is the photographed area calculated from 

converting pixels to the area using the measuring tape, 𝑂𝑏𝑗𝑒𝑐𝑡 𝑝𝑖𝑥𝑒𝑙𝑠 is the amount of pixels value 

= 1, 𝑇𝑜𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙𝑠 is the amount of pixels value = 2 and Woody area is the calculate woody area 

(eq.11). More detail and demonstration of the photos, corrections, and products of the machine 

learning software was provided in the appendix (Fig. s8 and 9). The final IPLA result was the 

average of the 3 angles. We used the data from all four chambers to create a linear function 

(y=ax+b) that described the relationship between the leaf area (x) and the ratio between leaf area 

and IPLA (y). The linear function was used to obtain y-values for each given Leaf area and use it 

to obtain ELAp according to: 

𝐸𝐿𝐴𝑃 =  
𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎

𝑌
                                                              (11) 

where 𝐸𝐿𝐴𝑃 is the image-based effective leaf area, leaf area is the measured leaf area in m2 and y 

is the ratio of leaf area to IPLA.  

3.6.3 Estimating ELA by flux attenuation measurements 

To quantify the mutual shading effect on the gas exchange rate we measured H2O and CO2 fluxes 

in several chambers from the irrigated plot (𝑛 =4, 2 shaded and 2 lit) while reducing the leaf area 

inside the chamber in a step-wise manner, from 4 to 0 twigs, removing one twig at a time.  
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The campaign was conducted on several dates (𝑛 = 5) between September and November 2020 

between 10:00 to 14:00 to minimize the variation of the incoming PPFD reaching the measuring 

chamber.  Each chamber and twigs amount measurement lasted 240 seconds to reach a steady 

state. In addition, chambers were flushed with ambient air for 4-8 minutes after changing branches. 

On each day of measurements, we measured all four chambers with all twigs amount (0-4 twigs, 

a total of 5 measurements per chamber). The branches were removed from the bottom twig to the 

upper twig and for each one removed we measured its leaf area and binned the results to five 

different leaf area categories (0 - 0.08 m2 with 0.02 steps).  

The analysis of the flux attenuation by increasing self-shading was done separately for lit and 

shaded chambers. Classification of shaded or lit was done according to the incoming PPFD as 

follows: shaded chambers were defined as chambers exposed to PPFD below half of the saturation 

value and lit chambers were defined as chambers exposed to PPFD above saturation. To find the 

PPFD saturation point for both Anet and E, the data set of September-November 2020 from the 

branch chamber (irrigated plot) was used and filtered for the non-limiting condition of VPD and 

temperature. The saturation value was defined as F’(X) <0.001 for the fitted curve of the data set 

(curve expert software) (Fig. s15). Chambers with high VPD or PPFD variation during the flux 

measurement was filtered out, thresholds were maximum difference of 150 𝜇𝑚𝑜𝑙 𝑚−2𝑠−1 for 

PPFD and 1 KPa for VPD (Table s3). The ratio between the fluxes calculated with maximum to 

minimum LA inside the chamber was used to correct the leaf area. 

𝐸𝐿𝐴𝑓 =  
𝑓𝑙𝑢𝑥 𝑤𝑖𝑡ℎ min 𝐿𝐴

𝑓𝑙𝑢𝑥 𝑤𝑖𝑡ℎ max 𝐿𝐴
                                                           (12) 

Where 𝐸𝐿𝐴𝑓 is the flux-based effective leaf area, 𝑓𝑙𝑢𝑥 𝑤𝑖𝑡ℎ min 𝐿𝐴 is the measured flux with the 

minimum LA and 𝑓𝑙𝑢𝑥 𝑤𝑖𝑡ℎ max 𝐿𝐴 is the flux with the maximum LA for a given chamber.  
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Table.1 summarizes the three different leaf area calculation methods (TLSA, PLA _1 D, and 

PLA_2D) and the two leaf area correction methods for effective leaf area (ELAP and ELAf). 

  

3.6.4 Leaf-scale gas exchange measurement campaign 

A one-day campaign of measurements with a portable photosynthesis system (LI-6400XT, LiCor 

Bioscience, Lincoln, NE, USA) was carried out. The Li-cor 6400 system relies on exact leaf area 

with no self-shading and therefore served as a benchmark for our branch chamber fluxes values 

calculated with the ELA corrections. We measured the leaf net CO2 assimilation rates (Anet) in 

two different methods. Full chamber (leaves covering all the chamber surface, 6 cm2) and half-

filled chamber (leaves covering half of the chamber surface, ~3cm2). For the latter, we used 12 

needles for each measurement and later corrected for the actual area using the online version of 

Table 1. Leaf area calculation and correction summary 

PLA_2D 
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the ImageJ software. Needles from 2 trees were sampled (one from each treatment plot) and for 

each tree, we repeated the measurement 12 times. In all measurements we set the the temperature, 

PPFD and RH to constant values (Table s2).  

3.7 Leaf Water potential (Ψw) measurements 

Leaf Ψw measurements were made once a month at predawn and midday (Ψwpd and Ψwmd) between 

[months] 2017 and May 2020. Branches were randomly sampled at 6 m height from the north and 

south sides of four trees per plot, and were used to determine the branch water potentials using a leaf 

pressure chamber (1505D-EXP; PMS, Albany, USA).  

3.8 Stress parameters 

Proper quantification of the duration of the different environmental stressors is critical to examine 

their effect on the resilience and recovery of plants after their removal. 

3.8.1 Detection of SWC and VPD stress period 

To identify the effect of environmental stressors on the branch-level gas exchange recovery and 

post-stress activity, we examined separately the effect of soil and atmospheric drought and derived 

thresholds that described when each one acts as a limiting factor. For soil drought stress, we used 

the transpirable soil water content (tSWC) limit for the depth profile we measured (0-40 cm), 

which was determined to be 16.1% (Klein et al., 2014).  

To determine the day of VPD stress onset and relief we first set a reference point as the summer 

VPD average by iterating over the VPD values in the dry period with 60 days moving averages 

and set the dry period mean value as the highest 60 days average. After setting the dry period mean 

we iterated again over the VPD values with 11 days window (central day ± 5 days) to find the last 

window that is lower than the summer mean by more than 1 standard deviation. The middle day 

of this window was set as the start of VPD ‘stress relief’. We chose 11 days as the window size to 

balance between the sensitivity of the detection and the sample size of each window, accounting 

for missing data points. 

3.8.2 Minimal activity period 

To understand the stress effect on recovery parameters and peak activity in the subsequent growing 

season in the different study years, we accounted for the time of the minimal activity period. The 
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minimal activity period (MAP) was seasonally-based and it was evaluated for each gas exchange 

variable separately. We estimated the length of the minimal activity period as follows: 

                                          𝑀𝐴𝑃 = 𝐷𝑂𝑌𝑒𝑛𝑑 − 𝐷𝑂𝑌𝑠𝑡𝑎𝑟𝑡                                                             (13)  

Where 𝐷𝑂𝑌𝑠𝑡𝑎𝑟𝑡 is the first day of ‘minimal activity period’ for Anet, E or gb, and 𝐷𝑂𝑌𝑒𝑛𝑑 is when 

the ‘minimal activity period’ ended for each variable. Both points were detected using the stress 

period detection algorithm (3.8.1).  

3.9 Detection of minimal activity period 

Average activity of the stress period: Previous methods of season detection (Gonsamo, Chen, & 

Ooi, 2018) were found unsuitable to our study system. Instead, we created our own season 

detection algorithm for this purpose. It used daytime means of the variable of interest (i.e. Anet, 

E, or gb) as an input and produced the ‘starting’ and ‘ending’ days of the minimal activity period. 

The algorithm consisted of three separate steps. The first step was to identify the mean value of 

the minimal activity period for each variable and year. The minimal-activity mean value served as 

a reference to identify the end of that period. To identify the minimal-activity mean value, we 

iterated over the dry season period (June 1st to November 1st) with a 61-days moving means 

window with focal day ± 30 days (X). The minimum moving mean was selected and used as the 

minimal activity value (Xs) and the standard deviation of Xs for the same window was calculated 

(s). 

 End day of the stress period: The second step was finding the ‘end of the minimal activity period’, 

which was also the ‘start of the active season’. To do so, we used a three-day moving mean of X-

Xs (dX3). dX3 was calculated starting from the end of minimal activity window (X) forward until 

the first point satisfying the condition: |dX3|>s was found, where  is a parameter that 

determined how many standard deviations should be dX3, depending on the residual (noise level) 

of the variable’s data set. If more than 1 of 3 daily means in dX3 were missing, then the averaging 

interval was extended up to 5 daily means until reaching enough non-missing values.  

Spikes detection: The third step was to make sure that the detection of the start/end of the dry 

season was not attributed to data noise (I.e. spike in the data) during the summer. To do so, we 

checked for the next 70 days, if |dX3|s occurred. If so, we used this point as the starting point 
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for the detection. If there a rain event occurred within this interval, the corresponding dX3 was 

omitted from further analysis.  

As the detection was sensitive to the value of  we tried to minimize its value to obtain the most 

sensitive detection. We checked it first on the least noise data set (Anet) and found that 2 is the 

lowest possible value. To set the value of  for the other data sets (E and gb), we compared the 

residuals of the data to a fitted curve using MATLAB and STATISTICA software for each year 

separately (Fig. s14 and Table s4).  The comparison of residuals demonstrated that the gb data set 

was similar to the Anet data set, and the E residual data set was ~2 times higher than the Anet data 

set, therefore we used =2 for gb and  =4 for E. 

3.10 Recovery time and rate 

Recovery time (Rt) was defined as the time difference in days between the end of stress to the time 

of active season start. The end of stress was determined specifically for the different stressors we 

examined, VPD and SWC, and the season start was determined by the season detection script 

(methods, 3.8).  

𝑅𝑡 = 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑒𝑠𝑡𝑜𝑟𝑎𝑡𝑖𝑜𝑛𝐷𝑂𝑌 − 𝑆𝑡𝑟𝑒𝑠𝑠 𝑟𝑒𝑙𝑖𝑒𝑓𝐷𝑂𝑌                                (14)   

 

Rr was defined as the average recovery rate at the period between the activity restoration and the 

beginning of the peak of activity. Rr was calculated as a change in activity based on daytime 

average, normalized to the activity range of (maximum-minimum), divided by the time difference 

between the daily values.  Rr was calculated separately for each year and variable by the following 

equation: 

𝑅𝑟 =

𝑌𝑖−𝑌𝑖−1
𝑌𝑚𝑖𝑛−𝑌𝑚𝑎𝑥

𝑋𝑖−𝑋𝑖−1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
                                                                    (15)   

where Y is the value of the variable of interest, X is time (days), min and max denote the minimum 

and maximum value of the variable of interest of a given year, i and i-1 represent a given day 

average value, and the previous measured day average value respectively. Finally, we get a unitless 

nominator divided by the number of days so we get the average recovery per day for each variable 

and year. 
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Peak activity was calculated based on daytime averages. We defined the peak as the highest 10% 

(90th percentile) of the data set for each variable and year. We used 10% to make sure we have a 

large enough data set for all years (20 days or more) and to include the highest number of chambers 

possible to increase the representatives of the plot without including values that do not represent 

the peak activity of that season. 

3.11 Statistical analysis 

Chamber data (E , Anet and gb) were expressed as the average value of all chambers within each 

plot per hour. For simple pair mean comparisons we used a pair-wise t-test, which was relevant 

for the comparison of fluxes in the LI-COR 6400 cuvette fully covered with needles vs. fluxes 

when the cuvette was only 50% covered with needles (4.1.5). For multiple comparisons of means, 

we used the Tukey HSD test or simple ranking of the sampled data in case the data did not meet 

the model assumptions, the latter of which was relevant for the comparison of fluxes using different 

leaf areas in the branch chamber (4.1.3). For analyses that included the different years component 

of the chamber's data (i.e., peak activity of different years, 4.3.4) we used repeated measures 

comparisons since we used the same test groups several times.  

All statistical comparisons and models were checked at a significance level of 95% (p-value 

<0.05). All models used for mean comparison were tested for the basic assumptions of ANOVA: 

variances equality (Levene test) and normality of residual distribution (Shapiro-Wilk test). When 

one of the two assumptions was not met we performed standard mathematical transformations on 

the data.  All statistical analyses were performed in JMP 15 (JMP, SAS, Statistical discovery 

software)  

For the detection of changes in data over a time series as in the case of the season detection 

(methods 3.8) or the VPD stress detection (methods 3.71), we used a change detection method. In 

this study, we used a reference setpoint defined by the minimum or maximum average value from 

which we want to find the change. After setting the reference point we iterated over the data set of 

interest in a moving average window of varying size according to the data set and desirable 

detection resolution. We compared the windows average to see if it was different from the summer 

average ± X standard deviation by t-test, where X was a changing number according to the data 

set noise and desirable detection resolution.  
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4. Results    

4.1 Effective leaf area 

4.1.1 Light attenuation by leaf self-shading 

We studied the effects of mutual shading in the branch chambers associated with the use of several 

twigs in their native, complex structure. The results reported in Fig. 3 indicated that the chamber 

materials reduce the light intensity in the chamber to 79.6 ± 7.4% of the ambient level (i.e., light 

attenuation of 20.4%). When leaves are inserted, most of the light is absorbed by the first twig 

(leaf area=0.023±0.002 m2), with PPFD decreasing by ~ 62% relative to ambient PPFD. Insertion 

of one additional twig did not change significantly the light attenuation. Additional light 

attenuation was observed with the insertion of the third and fourth twigs by ~10% for each twig 

(Fig.3).  

  

4.1.2 Image-based leaf area correction  

To account for the light attenuation due to mutual shading (showed in Fig.3) we assessed possible 

correction approaches to obtain the effective leaf area enclosed in the branch chambers.  The first 

Figure 3. PPFD attenuation by leaf area: Changes in the PPFD fraction (PPFDf; ratio of measurements above and below 

the branch chamber) for different number of twigs, increasing leaf area in the chamber. Incoming PPFD during the 

experiment is indicated by the yellow line during a one day campaign in December 2020. Values are the average±SD; (n=6). 

Different letters indicate significant differences at the p < 0.05 level. 
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approach, described in Fig.4, was to correct all three leaf area calculation methods (see Table.1 1-

3) to the directly lit leaf area using image analysis. The relationships between the Image-projected 

leaf area (IPLA) and the measured leaf area depended on the way the leaf area was determined 

(TLSA, projected, 1D or 2D; see Table.1, lines 1-3). In all cases, the ratio between the IPLA and 

the measured leaf area (Y axis) linearly correlated with the respective leaf area (R2 of 0.98; Fig. 4 

a-c), indicating that the image-based estimate was robustly related to the actual leaf area. This was 

true also across the treatment plots, as indicated by the two higher and the two lower points in the 

plots representing chambers of the irrigated and control plots, respectively, following the same 

linear relationships. In Fig. 4, panel C, the ratio (Y axis) values of the control plot are lower than 

1, ratio values lower than 1 means that the shaded area is larger than the actual leaf. Due to the 

above, we rejected the 1D leaf area as a possible basis for the correction. The 2D leaf area and 

TLSA (Fig. 4 panel a and b) resulted in the same final effective leaf area. Since the TLSA method 

does not take into account the geometry of the needles and therefore, the fact that part of the needle 

surface is permanently not lit, the values obtained from calculating the fluxes using this method 

are unrealistically low (Fig. s11), and thus was also excluded from further use.This left the method 

of 2D leaf area (Fig.4b) as the most robust LA calculation method to use as an input for the image 

based leaf area correction. 

 

Figure 4. Image Based Leaf Area correction: a) Correlation between Total Leaf Area (TLA) and the ratio between TLA 

and Image Projected LA (IPLA). b) Correlation between projected LA (2D) and the ratio between Projected LA (2D) and 

IPLA. c) Correlation between projected LA (1D) and IPLA. Each point in all panels is the average of all images for a given 

measured leaf area (n=3). For all panels, the two higher points are of twigs from the irrigated plot and the two lower points 

are of twigs from the control plot. 

a. c. b. 
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4.1.3 Flux-based leaf are correction  

Results of the flux-based estimates of light attenuation in the branch chambers are shown in Fig. 

5. The leaf-level gas exchange showed different response patterns to change in LA when the 

chamber was sun-exposed or shaded. When shaded, flux rates were low and did not respond 

significantly to the changes in LA. In the sun-exposed chambers, rates were higher and decreased 

with increasing LA. Anet dropped from 1.14 ± 0.43 µmol m-2 s-1 at LA = 0.02 ± 0.01 m2 (n=6) to 

0.81 ± 0.33 µmol m-2 s-1 at LA = 0.08 ± 0.01  m2  (n=6), leading to a ratio of 1.75 between flux 

value with lowest and highest LA (Fig.5 a). Similarly, E decreased from 0.47 ± 0.29 mmol m-2 s-

1 at LA = 0.02 ± 0.01 m2 (n=4) to 0.26 ± 0.03 mmol m-2 s-1  at LA = 0.08 ± 0.01  m2  (n=4), leading 

to a ratio of 1.6 (Fig. 5b). The ELAf  was calculated separately for Anet and E based on their 

specific ratio between flux rates at the lowest to rates at the highest leaf area inside the chamber. 

The ratios obtained from the experiment were used to correct the leaf area proportionally to the 

decrease in fluxes due to mutual shading, and thus TLSA for Anet calculation was multiplied by 

0.25 and for E calculation by 0.4. Note that this approach assumes constant correction factors (see 

Discussion).   

 

Figure 5. Flux based leaf area correction: a) Average Anet vs binned leaf area (LA) for lit (orange points) and 

shaded (red points) chambers. b) Average E vs. binned leaf area (LA) for lit (light blue points) and shaded (blue 

points) chambers. Presented are averages for all dates of measurements, which included values from chambers 5, 

2, 3 and 6 (irrigated plot). Different letters indicate statistical difference between LA classes separately for each 

variable (Anet and E) and sample group (lit and shade),(Tukey HSD test, p < 0.05). 
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4.1.4 Comparison of WUE of the two correction method   

To check the robustness of our effective leaf area corrections, we checked the relationships 

between the rates of carbon assimilation, Anet, and evapotranspiration, E, obtained after applying 

the two corrections. The slopes of these relationships (3.16 and 3.54 for ELAp and ELAf, 

respectively; Fig. 6), representing instantaneous branch water use efficiency (WUE). The WUE 

values of the two correction methods were compared with published WUE values, and showed 

good agreement at similar environmental conditions of high SWC and low VPD (~3.3; (Grünzweig 

et al., 2003).  

 

4.1.5 Leaf chamber gas exchange    

In order to use the Li-cor 6400 as a benchmark for comparison with the values obtained from the 

branch chambers, we first compared two measurement methods that are routinely used with the 

Li-cor 6400 cuvette. The first approach uses a fully covered cuvette (20-26 needles covering the 

chamber area of 6 cm2), and the second, use a half-covered cuvette (12 needles covering ~ 3 cm2). 

Leaf area-based rates of Anet were higher by 28.5% for the irrigated plot and by 31.5% for the 

control plot when using the half-covered as compared to the fully covered cuvette (Fig. 7). The 

Figure 6.linear correlation between Anet and E (WUE).  a) Image Based Leaf Area (IBLA) correction and b) 

Flux Base Leaf Area (FBLA) correction along the PPFD range from 0-1750 µmol  𝑚−2 𝑠−1. Data includes all 

values used to create the light response curves for Anet and E (Fig.s11). 
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average difference of both plots was 30%, and this value was used henceforth when rates from the 

two approaches were compared. The relatively large difference in the rates obtained by the two 

approaches is likely due to increased light reflectance from the bright chamber wall onto the lower 

side of the leaves in the half-covered cuvette. The significant difference of 30% between the 

measurement methods indicated an artifact created by the measurement method of a half-full 

cuvette.  As noted in Methods 3.6.4, the Li-cor 6400 was the benchmark to which we compare the 

flux values obtained from the branch chambers, therefore we used only the corrected values of the 

Li-cor 6400 for further comparisons. Note that the environmental conditions maintained constant 

within the leaf cuvette throughout the campaign(Table s3).  

 

 

 

 

p-value annotation legend
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ns: 5.00e-02 < p <= 1.00e

+00 
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Figure 7. LI-COR 6400 comparison of Anet between full to half full chamber: in the X axis is the two different categories 

of 3 cm2 (half chamber) and 6 cm2 (full chamber), in the Y axis is the Anet rate measured for each plot (control in green 

and irrigation in blue) and category. Values are from one day campaign in January 2021 and from 2 trees, one from each 

plot. Each value is average ±stdv of all measurement for a given tree and category (n=6). Asterisks indicate significant 

differences between different categories (t-test for independent pairs, P-values annotation is given in the low right corner of 

the figure). 
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4.1.6 Validation of the leaf area correction methods 

In order to assess whether the leaf area correction methods (ELAp and ELAf) resulted in 

comparable flux values with our benchmark, the Li-cor 6400, we compared the values obtained by 

the two methods at times when the environmental conditions were comparable (see environmental 

condition comparison in Table s2). Mean Anet obtained using either LA correction was not 

significantly different from the corrected  Li-cor 6400 values, irrespective of measurement months 

and plot (Fig.8 a, c and e). E rates obtained using either correction were significantly lower than 

those of the  Li-cor 6400 for both plots in September, but not in October (Fig.8 b, d, and f). When 

comparing the values of the two LA correction methods, ELAp and ELAf, no significant difference 

was observed for Anet and E in the control and irrigated plots. Despite the similarity of Anet and 

E obtained by the two correction methods, it is evident that the values based on the ELAp correction 

were slightly higher than those based on ELAf, with a difference of 9.6% for Anet and 20.0% for 

E (Fig. s16). In addition, the ELAp correction is based on the measured leaf area, as opposed to 

ELAf  that was based on a constant correction factor. Considering these results, we subsequently 

used the ELAp values in all further flux calculations.  
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Figure 8. Flux values comparison between methods. Photosynthesis (Anet) and Transpiration (E) calculated with 

ELAp (IBLA_2D correction) and ELAf (FBLA correction) compared with LI-COR 6400 values. Comparison was done 

for both the irrigated (Fig.8 (a) and (b)) and the control plot (Fig.8 (c), (d), (c) and (f)) for September (Fig.8 (a), (b), 

(c) and (d)) and October (Fig.8 (e) and (f)). The values from the branch chambers were filtered to fit the range of 

temperature and VPD of the LI-COR 6400 measurement campaign of the same month. For each subplot, different 

letters indicate statistical difference between sample groups (LSMeans Differences Tukey HSD test, p < 0.05). 
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4. 2 Stress period and environmental conditions  

To quantify the stress period we used the length of the minimal activity period (MAP) based on 

the time difference between the day of stress start and the day of relief (see methods, eq.13). This 

parameter is based on the activity level of the different LGE variables during the ‘low activity 

period’ of the four years of measurements. In this section, we report the environmental conditions 

(SWC and VPD) during the four years and their relations with the MAP length.  

MAP varied between LGE variables and between years, and thus it is annual and variable-specific 

(Fig. 9). MAP was quite similar for Anet and gb during the three years of available data, with a 

difference in MAP between the two variables averaging 5%. MAP was the longest in 2019 (46% 

of the entire year) and the shortest in 2017 (Fig. 9a and b). 

MAP of E showed a different pattern from those of Anet and gb. For E 2019 was also the year 

with the longest MAP, but it lasted for 68.5% of the days of the year. MAP of E was the shortest 

in 2020 rather than in 2017 as for Anet and gb MAP (Fig. 9c). For all three years, MAP of E was 

longer than MAP of Anet and gb, and the most prominent difference was observed in 2017 when 

the  MAP of E was 68% higher than the average MAP of Anet and gb.  

 

Figure 9. minimal activity period (MAP) of: a) photosynthesis (Anet) in yellow, b) bleu Branch conductance (gb) 

in green and c) Transpiration (E) in for three years of the experiment. Values of minimal activity period are based 

on the season start and end date from the season detection script.  2018 data is not shown due to lack of VPD data 

at the recovery time period. 
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After obtaining the MAP of the different LGE variables we examined its relationships with the 

annual cycle of SWC and VPD (Fig.10 a and b). Four years of measurements of volumetric soil 

water content (SWC) in native conditions (control plot) showed a typical pattern for the Yatir 

forest, with a peak of high SWC in the wet season, reaching up to ~33%, and a long dry season 

with low SWC in summer, decreasing to ~11% (Fig. 10b). In all four years, SWC decreased in late 

spring when the amount of rain decreased simultaneously with an increase in VPD (Fig. 10b and 

a). SWC increased in late autumn/early winter with the renewal of rains and the decrease in VPD. 

The winters of 2017-2019 were relatively dry, with 247, 168, and 224 mm, respectively, compared 

with the long-term average of 279 ± 90 yr -1. However, the 2019-20 winter was a rare wet one, 

with annual precipitation of 416 mm. Consequently, the duration of ‘dry season’ (SWC<tSWC) 

ranged from 218 days in 2020 to 242 and 261 in 2017 and 2018 respectively, and 298 in 2019 (Fig. 

10b).   

The correlation of the MAP with the dry season length varied between the different LGE variables. 

We can see that MAP of Anet and gb was shorter than the dry season length (the period that the 

SWC is below the black line for each year; Fig. 10b) as calculated from SWC values for all three 

years, and the difference between the two was the largest in 2017 reaching 151 days. The MAP of 

E however was well correlated with the dry season length for 2017 and 2019, with a total difference 

of 11 and 8 days respectively. In 2020, the difference was larger with a total of 65 days which was 

attributed solely to the gap at the start of the dry season (Fig.10b). 

The VPD record for the study period showed a similar but opposite trend to that of SWC. VPD 

was low in winter, with minimum values in January (1.8± 0.07 kPa), and reached its peak in 

summer in July (4.2 ± 0.23 kPa) (Fig. 10a). In summer, maximum VPD might reach extreme values 

of ~12 kPa. The number of days with summer maximal VPD level (see methods 3.7.1; black 

vertical lines in Fig 10a) ranged between 119 days in 2017 and 171 days in both 2019 and 2020.  

Similar to the case of SWC, the correlation of the MAP to the maximal VPD period varied between 

the different variables of the LGE. MAP of E was not correlated with the maximal VPD period. In 

2017 and 2019, MAP was longer by 115 and 79 days, respectively, than MAP of E, and in 2020, 

MAP of E was shorter by 28 days and showed only a partial temporal overlap. In contrast to E, 

MAP of Anet and gb were better correlated with the maximal VPD period in 2017 and 2019, with 

total differences of 24 and 15 days, respectively. MAP of Anet and gb in 2020 showed a greater 
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difference and was shorter by 57 days but was within the time of the maximal VPD period. For all 

three years, the difference between the MAP of Anet and that of gb was attributed mostly to the 

gap at the start of the maximal VPD period (Fig.10a). In addition, in all years with available dry 

season length and maximal VPD period, the dry season was longer. MAP of Anet and gb appeared 

to be shorter than that of E and had better temporal overlap with maximal VPD period rather than 

with the dry season length. On the contrary, the MAP of E showed a higher temporal correlation 

with the dry season length (Fig. 10a and b). 

Figure 10. Seasonal cycle of: a) average day-time Vapor Pressure Deficit (VPD; kPa) during the study period and b) Daily 

average soil water content (SWC; %). For subplot a, black vertical lines represent the VPD stress period start and end 

for each year. 2018 data are not shown due to lack of data at the recovery time period. For subplot b, black horizontal 

line represent the transpirable soil water content (tSWC) limit. For both subplots the change in the color of the line 

represents the change of years, the horizontal green, orange and blue lines represent the minimum activity period length 

of gb, Anet and E respectively. 
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The interannual variability of rainfall timing and distribution might significantly affect both the 

SWC level during the wet season and its length. Two years of rain distribution, SWC, and PET 

measurements were used to demonstrate this effect. In Fig.11 we compare two years with similar 

total annual precipitation (24 mm difference) and similar monthly average PET. The first year 

(2016-17; Fig.11 a) with a long wet season (when SWC > tSWC), and the second year (2018-19; 

Fig.11 b) with a short wet season. The main differences between the two years were the timing of 

rainfall, the number of rainy months, and the size of the average rain events in those months. While 

in 2016-17 rainfall events were mainly concentrated in three months with large rainfall events, in 

2018-19 however, rainfall events were spread over five months with smaller rainfall events. In 

addition, most of the rain in 2016-17 precipitated in the months with the lowest PET(December-

February) while in 2018-19 a significant portion of the rain precipitated in the months with 

relatively high PET (October, November, and March). Those differences resulted in a longer wet 

season and higher SWC level in 2016-17, despite the similar annual P, 2016-17 wet season was 

56 days longer, and the average SWC of the wettest month was 12% higher comparing to 2018-

19.  

Figure 11. Monthly dynamics of rain (green), potential evapotranspiratiob (PET in orange)  and  soil water content 

(SWC in blue) of: a) 2016-17 winter untill 2017 summer and b) 2018-19 winter untill 2019 summer. Dark green bars 

represent the montly sum of rains and light green bars represent the average rain event size ± stdev per month, note 

that months with only a light green bar  represent a month with single rain event. Orange points reprisent the average 

potential evapotranspiration (PET) for each month based on daily averages from Yatir fluxnet station. Blue points 

reprisent the monthly average soil water content (SWC) of the upper 40cm  for the two periods based on daily averages 

± stdev per month. Note that in 2016-17 PET recored started in December2016  and SWC record started uin January 

2017. 
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4.3 Recovery parameters, peak activity and WUE 

4.3.1 Leaf gas exchange recovery time and rate 

The annual patterns of Anet, E, and gb were consistent with the patterns of the environmental 

conditions across the study period (compare results in Fig. 12 with Fig. 10a and b). Branch gas 

exchange peaked in late winter to early spring, and decreased when SWC decreased and VPD 

increased in the late spring and remained low up to the point of recovery in the late autumn to early 

winter (Fig. 12).  

The relationship between the seasonality of the stress factors (SWC, VPD) and LGE components 

was reflected in the ‘recovery time’ (Rt, see Methods 3.10), the time between relief of the 

environmental stressor and the restoration of plant activity. Comparison between the Rt of the 

different variables shows that the average Rt for E was the shortest and the most uniform between 

the different years, ranging between 0-2 days (Fig. 12c). Anet and gb recovery times (Rt) were 

quite similar to each other when Rt of gb was one or two days longer than Rt of Anet. The average 

Rt of Anet and gb was longer and less uniform compared to Rt of E, ranging from 1 to 11 days 

(Fig. 12a and b) 

Another essential difference in recovery time between the variables is the timing at which it occurs. 

While Anet and gb recovered in early autumn, on average on DOY 286±25, E recovered only in 

the beginning of the winter, on average on DOY 360±13 (Fig 12). The significant difference of 74 

days on average can be attributed to the differential response of the various variables to the removal 

of the stressors. While Anet and gb recovery were closely linked to the VPD stress removal in 

early autumn (Fig. 12a, b), the timing of E recovery is strongly linked to the SWC stress removal, 

which occurs later, namely in the early winter (Fig. 12c). The time difference between Anet and E 

recovery resulted in high WUE during the recovery period. 
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Figure 12. Seasonal cycle and recovery time of leaf gas exchange (LGE): a) Rate of net photosynthetic CO2 assimilation (Anet),b) 

Branch conductance to water vapor (gb) and c) Rate of evapotranspiration (E) for the study period. For each panel, each color 

indicates an annual cycle. Full lines of different colors represent the start of the active season, the number next to each line denotes 

the time from stress removal to the start of the active season for the respective variable. Dashed blue lines show the day that average 

soil water content (SWC) was higher than the transpirable soil water content threshold (tSWC). Green dashed and dotted lines show 

the day that day-time average VPD was lower than the mean summer VPD  for the last time. For all LGE variables, day-time average 

values are presented. 2018-19 recovery time is not presented due to lack of data. 

C. 
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4.3.2 Yearly trend of WUE  

The annual pattern of instantaneous WUE (Anet/E; Fig. 13), shows that WUE was affected by the 

annual cycle of environmental stressors. WUE was high when SWC was high and VPD was low 

in the winter until the early spring (January to April). With the dehydration of the soil and increase 

in VPD in the late spring, and throughout summer (between May and September), WUE remains 

constant and at low values. When VPD dropped along with the first rains in the early autumn 

(October to December), Anet recovery begins ahead of the increase of E which started to recover 

only when the SWC exceeds the tSWC limit (Fig. 12), this results in an upward trend of WUE at 

the recovery period (October to December), reaching its maximum in December-January.  

4.3.3 Leaf gas exchange Recovery rate 

The ‘recovery rate’, Rr, was defined as the average rate of change per day in the period between 

the start of the active season until the start of the peak activity period (see Methods 3.9) and was 

determined for each LGE variable separately (only for 2018 and 2020 for which both the start of 

the active season and start of peak activity period). For both Anet and gb, Rr was higher in 2019-

20 than in 2017-18 by a factor of ~2 (Fig. 14a and b). No such difference in Rr was observed for 

E (Fig.14c). For the two recovery periods that were examined, the average Rr for E was markedly 

higher by 70% and 97% than Rr of Anet and gb, respectively. 

Figure 13. Monthly average (±STDEV) of water use effciency (WUE) for the four years of the study period 

(2017-2020). Values of WUE were calculated besed on day time averages of Anet, E and gb. 
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4.3.4 Leaf gas exchange peak activity and its duration 

The results reported above showed that the interannual variability in the environmental conditions 

results in interannual variations in the temporal patterns of LGE. Beyond the temporal aspects, this 

is associated also with variations in the average of peak activity rates (top 10% of the daily rates 

of different LGE variables during one year; Pr) and the duration of the peak activity ( the difference 

between the first day and the last day of the peak activity period (Pt); Fig. 15a, b, and c). Examining 

the peak activities of the different years showed that for Anet, the 2017 Pr and Pt (5.2 ±0.65 µmol 

m-2 s-1, 92 days, respectively) were greater than those of 2018 (4.0 ± 0.7 µmol m-2 s-1, 54 days) and 

2019 (4.6 ± 0.5 µmol m-2 s-1, missing Pt). Pr for Anet in 2020 was significantly higher than in the 

other years, but the Pt period was not longer (8.0 ±0.8 µmol m-2 s-1, 70 days) (Fig. 15 a and d).  

Interannual variation in gb was similar to that of Anet, with the 2017 values of Pr and Pt being 

higher (0.03 ± 0.004 mol m-2s-1, 62 days) than those of 2018 (0.02 ± 0.003 mol m-2s-1, 43 days), 

and 2019 (0.02 ± 0.004 mol m-2s-1, missing Pt). In 2020, the Pr of gb was significantly higher and 

Pt was longer than in the other years (0.04 ± 0.005 mol m-2s-1, 60 days) (Fig.15 b and e). 

The interannual variation in the seasonal Pr and Pt for E was different compared with Pr and Pt of 

Anet and gb. Both Pr and Pt of E were relatively similar in 2017 and 2018 (0.82±0.14 mmol m-2s-

1, 62 days, and 0.82±0.11 mmol m-2s-1, 52 days, respectively), which were higher, for Pr, than in 

Figure 14. Recovery rate (Rr) of: a) Photosynthesis (Anet), b) Transpiration (E) and c) Branch conducance (gb).  

Rr values are based on day-time averages for each variable from the season “start” to the “peak activity start”. 

Number above each bar represents the value of Rr for a given year and variable. 2017 Rr is not shown since we 

started the measurement after the recovery period of 2016-17 and 2019-20 Rr is not shown due to lack of data at 

the recovery period. 
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2019 (0.54 ± 0.08 mmol m-2s-1, missing Pt). In 2020, Pr of E was considerably higher than in the 

other years but Pt was shorter (1.7 ± 0.16 mmol m-2s-1, 47 days) (Fig.15 c and f).     

The peak of activity of all LGE variables in the years 2017-2019 occurred at a similar time between 

the end of January and the end of March (DOY 30-90), while in 2020, the peak of activity was 

shifted to between the end of March and the beginning of May(DOY 90-130) (Fig.15 a, b and c). 
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Figure 15 Peak activities timing (Pt) and rates (Pr) of leaf gas exchange (LGE): a) Rate of net Photosynthetic assimilation 

(Anet),b) Branch conductance to water vapor (gb) and c) Rate of Evaptranspiration (E)  for the peak activity of the different 

years during the study period. For each subplot (a, b and c) the change of color match the change of year from 2017-2020. 

Points of different colors represent the days included in the peak activity period for each year, each point is a day-time 

average. Subplots d, e and f variables correspond with a, b and c subplots, showing the average ± SD of the 90 th percentile 

for each year of each variable. For each panel (d, e and f), different letters represent statistical differences between sample 

groups (One-Way Repeated-Measures, LSMeans Differences Tukey HSD test, p < 0.05). 2019 peak length is not reported 

due to lack of data at the peak period 
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4.3.5 WUE during the peak period  

 The peak activity in the different years occurred under different environmental conditions 

(Fig.s21). The different environmental conditions resulted in a differential change in the rate of 

Anet and E (Fig. 15). The resulting WUE (Anet/E) during the peak activity period in the different 

years ranged from 4 ± 1.1 (µmolCO2·mmolH2O
-1) in 2020 to 4.7 ± 1.3 and 5.8 ± 1.4 in 2018 and 

2017, respectively, and up to 8.1±1.6 in 2019. Comparing Anet and E rates between the year with 

the highest and the year with the lowest WUE showed that in 2020, Anet was ~2 times and E was 

~3 times higher than in 2019. The difrential change between E and Anet from the dryest to the 

wettest year led to the decrease in WUE during peak activity. 

  

To understand the cause of the differential change of the various LGE components, we examined 

the effect of the three most influential environmental factors (T, VPD, and SWC) on the WUE 

during the peak activity of the different years. The relationships depicted in Fig. 17 a and b indicate 

that the decrease in the WUE during peak activity can be explained by VPD and T. The average 

values of the WUE during the peak activity of the various years are arranged on curves a and b 

Figure 16. Average water use effciency (WUE) at the peak activity period of the four years of the experiment (2017-

2020). Values of WUE were calculated besed on day time averages of Anet and E during thw peak period. Different 

letters represent statistical differences between sample groups (LSMeans Differences Tukey HSD test, p < 0.05). 
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according to the order from the highest WUE (2019) to the lowest (2020), as shown in Fig.16. The 

non-linear nature of the relationship between VPD (or T, which physically correlates with VPD) 

and WUE is also consistent with the fact that a small change in VPD at the low values, which are 

typical to the ‘peak activity period’, result in a significant change in WUE, while at high VPD and 

temperature, plants become less responsive (Tatarinov et al., 2016). In contrast to the T and VPD, 

it appears that SWC has no significant effect on the WUE during peak activity (Fig 17. C). 

 

 

 

 

 

 

 

 

Figure 17. Water use efficiency (WUE) response to: a) Vapor pressure deficit (VPD), b) Temperature (T) and c) Soil water 

content (SWC) in the peak activity period. Black points are day-time averages WUE of all four study years. Solid lines are the 

best fit models and the dashed lines are the 95% confident interval. The vertical indicate the average VPD or T value of the 

different years, and the corresponding expected annual mean WUE value 
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4.4 Stress legacy effects on recovery  

In this section, we examined the relationships between the stress length (MAP), and the recovery 

indicators, i.e. recovery time (Rt), recovery rate (Rr), and the peak activity rate (Pr) (Fig. 18). Rt 

of all LGE variables correlated with MAP, as follows: Rt lengthened as the duration of MAP 

increased. For E, although differences between MAP levels were significant (18, 89, and 107 

days), the differences in Rt were relatively small (0-2 days). However, for Anet and gb, although 

the differences in MAP between years were smaller on average (35, 42, and 77 days), the 

differences in Rt were larger than for E, ranging between 1-10 days for Anet and 2-11days for gb 

(Fig. 18 a, d and g), thus better reflected the variations in MAP.  

The relationship between Rr and MAP was similar for Anet and gb, but different for E. Rr of E 

showed higher values but did not change with different MAP levels in 2017-18 and 2019-20. In 

contrast, Rr of Anet and gb were ~2 times larger in 2019-20 than in 2017-18, corresponding to ~2 

smaller MAP (Fig.18 b, e and h). 

Examining the relationships of peak activity rate (Pr) and MAP for the different LGE may indicate 

that the two indicators were not linked. For all three LGE variables, higher MAP values in 2019 

were followed by ~2 times higher peak activity in 2020 (Fig.18 c, f, and i). 
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Figure 18. Recovery parameter and peak activity for different MAP of: a-c) Photosynthesis (Anet), d-f) Branch 

conductance to water vapor (gb) and g-i) Evapotranspiration (E). Left sub-plots (a, d and g) shows the recovery time 

(Rt) of Anet (a), gb (d) and E (g) for three stress intensity (SI) periods of 2017-18, 2019-20 and 2020-21. The middle 

sub-plots shows the Average recovery rate (Rr) per day for Anet (b), gb (e) and E (h) for two SI periods of 2017-18, 

2019-20. Right sub-plots shows the peak activity rate (90th percentile; Pr) of the data for Anet (c), gb (f) and E (i) for 

two SI periods of 2017-18, 2019-20. For both recovery parameter and for the peak activity day time daily averages was 

used for the three leaf gas exchange variables. 2020-21 peak activity and recovery rate are not shown due to the fact 

that the data set ends in December 2020 before reaching the peak activity. 
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5. Discussion  

5.1 Effective leaf area quantification   

At the outset of this study, it became clear that for quantitative branch-scale studies, accurate 

effective leaf area quantification is critical. However, there was no standard and acceptable 

approach to measure or estimate the leaf area of a conifer in branch chambers. To address this, 

great efforts were invested in closing this gap. 

In this study, we examined first the needle area based on two approaches: 1) the absolute surface 

area of the needles (TLSA). 2) the projected area based on the unique geometry of the needles and 

fascicle (PLA_2D and PLA_1D). And second, we estimated the effective leaf area in the branch 

chamber and the self-shading effects by two different correction methods (ELAP and ELAF). See 

table.1 for LA calculations (1-3) and effective LA correction (4 and 5). 

For the LA calculations, we first estimated the total leaf surface area (TLSA; see Fig.s5), as well 

as the projected area based on the two needles (PLA_2D) or the single fascicle (PLA_1D; see 

Table.1 (1-3) for the LA calculation methods). Based on further analysis, we concluded that 

PLA_2D was the most relevant leaf area calculation method to use as an input for the ‘effective 

leaf area’ (ELAP) correction. The choice of PLA_2D was made in two steps, the elimination step 

and the validation step. The elimination of the PLA_1D was based on the fact that the ratio between 

the LA and was lower than one, suggesting that the LA was smaller than the shadow it casts  (Fig. 

4c), which is unreasonable, and therefore PLA_1D  was ignored. With the TLSA calculation, the 

ratio of LA to the IPLA was the highest, this difference between the TLSA to the shaded area is 

inherently high because the needles are not evenly lit from all directions at a given point in time, 

and therefore only part of their surface casts a shadow. This large difference between the shaded 

area and the lit area explains the low flux values obtained when using the total leaf surface area 

(Fig. s11). Due to the above issues, we used only the PLA_2D for estimates of the effective leaf 

area, for LGE calculations, and finally for comparisons with the Li-cor 6400 (Fig.8) for validation.  

The effective LA corrections focused on the complex leaf arrangements in the branch chamber, 

which imposed self-shading and reduced the ‘effective’ leaf area involved in CO2 uptake and 

evapotranspiration. In this part we examined two approaches: 1) the use of the ratio of the 

photographic image of the shade projected by the complex branch to the measured leaf area; 2) the 
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flux attenuation in response to an increasing number of twigs in the chamber. Based on these 

analyses, the photographic LA correction (ELAp) proved to be the best way to correct for effective 

leaf area. The flux attenuation analysis (ELAf) was used as a validation of this approach and 

showed a good correlation with ELAp (see Fig. s16). In order to work with a consistent method, 

we chose the ELAp correction since the correction is differential (according to the measured LA) 

and not constant as in the case of the ELAf  correction.  

Considering both points discussed above, the LA calculation method of  PLA_2D together with 

the ELAp correction method were adopted in this study. Flux values calculated with the adopted 

method were validated against leaf cuvette gas exchange measurements (e.g. Licor 6400 leaf 

cuvette system; after correction, see Fig. 7 and 8). The comparison between the Anet rate 

calculated using the leaf area based on the two corrections methods ( ELAp and ELAF) and that 

obtained from the leaf cuvette (corrected Li-cor 6400) showed no statistical difference (Fig. 8, a, 

c and e). For E, however, the corrected values of  E measured in the leaf cuvette were higher than 

E determined in the branch chambers (Fig. 8, b, and d). The fact that in two cases the corrected 

leaf-cuvette E did not match branch-chamber E might be related to temperature differences 

between the measurements of the different methods. For comparison, flux data under high PPFD 

(higher than the saturation point; see Fig.s15 b) were used. At the time of the year we conducted 

the comparison (November and October 2020), ambient PPFD was not at its annual maximum, 

and data of PPFD saturation from the branch chambers was not abundant.  Consequently, E values 

from the branch chambers were taken from a wider temperature and VPD range from those of the 

leaf cuvette and may have been measured at a lower temperature and VPD that affected E rate but 

not Anet rate.  

The range of values between the annual minimum (10th percentile)  to maximum (90th percentile) 

activity obtained from the different LGE variables using the ELAp correction were in agreement 

with ranges reported in previous studies obtained by LI-COR 6400 leaf cuvette measurements 

(Grünzweig, Lin, Rotenberg, Schwartz, & Yakir, 2003; Klein et al., 2016, 2013; Maseyk, 2006). 

The agreement between the corrected values from the branch chambers both in the saturated part 

of the Anet and E light response curves and in the range of activity rate from different years and 

different studies illustrates the robustness of the corrections. We propose that our extensive study 
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of the ‘effective’ leaf area in branch chamber studies should serve as a basis for a standard 

approach in this field. 

 

5. 2 Interactions of precipitation patterns, soil moisture, and stress period 

As shown by previous studies and the results of this work, LGE is strongly dependent on 

environmental conditions, such as SWC and VPD (Fig. 10). In dry ecosystems, this dependence is 

enhanced due to prolonged periods of low soil water availability combined with high VPD (dos 

Santos et al., 2013; Garonna et al., 2018; Marques et al., 2020; Thomas et al., 2009). An important 

aspect of these interactions is the compensating effect that large rain events and the timing of 

rainfall during low VPD periods have on the overall low precipitation amount. This compensatory 

effect can be manifested given that no runoff takes place and the large rainfall events saturate the 

soil rather than leave the ecosystem. Yatir Forest ecosystem meets this condition, and the 

compensating effect influences the amount of available water in the soil during the wet season and 

shortens the minimal activity period (MAP), which in turn might affect the trees’ survival in water-

limited environments (Cobb et al., 2017; Preisler, 2014; Raz-Yaseef, Yakir, Schiller, & Cohen, 

2012; Wang et al., 2020). 

The interactions of P, VPD, SWC, and the “compensation effects” in the present study are 

summarized in Fig. 11. The low SWC in the 2018-19 rainy season might be explained by two main 

factors. First, in the wet period of 2018-19, the rainfall was distributed over 29 rain events over six 

months (Fig 11b, dark green bars), when 47% of the annual precipitation was early in the wet 

season (October and November), and at the end of the wet season (March) when the potential 

evapotranspiration (PET), and consequently VPD, were high (Fig. 11b, orange points). Moreover, 

the only large rain event of the 2018-19 rainy season happened in November when PET was high 

(Fig. 11b), possibly reducing the water permeability to the ground due to high VPD that enhanced 

soil evaporation. Second, in the 2018-19 rainy season, both the amount of rain and the average rain 

event size were relatively small, compared with the same months in 2016-17 (Fig. 11a and b, light 

green bars), making the change in SWC less pronounced than in 2016-17 (Fig. 11b, blue points). 

In addition, in the 2018-19 rainy season, only one of the rain events was larger than 30 mm, a 

factor that was found to affect SWC in a previous study (Raz-Yaseef et al., 2012).  
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In contrast to the 2018-19 winter, the total rain amount of 2016-17 was distributed over 20 events, 

when 95% of the rainfall happened in three consecutive months with low VPD, from December to 

February (Fig. 11a). In addition, two of the 20 events were larger than 30 mm, with a total amount 

of 66 mm that made up 26% of the total rainfall. As shown in previous studies, the combination 

of high total rainfall with large rainfall events, at a time of low PET is the combination that leads 

to a significant impact on SWC at the root zone, and, in turn, beneficial impact on the trees’ 

physiological activity, as long as only a little rainwater is lost from the forest in the form of runoff.  

As discussed above, the compensating effect of the rainfall pattern might affect the ‘dry season’ 

length, and therefore the MAP. The shortening of the ‘dry season’ in turn, increases the ‘window 

of opportunity’ for carbon assimilation by the trees. As shown in Figures s17 and s18, and in 

previous studies, VPD effects on Anet and gb are subjected to the SWC status (Fernandes-Silva, 

López-Bernal, Ferreira, & Villalobos, 2016; Preisler, 2020). For example, when SWC is high, an 

increase in VPD under sufficient levels of PAR, positively affects Anet and gb, up to the threshold 

of ~3.4 kPa (see Fig. s17). On the other hand, when SWC is low, an increase in VPD limits Anet 

and gb already at low levels of VPD (~1.4 kPa). These indicate that the compensating effects 

discussed above might result in lower MAP for all LGE variables and positively affect tree 

physiological activity and growth. Consistent with our findings of this study,  both Raz-Yaseef et 

al., 2012 and Dorman et al., 2015 showed that the amount of large rain events (>30mm) has a 

significant impact on forest productivity. In addition, Assefa, 2019 showed that the distribution of 

large rain events determines the seasonal SWC  dynamics(Assefa, 2019; Dorman, Perevolotsky, 

Sarris, & Svoray, 2015; Raz-Yaseef et al., 2012).  

5.3 The onset of minimal activity period (MAP) in response to SWC and VPD 

The length of the stress period caused by low SWC or high VPD resulted in different MAP for the 

different LGE variables, indicating a different response to these environmental stressors. While 

MAP of E was correlated with the length of the dry period (SWC<tSWC), MAP of Anet and gb 

showed a stronger correlation with the length of the ‘maximal VPD period’ (Fig. 10). While the 

end of the environmental stress period and the activity restoration showed a high correlation, we 

observed some discrepancies between the start of the environmental stress period and the time of 

MAP start. 
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In the case of E, we observed divergence between the start of the dry period (SWC<tSWC) and 

the start of MAP, with the onset of the ‘dry season’ preceding that of MAP.  A significant offset 

of 65 days was observed in 2020, compared with 10 and 5 days in 2017 and 2019 respectively 

(Fig. 10b). In 2020, the amount of precipitation was particularly high, and it resulted in a significant 

increase in SWC down to 1 m depth. SWC at 1 m depth in relatively dry winters (2017-18 and 

2018-19) showed no significant increase. Data of SWC at 1 m in winter 2016-17 were not 

available, but the correlation between the annual rain sum to the change in SWC at 1m depth (see 

Fig. s19) indicated that there was probably no change in SWC at a depth of 1m that winter.  

The time offset of 2020 noted above seems to stem from our definition of tSWC, which is based 

on the retention curve done by Klein et.al 2014, who determined the tSWC limit for depths of 0-

60 cm. Setting the tSWC threshold considering the soil profile up to a depth of 1m could change 

its value, and hence also change the time point of the beginning of the ‘dry season’. When we 

examined the time difference between the start of MAP of E and the decrease of the SWC at 1m 

depth to pre-wetting values the observed offset was reduced from 65 to 9 days. Based on the 

discussion above, it seems that assessing the ‘dry season’ length should rely on tree water use 

beyond the main root zone, which is at the top 60 cm in the study site  (Klein et al., 2014; Preisler 

et al., 2019). 

In contrast to E, Anet and gb MAP showed a higher correlation to the ‘maximal VPD period’, 

rather than to the stress period determined by SWC. A significant difference was observed between 

the onset of the ‘maximal VPD period’ and the beginning of the MAP for both 2017 and 2020, 

with differences of 24 and 51 days respectively, but not for 2019 when the difference was only 9 

days.  

These results led us to suggest that the onset of the MAP reflects interactions between SWC and 

VPD in the following way: Once the ecosystem is within the ‘maximal VPD period’, the actual 

onset of the MAP is then dictated by the SWC reaching a low threshold. This conclusion is 

supported by the observations that SWC level at the time of the onset of the MAP of Anet and gb 

(at the ‘maximal VPD period’) was similar in the different years. It showed an average value of 

13.1 ± 0.13% in all cases. This finding is in agreement with Preisler, 2020, who showed that LGE 

remains at a high level under well-watered conditions, even at high VPD (Preisler, 2020). 
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5.4 Recovery from SWC and VPD stress of LGE parameters 

The relief from the stress period imposed by SWC or VPD is followed by the recovery of the 

different LGE variables. We found good temporal agreement between the stress removal and the 

restoration of LGE variables. Note, however, that Anet and gb responded to VPD stress relief, 

while E responded to SWC stress relief (Fig. 11 a, b, and c). 

As discussed above, the results of E response to SWC stress indicated the importance of 

considering SWC also below the main root zone depth (0-60 cm). Thus, when no change in SWC 

of the deeper layer (1 m in our case) is observed, the tSWC threshold in the main root zone acts as 

an on/off switch for transpiration at the start and end of the ‘dry season’. But a time lag can develop 

when SWC at depth increased (e.g. in very wet years such as 2020). These findings reinforce the 

findings of Klein et.al (2014) in most years, but with a caveat regarding exceptionally wet years. 

Comparing with E, the timing of recovery of Anet and gb were strongly linked with the end of the 

’maximal VPD period’, but not with the end of the dry season. Note also that the onset of the Anet 

and gb recovery always preceded that of E, despite high interannual variations. This resulted in a 

time lag between the onset of recovery of the different LGE variables. Such effects have been 

explained by different regulations of the different LGE components under varying water and VPD 

stress levels (Ye & Yu, 2008).  

An important consequence of the temporal offset in the recovery of Anet and E (end of September. 

And beginning of January, respectively) is the observed increase in water use efficiency (WUE) 

that reaches its maximum values in December-January (Fig. 13). Both the annual patterns and the 

values of WUE are in agreement with previously reported trends and values in three other 

evergreen, Mediterranean sites (Grünzweig et al., 2003; Reichstein et al., 2002).  

5.5 Possible interactions of recovery parameters and stress period length 

The results clearly showed that there is a time offset between the end of the environmental stress 

period (i.e. when SWC and VPD recover across a threshold; stress relieve), and the timing of the 

functional recovery (i.e. when the LGE variable exceed the ‘minimal activity period’ mean; 

activity restoration). The question that arises, therefore, is whether there is a link between the MAP 

and the length of the offset?   
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The results support such a link (Fig. 18a, d, and g), as initially hypothesized (see section 2.2). The 

recovery time (Rt) of all LGE variables showed a good correlation with MAP, i.e., the longer the 

MAP, the longer the difference between the time of ‘stress relief’ and the time of activity 

restoration (Fig.11a, d, and g). Note, however, the differences in Rt of E (relatively uniform and 

fast), and of Anet and gb (slow and highly variable; Fig.11). This was also demonstrated in many 

previous studies ( Ruehr et.al, 2019).  

According to Flexas et.al, (2006), when gb is lower than 0.05 mol m-2·s-1, which is a typical rate 

in the dry season in Yatir, the carboxylation capacity decreases and the leaves need to restore their 

carboxylation capacity after the stress relief  (Flexas, et al.,  2006). Energy for repairing the 

hydraulic and photosynthetic systems is also limited after long MAP due to depleted carbon 

reserves (Galiano, Martínez-Vilalta, & Lloret, 2011, Ruehr et.al, 2019). These findings might 

explain the longer Rt for Anet and gb after long MAP. 

Considering the recovery rate (Rr), and its correlation with antecedent  MAP, no clear link was 

observed (Fig.18b, e and h), consistent with previous reports (Schwalm et al., 2017). Furthermore, 

it seems that the Rr in different years is similar when considered within the rainy season. For 

example, the apparent Rr in 2017 and 2020 was different. However, the recovery occurred in late 

summer, before the onset of rains, while in 2020, it occurred after the onset of rains. If we consider 

Rr only after the onset of the rainy season, similar values are obtained. The main conclusion is 

therefore that while the onset of Anet and gb recovery is related to the VPD ‘stress relief’, but high 

Rr is attained only after the onset of rainfall and increase in SWC as demonstrated in a recent study 

by (Liu et al., 2020).    

Notably, while we focused on the ‘stress relieve’ associated with VPD, the temperature can also 

be an important factor. Previous studies have shown that the optimum temperature for Anet and 

stomatal conductance (gs) in C3 plants in general, and in Pinus halepensis, in particular, is ranging 

between 20-30°C and 18-28°C, respectively (Bonan, 2013; Sperlich, Chang, Peñuelas, & Sabaté, 

2019). Indeed, our measurements in 2017 showed that the decline of temperature below the 

limiting value of 30°C was correlated with a decline in VPD (Fig. s20), consequently, it was 

difficult to separate the effect of temperature and VPD on the increase of Anet and gb.  
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5.6 Interactions of post-stress peak rates and the stress period length 

As indicated by our results (Fig. 18.c, f and i), ‘peak activity’ (Pr) of the various LGE variables 

did not correlate with the MAP length. Our results demonstrate that the ‘peak activity’ levels of 

the different LGE components were not affected by antecedent stress levels or duration. Thus, it 

is suggested that long MAP did not result in a negative impact on the LGE in the next productive 

season, or a so-called negative ‘legacy effect’, These findings contradict studies in the field that 

have examined the effect of drought events on annual tree rings (Anderegg et al., 2015; Camarero 

et al., 2018). Note, however, that even when legacy effects can be observed in tree ring analysis, 

such as following the severe drought event in 2012 in a Midwestern US forest (~10% reduction in 

tree-ring width increment in the following year), it was not observed when examining LGE 

(Kannenberg et al., 2019). The differential effect of drought on tree rings and gas exchange 

demonstrates that growth is more, and earlier restricted than Anet as shown previously by Muller 

et., al 2011 (B. Muller et al., 2011). 

Our results further indicate that the ‘peak activity’ levels of the various LGE components were 

closely linked with the concurrent environmental conditions (unlike the analysis of MAP). The 

interannual variability in environmental conditions during the subsequent ‘peak activity period’, 

resulted in variability in both the rate and timing of this period (Fig. 15). However, this response 

can take different forms, in case the timing of the rainy season is different, or when the conditions 

during a similar rainy season vary.   

For the first case, we see that for all LGE variables, the post-stress ‘peak activity’ of 2020 was 

later than in the other years due to the long rainy season (195 days compared with 130±23 days in 

2017-2019). This helps keep the SWC in 2020 high until late in the following spring-early summer 

period. As shown by Wang et al., (2020), the length of the ‘peak activity’ in the Yatir forest, is 

defined by the combined effects of decreasing SWC and increasing temperature and radiation in 

spring. In 2017-2019, SWC imposed a ‘peak activity period’ in sub-optimal radiation and 

temperature conditions. In 2020, however, the long wet period allowed optimal conditions of 

SWC, radiation, and temperature to co-occur, accompanied also by high VPD values (Fig. s21 a 

and b). This unusual combination of environmental conditions resulted in later and higher LGE 

‘peak activity’ than in the other years.  
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In the second case, as can be seen in Fig.15, the ‘peak activity’ of the different LGE variables in 

the years 2017, 2018 and 2019 showed different rates in the different years even though the time 

in the year was quite similar (between DOY 36 and DOY 98). As stated above, during the ‘peak 

activity’ of the different years the values of T and VPD varied considerably (Fig. s21 a and b), 

resulting in different ‘peak activity’ levels in the different years and LGE variables. 

5.7 WUE reflects differential environmental effects on the different LGE components 

Previous studies that were done in the Yatir forest had shown that different combinations of SWC, 

leaf Ψw, and VPD may result in decoupling between water and carbon fluxes, and therefore affect 

the water use efficiency (Maseyk, 2006; Maseyk, Hemming, Angert, Leavitt, & Yakir, 2011). For 

example, drier conditions and lower VPD resulted in higher WUE. As expected, in the present 

study too, the change in the SWC and VPD conditions led to a differential change in Anet and E 

during the ‘peak activity period’ (Fig. 15), and consequently to a significant difference in WUE 

between years, as shown in Fig. 16 and 17.  

The results provided two contrasting examples of this. The first case is the comparison of ‘peak 

activity’ between 2017 and 2018, with similar SWC, but different VPD (Fig. s21). In this case, 

2017 ‘peak activity’ showed higher Anet but similar E compared with that of 2018, resulting in 

higher WUE in 2017 (see Fig.15 and 16). As demonstrated before, when SWC is high, an increase 

in VPD causes a decrease in gb and Anet but has little effect on E (Tatarinov et al., 2016; Preisler, 

2020; McAdam and Brodribb, 2015; Novick et al., 2016). The lower VPD at the ‘peak activity’ 

period of 2017 resulted in higher gb compared with 2018, and thus the Anet in 2017 was also 

higher. 

The second case, contrast, 2019 and 2018 with similar Anet while the rate of E was significantly 

lower in 2019. In 2019, lower SWC resulting in lower leaf water potential (Fig. s22), combined 

with lower VPD resulted in lower E. This did not have significant effects on Anet and therefore 

supported higher WUE in that year. This observation is supported by the results of Tatarinov et.al 

(2015) that showed that changes in CO2 flux can be expected only when gb decreases due to 

increasing VPD, under high SWC conditions.  The E response noted above is also consistent with 

the work of  Vesala et al., 2017 showing that E is proportional to the gradient between the water 

vapor concentration in the sub-stomatal cavity, and water vapor concentration in the ambient air 
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(i.e, VPD) which reflects in Ψw (Mielke et al., 2000; Vesala et al., 2017). In the case of the ‘peak 

activity period’ of 2019 the low Ψw and VPD reduced the driving force for E.  

Finally, it is important to note that despite the apparent contrasting behavior between the years 

discussed above, the changes in WUE across years are systematic and must reflect a similar 

physiological response, as shown in Fig. 17. 

The discussion above seems to indicate that changes in WUE values can be explained by the 

consistent but differential effects of the environmental factors at the ‘peak activity period’ on the 

individual LGE components, gb and Anet, on the one hand, and E, on the other hand. 

5.8 Conclusions 

 We utilized a long-term dataset, obtained from our automatic branch chambers gas exchange 

measurement system to study the effect of the length of environmental stressors on the recovery 

and post-stress activity of Pinus halepensis at the dry edge of the Mediterranean climate.  

 

 We obtained accurate quantitative data of branch-level water and carbon fluxes using a new 

methodology for effective leaf area quantification. The flux rates calculated using the effective 

leaf area were compared to our standard, the Li-cor 6400, and showed that our method is robust. 

The different variables of the leaf gas exchange (LGE) were the parameters by which we assessed 

the activity level of the trees under changing environmental conditions.  

 

 We developed a new framework to assess the effect of the two main environmental stressors in 

dry and hot ecosystems, i.e high VPD and low SWC, on the recovery and post-stress activity of 

different LGE variables. Our results demonstrate that different variables of the LGE respond 

differently to different environmental stressors. While E seasonal cycle was strongly linked with 

the SWC level, the annual cycles of Anet and gb were more linked with the VPD level. We further 

demonstrate that although gb and Anet were closely linked with the VPD level, their increase under 

decreasing VPD is limited under low SWC conditions.  

 

 We also found evidence that the length of the minimal activity period imposed by environmental 

stress does affect the recovery time (the time between stress relief and activity restoration), But 
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not on the recovery rate or post-stress activity that were more affected by the environmental 

conditions prevailing at the time. 

 

 These results suggest that the prolonged dry season expected in the future may cause the 

productive season to shorten but does not pose a threat to forests in a semi-desert environment, 

provided that the SWC and temperatures during the productive season will remain optimal. In 

addition, the projected decrease in precipitation might be compensated by a change in their pattern, 

when in an arid environment where there is no runoff the vegetation can benefit from large rainfall 

events concentrated in the cold months of winter. 
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7. Supplementary information  

 

Pictures of the branch chambers 

 

Schematic diagram of the experimental chamber setup 

 

 

 

 

 

 

 

 

 

Figure s1.  Pictures of the branch chamber located in the mid-canopy, at ~6 m height (left) and a close look at the 

branch chamber (right). 
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Table s1. List of output variables from the branch chamber system 

 

Figure s2. Experimental setup illustration showing the two plots in the right bottom corner, the profile soil humidity 

sensor at the middle, sap flow and dendrometer on the tree stems (data not shown in this study) and the branch 

chamber located on the tree. On the upper right corner, a focused illustration of the branch chamber components 

including TC, fan and PAR sensor (actually located outside of the chamber). 

Schematic diagram of the branch chamber setup 

 

 List of variables   

 

variable units variable units 

TIMESTAMP “yy:mm:dd:hh:ss” Co2_Flux µmol*m-2* s-1 

H2o_840 mmol*mol-1 PAR_chamber µmol*m-2* s-1 

Co2_840 µmol* mol-1 AirFlow_Sample LPM 

H2o_7000 mmol*mol-1 AirFlow_ ambient LPM 

Figure s3. Diagram of the gas exchange branch chambers setup. Note that for simplification the setup is 

shown for one sample chambers, but was extended to 14 chambers of both plots. The air flows from the 

measuring chamber trough the filter, pump, buffer tube, flow meter, flow controller and finally in to the 

measurement cell inside the IRGA (either the Li-840A or the Li-700 –cell A/B) .The direction of the airflow 

is indicated by the small arrows. 
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Co2_7000 µmol* mol-1 Ambient_RH % 

Temp_840 °C Ambient_TempAir °C 

Temp_7000 °C Tc(1:16) °C 

Prees_7000 Pa PAR_ambient µmol*m-2* s-1 

H2o_Flux mmol*m-2* s-1 ChamberON No. 

Counter seconds VPD_Ambient/chamber KPa 

 

Branch chambers flushing time  

To make sure that the flushing time is sufficient we made sure the delta concentration in each 

measurement reaches steady state. After checking the time it takes to reach steady state in different 

environmental conditions (high RH, high/ low activity, etc.) a clear flushing time of 210 seconds 

was determined. The data used for the final calculation is the average of the last 30 

Figure s4. Example of flushing times from all the different chambers at the 22 of February 2018. In the Y axis is the ∆H2O (mmo l*  mol-

1) for the uper panel and ∆CO2 (μmol * mol-1) for the lower one. The X axis is time in seconds divaided to 240 seconds sections by the gray 

horizontal lines. The red horizontal lines represents the last 30 seconds of each chamber measurement. The numbers at the top of each 

measurement section reprisent the chamber numbe. 

Time (seconds) 
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Figure s5. Visual description of needle surface area. The black lines represent the surfaces that we take in 

account for the leaf area surface calculation. The formula in each of the drawings represent their part in the 

general equation. Whene r is average needle radius (m), l is average length of needle in cuvette (m), n is number 

of needles in the fascicle and N is the number of fasicles. 

 

Total leaf area surface calculation  

Surface area (m2)   = ((2*π*r*l + 2*n*r*l))*(𝑁) 

  

 

 

Experimental setup for PPFD redaction by LA 

2*π*r*l  2*n*r*l 

S 

Figure s6. Experimental setup for PPFD redaction by LA. 2 PAR sensors were used, one inside at the bottom of 

the chamber and one is outside next to the chamber. 3 twigs are inside the chamber, shading the PAR sensor at the 

bottom of the chamber.  
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Measurement of both sensors out of the chamber   

 

Photos perspective correction  

 

 

 

 

 

 

 

 

 

p-value: 

ns: 5.00e-02 < p <= 1.0

0e 

Figure s7. Incoming PPFD of the two sensors used for the experiment. The results shown are for the two sensors 

outside the chamber.  X axis is the different sensors and Y axis is PAR. Value shown are the average±stdv of 5 

measurement of both sensors, each measurement is the average of one minute. The two sensors showed no statistically 

significant difference.  Significant difference given * (ANOVA, t-test P ≤ 0.05). 

Figure s8. Image correction for image based leaf area correction. The shade casted by the four twigs as 

they arranged in the chamber before (left) and after (right) the image correction.  
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Photos after object detection 

 

 

 

 

 

 

 

 

Effective leaf area from image based correction 

Effective leaf area obtained by image based correction (ELAp) when using different leaf area 

quantification methods. Fig s10 shows the correlation between ELAp of TLSA and projected_2D. 

 

 

 

 

 

 

 

 

 

 

 

Figure s9. Twigs shade pixel classification. X & Y axis denotes the length of axis in pixels. The color 

bar shows the numeric classification by color. Data is calculated from the last pixels line containing 

blue pixels of the measuring tape. 

Figure s10. Correlation between image based leaf area ( ELAp )  calculated based on both   

TLSA (X axus) and projected_2D (Y axis). 
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Table S2. Environmental conditions difference between full and half chamber in li-cor 6400  

 

Environmental variables for li-cor 6400 campaign  

Environmental variables comparison between full to half chamber measurements for li-cor 6400 

campaign.  Significant treatment effects are given (ANOVA, t-test P ≤ 0.05). 

 

 

 

Light response curve  

Anet and E response to PPFD with different LA calculations to our benchmark, LI-COR6400 

(corrected and not corrected) (Fig. s11). Comparison to the LI-COR 6400 was done only for Anet 

since Temperature, RH and therefore VPD were constant throughout the measurement so no 

significant change in E was observed. Anet values from the branch chambers calculated with 

different LA quantification methods showed that maximal rate (Anetmax) was the highest and most 

similar to the corrected values of the LI-COR 6400 when using the ELAp (IBLA) correction or the 

ELAf (FBLA) correction (Fig. s11 a). Slope () was also highest and show similar results to the 

corrected values of the LI-COR 6400 when using the ELA of the two methods (Table ; Fig. s11). 

Variable n Mean difference Std dev P-value 

     

     

Temp. difference 12 1 0.01 P<0.05 

VPD difference 12 0.983 0.08 P<0.05 

PAR difference 12 0.99 0.0009 P<0.05 
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PAR sensor calibration setup (in vs. outside the chamber)  

 

Figure s12.Calibration setup for the PAR sensors 

Figure. s11 Light response curve of: a) Photosynthesis (Anet) and b) Transpiration (E) vs. Photosynthetic Photon Flux Density (PPFD) calculated 

based on different LA corrections. Image based corrected LA(IBLA_2D;Blue ), flux based corrected projected Leaf Area (FBLA; Orange) , li-cor 

6400(Red), li-cor 6400 corrected (Light blue) , Total LA (TLA; Dark red), and  Projected LA (PLA_2D; green). Branch chambers data includes 

values from all chamber in the irrigated plot (n=6) from September to November 2020 data was filtered to match the conditions of LI-COR 6400 

measurements in terms of Temperature and VPD range. LI-COR 6400 values are the average of two campaign days in September and October 

also from the irrigated plot. The table summarizes the parameters and statistics of the J model for both Anet and E. First column for each variable 

is the maximal activity rate, second column () is the response rate (slope of linear part) and finally two last columns are the sample size (n) and 

the root mean square error which represent the error of the model.  
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Calibration curve (in vs. outside the chamber) 

We found that PPFD measured outside of the chamber is higher by ~13%.  This value is used in 

the analysis script to correct the PPFD values we are measuring outside of the chamber. 

 

Environmental variables (PAR and VPD) - twigs removal experiment  

VPD and PAR maximum difference and range within a chambers measurement were use to filter 

out bad data. No measurement exceeded the VPD threshold. PAR values were filtered from 

measurement where delta was higher than the threshold and range was lower from its threshold. 

The last column denotes how many good measurement we had for each chamber each day. 

 

Figure s13. PAR sensor Calibration between outside the chamber (X axis) and in the chamber (Y axis). Data for 

calibration is from the 10’s to the 13’s 0f July 2020. Each point in the graph is one minute average from both sensors.  
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Residual comparison for  determination  

We compared the average residual value of each variable for the four years of measurements in 

order to quantify how noisy is the data comparing to the least noisy data set (Anet, average residual 

=5%). The average residual for the four years of branch conductance (gb) was almost the same as 

for the Anet (4.7%) while for the Transpiration (E) it was higher (7.1%). Ther for we didn’t change 

 for season detection for the gb but we did change it for E detection (=4).  

Figure s14. Example of the fitted model by variable for 2020. E (Flux h2o(mmol·m-2·s-1), right panel), Anet ((µmol·m-2·s-1, central 

panel) and gb (mol·m-2·s-1,left panel)- all in Y axis  by the hydrological day of year(Hdoy)  in the X axis. Blue points denotes daily 

averages and red lines represent the fitted modeled curve. All models were significant (p-value <0.05). Above each figure is the 

model equation and r2. 

Table s3. Environmental variables in the twigs removal experiment.  
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Light saturation detection of E and Anet   

Light response curves for both Anet and E from the branch chambers. Using curve_expert 

software, the best fit line was created for each data set. The point of PPFD saturation was 

determined as a point where the derivative of the fitted line is less than 0.01 for  Anet and below 

0.001 for E.  

 

Table s4. Models ditales and statistics 

Figure s15. Light response curves for: a) photosynthesis (Anet) and b) transpiration (E): for both panel a and b the X axis shows the 

incoming Photosynthetic Photon Flux Density (PPFD) in the chamber and the red dashed line shows the saturation limit ( f’(X) < 0.001). 

The points for the two panels shows the measured values while the lines sows the best fit for the two data sets. Data for both panels is from 

September to November 2020 from all chambers of irrigated plot (n=6). 
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Comparison of Anet and E for the two correction methods (IBLA_2D and FBLA) 

 

Gas exchange response to VPD (SWC  > tSWC)  

We found that when SWC is high transpiration (E) does not decrease in response to VPD increase 

in appose to Photosynthesis (Anet) and branch conductiance (gb) that do decrease at ~3.4 KPa.  

The decrease was considered as 10% or more change from the maximum. 

Figure s16. Correlation between Image Based Leaf Area (IBLA_2D) correction and Flux Based Leaf Area (FBLA) correction 

for: a) Anet and b)E. 2D represent two needles per facile (2 diameters) as the projected area. Data is from all chamber (n=6) of 

the irrigated plot between September to November 2020.  

Figure s17. VPD response of leaf gas exchange: E (FW(mmol·m-2·s-1), left panel), Anet (Fc(µmol·m-2·s-1), central panel) and gb 

(mol·m-2·s-1,right panel)- all in Y axis  in response to binned VPD (KPa)  in the X axis.  All models were significant (p-value <0.05). 

Above each figure is the model equation and r2. 
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Gas exchange response to VPD (SWC < tSWC)  

We found that when SWC is low transpiration (E) still does not decrease in response to VPD 

increase in appose to Photosynthesis (Anet) and branch conductance (gb) that do decrease at ~1.4 

KPa. The decrease was considered as 10% or more change from the maximum. 

 

 

 

 

 

 

 

 

 

 

Figure s18. VPD response of leaf gas exchange : E (FW(mmol·m-2·s-1), left panel), Anet (Fc(µmol·m-2·s-1), central 

panel) and gb (mol·m-2·s-1,right panel)- all in Y axis  in response to binned VPD (KPa)  in the X axis.  All models 

were significant (p-value <0.05). Blue points denotes daily averages and red lines represent the fitted modeled 

curve.  Above each figure is the model equation and r2. 
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Rain amount and its effect on the SWC 1m depth 

SWC at 1m depth changed significantly in four out of eight years at the time of SWC 

measurements at this depth. The significant increases in SWC occurred in the winters of 2013-14, 

2014-15, 2016-17 and 2019-20 (Note that data of the winter 2017-28 and part of the peak of 2019-

Figure s19. Soil water content (SWC) in 1m depth from 2012-13 winter until 2019-20 winter (a), and the change of 

precipitation amount  from the long-term average (279 ± 90 mm) for the same winters. Different colors represent the different 

years in both subplots. Data for SWC is based on two sensors at 106 and 125 cm.  Precipitation amount is from the 

meteorological station in “Bet hayaran” located in Yatir forest. 
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20  are missing) (Fig. s19). The significant changes observed in the SWC at a depth of 1m were 

correlated with the amount of precipitation that winter 

Temperature decries in 2017   

The drop below the 30 °C threshold after which the temperature did not return to summer 

temperature occurred at DOY 259, on the same day of the rise in Anet and the day after the end of 

the maximum VPD period. 

Figure s20. Air temperature adjacent to the leaves inside the branch chambers.  Red line shows the day-time average 

of the temperature in 2017. Black horizontal line represents the upper temperature value of the optimum, above which 

an increase in temperature causes a decrease in activity. 
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VPD comparison for the peak activity period 

VPD of the peak period in the different years ranged between 1.4 ± 0.8 in 2019 which was the 

lowest, to 1.6 ± 0.6 and 2 ± 0.8 in 2017 and 2018 respectively up to 2.4 ± 0.9 in 2020 when the 

peak was the latest in the year (Fig s.21 a). Temperature (T) showed similar relationships between 

the peak period of the different years when T in 2019 and 2017 were statistically similar and the 

least hot with values of 18.5 ± 3.79 and 20 ± 2.8 respectively, 2018 was warmer with average 

temperature of 24.5 ± 4.1 and 2020 peak period was the warmest with average temperature of 27.6 

± 3.5 (Fig s.21 b). 

 

 

 

Pre-dawn Ψw comparison for the peak activity period of 2018 and 2019 

Average Ψw of the peak activity was calculated based on monthly values that corresponded with 

the months of peak LGE.  in 2019 peak activity period Ψw was lower in ~36%. 

 

Figure s21. VPD (kPa) and T(°C) at the peak activity period of the different years. Bars showing the average VPD (a) 

or T (b) ±  STDEV of the 90th percentile for each year. Different letters represent statistical differences between sample 

groups (LSMeans Differences Tukey HSD test, p < 0.05).  
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Figure s22. Leaf water potential (Ψw,-mPa) at the peak activity period of 2018 and 2019. Bars showing the average 

VPD (a) or T (b) ±  STDEV. 

    2018     2019 


