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Abstract 

High rates of vapor pressure deficit (VPD) can severely decrease plant productivity by 

reducing stomatal conductance, which might be exacerbated during Mediterranean 

summers due to soil water deficit. In this study, we monitored the response of holm oak, 

the archetype of Mediterranean trees, to changes in VPD during a summer drought period 

to evaluate the effects and consequences on gas exchange of the two water stresses 

(atmospheric and soil). Measurements were performed on trees growing in an 

experimental plantation over two summers with moderate drought stress by using three 

different methods: at the leaf level with an infrared gas analyzer, using a whole-plant 

chamber for short-term monitoring at the tree level, and measuring the canopy 

temperature for long-term monitoring. The three methods provided negative relationships 

between leaf conductance and VPD but with discrepancies probably associated with the 

measurement scale. Overall, the results showed that atmospheric and soil water stress had 

an additive effect. Under well-watered conditions, an increase in VPD was partially 

compensated by a reduction in stomatal conductance, resulting in a slight increase in the 

transpiration rates. With soil water deficit, the response to VPD resulted in a further 

decrease in stomatal conductance, reducing transpiration as a water saving strategy. The 

decrease in conductance in response to VPD was transitory, recovering to initial values 

as soon as the VPD decreased, both under well-watered and drought conditions. Due to 

this high sensitivity to atmospheric drought, the maximum carbon gain rates of holm oak 

were restricted to a short environmental window, which might modulate its physiological 

performance and natural distribution. 
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1. Introduction 

Earth's atmosphere is experiencing a global increase in dryness as a result of a rise 

in atmospheric evaporative demand or the so-called water vapor pressure deficit (VPD, 

kPa), which is projected to further increase as climate change intensifies (Jung et al., 

2010; Ficklin and Novick, 2017; Dai et al., 2018; Yuan et al., 2019; Li et al., 2021). 

Briefly, VPD is determined by two components: i) the water vapor holding capacity of 

air (saturation vapor pressure), which is proportional to temperature, and ii) vapor 

pressure, which is the actual amount of water vapor in the atmosphere (Barkhordarian et 

al., 2019). This dependence on two standard climatic variables causes VPD to be a key 

parameter determining plant transpiration and ecosystem productivity (Seager et al., 

2015; Tatarinov et al., 2015; Ficklin and Novick, 2017; López et al., 2021). High values 

of VPD can reduce vegetation growth (Ding et al., 2018; Yuan et al., 2019), increase 

forest decline (Carnicer et al., 2013; Williams et al., 2013; Restaino et al., 2016), decrease 

crop yields (Lobell et al., 2014), increase wildfire incidence (Williams et al., 2014; Seager 

et al., 2015), or affect water and carbon ecosystem cycling (McDowell and Allen, 2015). 

Furthermore, these negative effects are especially relevant in arid and semiarid 

environments such as the Mediterranean areas, as plants in this type of climate not only 

have to regularly cope with VPD values above 4 kPa, but also with summer droughts that 

promote soil water deficit during the hot season (Iglesias et al., 2007; Gil-Pelegrín et al., 

2017; Peguero-Pina et al., 2020). 

The mechanistic basis explaining a reduction in productivity triggered by rising 

VPD, either alone or in combination with soil water deficit, has been associated with 

photosynthetic limitations resulting from decreases in stomatal conductance (gs) 

(Mediavilla and Escudero, 2003, 2004; McDowell and Allen, 2015; Grossiord et al., 

2020). This ability to modify gs with changes in VPD has also been considered the 

predominant form of daytime gas-exchange regulation (McAdam and Brodribb, 2016). 

In water-limited environments, where the difference in VPD between early morning and 

midday could be more than 2 kPa (Bellot et al., 2002; Barradas et al., 2004), the ability 

to close stomata at midday could be considered a water saving strategy to prevent 

excessive water loss through transpiration but at the expense of reducing carbon gain 

(Tatarinov et al., 2016; Peguero-Pina et al., 2020). 

Different methods are being used to evaluate plant transpiration and carbon gain 

for a certain stress, such as the use of infrared gas analyzers (von Caemmerer and 

Farquhar, 1981), infrared thermometry (Jones, 1999), gravimetric methods (Peguero-Pina 

et al., 2018) or eddy covariance (Burba, 2013). Among these methods, the measurement 

of the gas exchange response of single leaves with an infrared gas analyzer (IRGA) 

system is one of the most common techniques used due to its simplicity and ease of 

handling (Alonso-Forn et al., 2021; López et al., 2021). However, it has some 

disadvantages. First, conditions inside the chamber generally differ from the outside; 

hence, to monitor plant environmental responses, measurements must be made within a 

few seconds after closing the leaf chamber. Even when using an IRGA system with 

complete environmental control inside the chamber, it is not straightforward to mimic 

external conditions. Second, measurements are made on a single leaf and require multiple 

replicates to be extrapolated to the whole canopy. These problems can be solved by using 

a whole-plant chamber (Liu et al., 2000; Sancho-Knapik et al., 2016) that monitors the 

response of the entire canopy, which could differ from the response at the leaf scale 

(Bonan et al., 2021). The major inconvenience of this system is its complexity when 
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monitoring large trees or its portability in uneasy accessible sites. Finally, another set of 

techniques includes the estimation of the response of plants to stress through near-surface 

remote sensing (Sancho-Knapik et al., 2010; Sancho-Knapik et al., 2018, and references 

therein). Among these other techniques, the use of infrared thermometry to monitor 

canopy temperature can be used for the estimation of stomatal conductance (Andrews et 

al., 1992; Jones, 1992; Sepulcre-Canto et al., 2007). This method is based on the decrease 

in leaf energy dissipation and the consequent rise in leaf temperature, triggered by the 

stomatal closure that occurs when plants are subjected to water stress (Jones, 1999). The 

method has been largely used to monitor crop fields as a possible aid for irrigation 

scheduling, but its main limitation is the need to measure or estimate several other 

environmental variables (Hipps et al., 1985). In particular, the leaf-to-air temperature 

difference depends not only on the cooling effect of transpiration but also on wind speed, 

surface roughness and net radiation (Jones, 1999). 

In this study, we investigated the response of gas exchange to drought in holm oak 

(Quercus ilex L.), a key evergreen species of the Mediterranean Basin landscape. Holm 

oak is considered a drought-tolerant species but exhibits a water-saving strategy in 

response to both soil and atmospheric water stress when compared to other oaks, resulting 

in high stomatal control of water losses, as evidenced at hourly to seasonal scales 

(Tenhunen et al. 1981; Acherar & Rambal 1992; Mediavilla and Escudero, 2003; 2004; 

Aguadé et al. 2015; del Castillo et al. 2016; Peguero-Pina et al., 2020; Alonso-Forn et al. 

2021). However, little is known about the short-term dynamics of stomatal response to 

atmospheric water stress, particularly with the interaction with soil water stress. Taking 

this into account, we hypothesized that the response to VPD of holm oak in terms of 

stomatal conductance would be modulated by soil water conditions. Under well-watered 

conditions, the stomatal conductance of holm oak would be transiently reduced under 

atmospheric water stress, counteracting the increase in transpiration with higher VPD. 

Conversely, under soil water deficit conditions, the stomatal conductance (already limited 

by soil drought) would be comparatively less sensitive to VPD. As a consequence of the 

stomatal closure, we also hypothesized that atmospheric drought by itself would 

contribute negatively to the overall carbon balance of holm oak. For this purpose, we 

monitored Q. ilex (holm oak) trees growing in an experimental plantation (where trees 

receive irrigation and maintenance) over two summers with moderate drought stress by 

using the three methods proposed above: gas exchange at the leaf level (leaf cuvette), gas 

exchange at the tree level measured with a whole-plant chamber, and canopy infrared 

thermometry. Three main objectives were: (1) to compare and evaluate the three methods 

for monitoring plant responses to changes in VPD; (2) to evaluate the interaction of soil 

and atmospheric water stress on stomatal conductance and transpiration of Q. ilex; and 

(3) to study the consequences of both stresses on carbon gain. 

2. Materials and Methods 

2.1 Experimental conditions and plant material 

The study took place in an experimental field plot located at CITA de Aragón 

(41.723° N, 0.809° W, Zaragoza, Spain) during the summers of 2018 and 2019 under 

Mediterranean climatic conditions (mean annual temperature 15.4 °C, total annual 

precipitation 298 mm; see annual climate patterns in Fig. S1). The experimental plot is a 

holm oak plantation first destined for truffle production, where the total soil depth is ca. 

60 cm. Trees of Quercus ilex subsp. rotundifolia from this plot were 25 years old and 
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planted in 1998 using a pattern of 6x6 m. Trees were maintained in good health 

conditions, were irrigated with sprinklers (35-40 L m-2) every week from April to 

September, and were pruned every two years during winter to obtain trees with 

homogeneous rounded-shape canopies. The tree height was ca. 3 m, the diameter of the 

orthogonal projection of the tree canopy ranged between 2.0 and 2.5 m, and the 

percentage of canopy cover on the soil surface was ca. 14%. Twice a year (during early 

winter and early summer), the experimental plot is cleaned mechanically, eliminating the 

presence of the herbaceous and shrubby stratum. 

In both summers, irrigation was stopped in mid-June (prior to the monitoring) to 

allow drought conditions to develop. During the following weeks, plant monitoring took 

place at the tree level (using the plant chamber) in 2018, and at the leaf level (with the 

leaf cuvette) and canopy level (with the infrared thermometry) in 2019. No differences in 

the summer climatic patterns between 2018 and 2019 were noticed (Fig. S1). 

Furthermore, the same range in VPD and soil water conditions were evaluated. 

Two soil water statuses were considered during the experiments: well-watered and 

soil water deficit conditions. The water potential threshold between them was set at -0.5 

MPa, as from this value, Q. ilex subsp. rotundifolia starts to close stomata, according to 

Alonso-Forn et al. (2021). Thus, soil under well-watered conditions referred to trees 

growing with a plant water potential at predawn (pd) or soil water potential (SWP) 

between 0 and -0.5 MPa, while soil water deficit conditions (or soil water stressed 

conditions) were those at a pd or SWP between -0.5 and -2.0 MPa. Trees experienced 

these moderate soil water deficit conditions during ca. 3 weeks in both the 2018 and 2019 

summers. 

2.2 Gas exchange measurements at the leaf level 

Gas exchange measurements at the leaf level were conducted periodically during 

the summer of 2019 (from the beginning of July to mid-August) with an open gas 

exchange system (CIRAS-3, PP-Systems, Amesbury, MA, USA) fitted with an automatic 

universal leaf cuvette (PLC6-U, PP-Systems, Amesbury, MA, USA). At the end of the 

experiment, we obtained a total of 12 measurement days: 6 days during well-watered 

conditions and another 6 during soil water deficit conditions. Measurements were 

performed in the morning (between 7:30 and 10:00 h solar time) and at midday (between 

11:00 and 14:00 h) on sun-exposed, fully developed, current-year attached leaves located 

in the southern exposure of the lower canopy (ca. 1.30 m above ground). Three to five 

leaves were randomly selected and measured from each of the 3 specimens of Q. ilex 

subsp. rotundifolia used for infrared monitoring (see Section 2.4). The sample size for 

each day of measurement ranged from 18 to 30 leaves (3 to 5 leaves x 2 times x 3 trees). 

The controlled cuvette CO2 concentration was 400 mol mol-1 and the saturating 

photosynthetic photon flux density was 1500 mol m-2 s-1. The VPD inside the leaf 

cuvette was set to coincide with the atmospheric value. It should be noted that setting 

VPD values lower than 1.5 and higher than 3.5 KPa, required several minutes and were 

not always reached. Prior to the gas-exchange measurements, plant water potential was 

measured at predawn (pd) with a Scholander pressure chamber following the 

methodological procedure described by Turner (1988). 

2.3 Gas exchange measurements at the whole-plant level 
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Measurements at the whole-plant level were performed in 2018 using one whole-

plant chamber (described below) to monitor, one after other, 6 different specimens of Q. 

ilex. First, just after stopping the irrigation (mid-June), we monitored 4 trees under well-

watered conditions in the following two weeks. Then, three weeks later (toward the end 

of July), 2 other trees under soil water deficit conditions were monitored. Each tree 

monitoring lasted 24 h. As a result, we monitored 6 trees x 24 h. Plant water potential at 

predawn (pd) was measured the day before each tree monitoring in shoots of holm oak 

with a Scholander pressure chamber. The photosynthetic active radiation (PAR) was also 

registered with a quantum sensor QSO (Apogee Instruments, Logan, USA). 

The whole-plant chamber (Fig. S2) consisted of a Teflon fluorinated ethylene 

propylene copolymer (FEP) film rolled and stapled into an aluminum cylindrical frame 

(diameter, d = 200 cm; height, h = 180 cm) ending in an open top cone (base d = 200 cm, 

h = 100 cm; open hole d = 50 cm). Teflon FEP was used because of its slow permeability 

to liquids and gasses and its excellent transmission (between 90 and 95%) in the infrared 

and visible range of the solar spectrum (Liu et al., 2000). For easier installation and 

portability, the chamber was built as two halves that were screwed together on a PVC 

base (220 x 220 cm). To accommodate the trunk and the air inlet tubes, we made 3 circular 

holes in the base: one in the middle (d = 20 cm) for the trunk and two others (d = 15 cm) 

facing opposite corners, one for each air inlet tube. The base was also cut in half through 

the trunk hole opening so that it could be moved on and off the tree. A sleeve of sealed-

cell foam was placed around the trunk, enabling the chamber base to compress the sleeve 

and form a tight seal around the stem. This design separated the tree from the soil to 

eliminate the effects of soil and root respiration on CO2 determinations (Miller et al., 

1996). Finally, the joining between the chamber and the base was also sealed with plastic 

adhesive tape to ensure maximum impermeability. 

The air-supply system consisted of a semiradial tube air fan (TD-1300/250 Silent 

Ecowatt, Soler & Palau, Spain) with an output of 20 m3/min attached to an aluminum 

tube (d = 25 cm) that collected air from 4 m above the ground. The output side of the fan 

was attached to another aluminum tube (d = 25 cm) that was split with a “T” connector 

into two smaller aluminum tubes (d = 15 cm), each one going through each hole of the 

base into the chamber. Each of these tubes ended in a 1 m aluminum tube (d = 15 cm), 

placed horizontally on the base inside the chamber, and upper perforated with small holes 

(dhole = 0.5 cm) for a better diffusion of the incoming air into the chamber (Fig. S2). 

To monitor the tree, we simultaneously measured the CO2 concentration and H2O 

vapor in the air prior to entering the chamber and just before the open top exit using an 

infrared gas analyzer (CIRAS-3 DC, PP-Systems, Amesbury, MA, USA). Measurements 

were recorded every 5 minutes. Additionally, we calculated VPD inside the chamber by 

measuring air temperature and relative humidity using a Hobo Pro RH/Temp data logger 

(Onset Computer Bourne, MA, USA) located 1 m above the base. The VPD inside the 

chamber was used for further evaluation of the plant response and for statistical analysis. 

We calculated tree transpiration (E, mol H2O s-1 tree-1) and total conductance (gt, 

mol H2O s-1 tree-1) using the following equations (von Caemmerer and Farquhar, 1981):  

𝐸 =  
𝑊 × (𝑒out − 𝑒in)

(𝑃 − 𝑒out)
     Eq. (1) 
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𝑔t =
𝐸 × (𝑃 −

𝑒leaf + 𝑒out

2 )

(𝑒leaf − 𝑒out)
     Eq. (2) 

where W is the mass flow of air entering the chamber (mol H2O s-1), ein is the partial 

pressure of water vapor of reference air supplied to the cuvette (mbar), eout is the partial 

pressure of water vapor in the air inside the chamber (mbar), P is the atmospheric pressure 

(mbar), and eleaf is the saturated water vapor pressure inside the leaf (mbar). After 

obtaining gt, we removed most of the values of gt coinciding with values of VPD below 

0.5 kPa as they had high uncertainty and resulted in aberrant values. We also calculated 

the net photosynthesis (AN, mol CO2 s
-1 tree-1; von Caemmerer and Farquhar, 1981) as 

𝐴N = (𝐶in × 𝑊) − [𝐶out × (𝑊 + 𝐸)] Eq. (3), where Cin and Cout are the CO2 

concentrations of air entering and exiting the chamber, respectively. Finally, water use 

efficiency (WUE, mol CO2 mol-1 H2O) and intrinsic water use efficiency (iWUE, mol 

CO2 mol-1 H2O) were calculated as WUE = AN/E and iWUE = AN/gt, respectively. 

2.4 Canopy infrared thermometry 

Infrared (IR) thermometry was used to monitor three holm oak trees during 49 

consecutive summer days, from the 20th of June 2019 (with well-watered soil conditions) 

to the 8th of August 2019 (with soil water deficit conditions). The canopy temperature of 

each individual was measured with infrared thermometers (IRT 757-500, TC Ltd, 

Uxbridge, U.K.), custom-calibrated against a 4-wire platinum resistance thermometer 

(PT100) over the range 5-50 °C in a high-precision water bath (Julabo FP50, Julabo 

GmbH, Seelbach, Germany). IR thermometer sensors were located ca. 3.5 m height from 

the ground, pointing down to the south-side of the upper canopy, at an angle of 45° and 

at a distance of 2 m from the target to cover 1 m2 of the canopy surface. Air temperature, 

horizontal wind speed and photosynthetic active radiation (PAR) were recorded, with a 

4-wire PT100 probe, a cup anemometer (Oche Control y Equipamientos S.L., Cadrete, 

Spain) and a quantum sensor QSO (Apogee Instruments, Logan, USA), respectively. Data 

from the aforementioned sensors were recorded every 30 seconds with a CR1000 

datalogger (Campbell Scientifics, Logan, USA). Additionally, relative humidity was 

registered every 10 minutes with three Hobo Pro RH/Temp data loggers (U23-001; Onset 

Computer Corp., Pocasset, MA, USA). Soil water potential (SWP) was recorded every 2 

minutes using 3 soil water potential sensors connected to a data logger (Teros 21/Em50, 

METER Group, Inc., Pullman, WA, USA) and installed below each tree canopy at a 

distance of 50 cm from each trunk and at 30 cm below ground, representative of the root 

system. Atmospheric pressure was retrieved from a meteorological station located 17 km 

SW from the site (Zaragoza Airport, 41° 39' 38'' N; 1° 0' 15'' W, 249 m.a.s.l.). 

For calculations, all data were integrated at 30-minute intervals. We calculated VPD 

by combining temperature records from PT100, which was found to be the most reliable, 

and atmospheric vapor pressure, calculated from the relative humidity records. Canopy 

temperature depression (CTD) was calculated as the difference between air temperature 

and canopy temperature. CTD is positive when the canopy is cooler than the air and 

negative when the canopy temperature is higher than the air temperature (i.e., canopy 

heating), which might occur when trees reduce or stop transpiration. Leaf transpiration 

(E, mol H2O m-2 s-1) was estimated from the difference between measured canopy 

temperature (Tc) and modeled leaf temperature for a dry surface (Tdry, modeled as in 

Barbour et al. 2000), following the next energy balance equation (Jones, 1992):  
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𝐸 = 𝐶p(𝑔bH + 𝑔r)(𝑇dry − 𝑇c)/𝐿  Eq. (4) 

where Cp is the molar specific heat constant of air at constant pressure (29.2 J mol–

1 K–1), gbH and gr are the boundary layer (sensible) heat conductance and radiative heat 

conductance, respectively (in m2 s-1 mol-1), and L is the molar heat of vaporization (44012 

J mol-1). For a more detailed explanation of the calculation of E using infrared 

thermometry, see Section 6 (Appendices A and B). The total leaf conductance (gt, mol 

H2O m-2 s-1) was then calculated according to von Caemmerer and Farquhar (1981) using 

Eq. (2). 

2.5 Statistical analysis 

To compare conductance measurements obtained with the three different methods, 

each single value of conductance (gi) was standardized as (gi – gmin)100/(gmax-gmin), where 

gmin and gmax are the minimum and maximum conductance values, respectively, measured 

with well-watered soil conditions and PAR>500 mol m-2 s-1. Then, eventual differences 

across methods and water conditions in the relationship between VPD and standardized 

conductance were first explored with an analysis of variance (ANOVA) based on a linear 

model including ‘method’ (single leaf, plant chamber, IR thermometry), ‘water’ (wet, 

dry), log-transformed values of VPD (‘logVPD’), and their interactions (built-in R 

functions ‘lm’ and ‘anova’). We used log-transformed values and linear regression 

models as the simplest approach for testing differences in the observed (non-linear) 

responses. Alternative models, e.g. using untransformed variables or alternative 

distributions did not improve the normality of residuals, and lead to similar results (data 

not shown). 

Nonlinear regressions between VPD and g (both measured and standardized 

values) were fitted using the function ‘drm’ from the package drc 3.0-1 (Ritz et al., 2015). 

After testing alternative dose-response models (e.g. exponential decay, logistic, log-

logistic), we identified the log-logistic function with four parameters (self-starter function 

‘LL.4’ in ‘drm’) as the function best describing the expected response across all data 

combinations. The advantage of using this function is that we obtained estimates of 

biologically meaningful parameters, which could be directly compared. In particular, for 

LL.4, these parameters were the slope (VPD vs. g), the upper and lower limits of g, and 

the effective dose 50 (ED50, namely the VPD causing a 50% reduction in g). 

To characterize connections among environmental and plant variables and 

determine their relative importance in controlling leaf conductance, we used the IR 

canopy dataset to conduct a path analysis (Li, 1975). This analysis uses a path structure 

that consists of variables of interest with potential connectivity among the variables where 

the connections are based on previously well-established knowledge. Based on the 

variables and the connections, a set of multiple linear regression models is constructed, 

and the partial regression coefficients are defined as path values that indicate the causative 

power of each connection (Kimm et al., 2020). Structural equation models for the path 

analysis were fitted using the function ‘sem’ from package Lavaan 0.6-10 (Rosseel, 2012) 

and represented with the function ‘semPath’ (package semPlot 1.1.2; Epskamp, 2015). 

The model included atmospheric water vapor pressure (Vp), photosynthetic active 

radiation (PAR) and soil water potential (SWP) as exogenous variables, and air 

temperature (Tair, as a function of PAR), atmospheric vapor pressure deficit (VPD, as a 

function of Tair and Vp), total conductance (gt, as a function of VPD, PAR and SWP), 

and transpiration (E, as a function of gt and VPD) as endogenous variables. To account 
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for temporal variations in environmental drivers, path analyses were performed 

considering data during the entire daytime (from 6:00 to 18:00 h solar time), data from 

only the morning (from 6:00 to 10:00 h), data from only the midday (from 10:00 to 14:00 

h), and data from only the afternoon (from 14:00 to 18:00 h). 

3. Results 

3.1 Time course of transpiration and stomatal conductance 

The monitoring of gas exchange at the leaf level showed that during well-watered 

conditions (predawn water potential, pd>-0.5 MPa), an increase in VPD from 2 to 4 kPa 

between the morning and midday entailed a reduction in stomatal conductance (gs) from 

0.35 to 0.15 mol H2O m-2 s-1 with hardly any variation in leaf transpiration (E, Fig. 1). 

Under water deficit conditions (-0.5>pd>-2.0 MPa), the measured values of gs and E 

decreased (Fig. 1). Moreover, increases in VPD smaller than 1 kPa between the morning 

and midday entailed reductions in gs from ca. 0.15 to close to zero mol H2O m-2 s-1 and 

reductions in E from ca. 3 to 1 mmol H2O m-2 s-1 (Fig. 1). 

  

Fig. 1 Example of gas exchange monitoring at leaf level of one specimen of Quercus ilex 

subsp. rotundifolia. (a) Vapor pressure deficit (VPD), (b) transpiration (E), (c) stomatal 

conductance (gs). Data are mean±se (n = 3 to 5 leaves). Blue shapes correspond to well-watered 
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conditions (predawn water potential, pd>-0.5MPa), while red shapes correspond to water deficit 

conditions (-0.5>pd>-2.0MPa). Circles and triangles are measurements made in the morning 

(8:00 to 10:00 solar time) and midday (11:00 to 14:00), respectively. 

 

The monitoring of Q. ilex with the whole-plant chamber was carried out on days 

with a VPD and air temperature inside the chamber that exceeded 4 kPa (Fig. 2a) and 35 

°C, respectively, during some point of the day. It should be noted that when comparing 

the conditions inside the chamber against the external conditions, we noticed a significant 

warming effect of the air inside the chamber, especially important during the afternoon 

(from 13:00 to 18:00 h solar time), but without reaching extreme temperatures (Table S1). 

Considering the experimental conditions inside the chamber, well-watered trees (with a 
pd>- 0.5 MPa) showed transpiration rates (E) of approximately 0.02 mol H2O s-1 tree-1, 

which remained nearly constant between 7:30 and 16:00 h solar time, concurring with a 

photosynthetically active radiation (PAR) higher than 500 mol m-2 s-1. Out of this frame 

of time, PAR seemed to be the limiting factor, as E decreased sharply to zero with the 

reduction in PAR (Figs. 2b, S3). Notably, despite the sharp increase in VPD (from ca. 3 

to 5 kPa), we found only a slight increase in E during the afternoon. In contrast, the total 

conductance (gt) for well-watered trees decreased during the day from maximum values 

recorded in the early morning (ca. 7:30 h solar time; Fig. 2c). Concerning the water-

stressed trees (with a pd between -0.5 and -2 MPa), we clearly recorded lower values of 

E and gt than for well-watered trees (Fig. 2). Moreover, E in drought stressed trees did 

not remain constant, showing a maximum value of ca. 0.010 mol H2O s-1 tree-1 at 10:00 

h with a VPD=2 kPa, which decreased to 0.005 mol H2O s-1 tree-1 for an increase in VPD 

toward 5 kPa (Figs. 2a,b). In addition, gt in water-stressed trees also decreased as in well-

watered trees, experiencing a strong reduction from early morning to midday and 

remaining nearly constant during the afternoon until PAR=500 mol m-2 s-1 (Fig. 2c).  
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Fig. 2 Examples of one day monitoring of two different trees of Quercus ilex subsp. rotundifolia 

using a whole-plant chamber. (a) Vapor pressure deficit (VPD), (b) plant transpiration (E), (c) 

total conductance (gt). Lines are a smoothing of the data points. Blue lines and circles correspond 

to one well-watered tree (predawn water potential, pd=-0.2MPa) measured at mid-June, while 

red lines and squares correspond to one water stressed tree (pd=-1.8MPa) measured at the end 

of July. Yellow and grey bars on the x-axis correspond to periods with a photosynthetic active 

radiation higher and lower than 500 mol m-2 s-1, respectively. Dashed lines define this radiation 

interval period through the graphs. 
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The use of infrared thermometry to monitor holm oak canopies during the summer 

showed that canopy temperature depression (CTD) varied throughout the day and with 

drought progression. During the day, the lowest values of CTD were usually recorded at 

midday (12 h solar time; Fig. S4), whereas the highest values were generally recorded 

during the afternoon (15-18 h solar time; Fig. S4), coinciding with the maximum values 

of VPD (Fig. 3a). However, it should be noted that on some days, especially those under 

soil water deficit conditions, the CTD values during the afternoon were lower than those 

during the early morning (6-9 h solar time); therefore, the maximum CTD values on those 

days were found during the early morning (Figs. 3b, S4). Over the season, CTD varied in 

accordance with changes in SWP (Fig. S4). At the beginning of the monitored period 

(DOY 170-190, ‘well-watered’ phase), SWP remained close to zero, and CTD remained 

positive most of the time (i.e., air temperature was consistently higher than the canopy 

temperature, Fig. S5). This was followed by a sharp decline in SWP from DOY 190 to 

210 (‘soil drying’ phase), remaining under steadily low SWP from DOY 210 to 220 

(‘drought’ phase). As the soil dried and the SWP became more negative, the negative 

values of CTD (occurring when the air temperature was lower than the canopy 

temperature, Fig. S5) became more frequent (Fig. S4). For example, when the SWP was 

-0.9 MPa, CTD remained negative at midday, reaching values up to -3 oC (Fig. 3b).  

Maximum values of E estimated with the IR method were recorded every day after 

midday, concurring with the maximum values of VPD (Fig. 3c). At the beginning of the 

experiment, under well-watered soil conditions, trees showed maximum values of E 

between 5 and 8 mmol H2O m-2 s-1. As the SWP became more negative, the maximum 

values of E progressively decreased to a range between 3 and 5 mmol H2O m-2 s-1 (Fig. 

3c). Concerning total conductance (gt), we surprisingly observed maximum values of gt 

around dawn (ca. 4:30 to 5:30 h, with PAR<500 mol m-2 s-1), probably due to the low 

values of VPD measured at that time of the day (between 0.5 and 1.0 KPa; Fig. 3) which 

increases the estimation error of the method. Apart from that, gt estimated with IR when 

PAR was higher than 500 mol m-2 s-1 followed a similar pattern to gt monitored with the 

whole-plant chamber, with high values generally recorded in the early morning (7:30 h 

solar time) that decreased as the day went by (Fig. 2d). As long as the soil became drier, 

the values of gt reached lower values throughout the entire day (Fig. 3d). It should be 

noted that Fig. 3 also highlights three consecutive days (indicated with arrows) with 

different values of gt obtained at midday (84, 123, and 160 mmol H2O m-2 s-1), associated 

with three different levels of VPD (6.5, 4.4, and 3.2 kPa, respectively) and air temperature 

(41, 37 and 33 °C, respectively) recorded at the same time, showing an increase in gt in 

accordance with a decrease in VPD. 
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Fig. 3 Monitoring of Quercus ilex subsp. rotundifolia using the canopy infrared thermometry 

method during two heatwaves differing in soil water conditions. (a) Vapor pressure deficit (VPD), 

(b) canopy temperature depression (CTD), (c) plant transpiration (E), (d) total conductance (gt). 

Blue lines and circles correspond to a 7-day period (day of the year 176 to 182) of one well-

watered tree (soil water potential, SWP>-0.1 MPa, Fig. S4), while red lines and squares 

correspond to another 7-day period (day of the year 201 to 207) of the same tree under soil water 

deficit conditions (SWP=-0.9 MPa, Fig. S4). Yellow and grey bars on the x-axis correspond to 

periods with a photosynthetic active radiation higher and lower than 500 mol m-2 s-1, 

respectively. Blue arrows indicate three consecutive days differing in VPD and gt recorded at 

noon for well-watered conditions; air temperatures associated to each moment are indicated above 

arrows in (a). 

 

3.2 Response of stomatal conductance to VPD and soil water deficit. 

The exploratory ANOVA that assessed the general response of stomatal 

conductance (standardized g) to log-transformed VPD showed significant differences 

between monitoring methods and water conditions and complex interactions (Table S2). 

In particular, the intercept term using the leaf chamber was significantly lower than that 

using the other two methods (P=0.036), whereas the (negative) slope in response to VPD 

was significantly steeper using the IR method (P=0.040). As expected, the intercept term 

was higher in well-watered plants (P<0.001), but the slope in response to VPD was more 

negative (P<0.001). In addition to these general patterns, the highly significant interaction 
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terms (‘method:water’, P=0.002; ‘method:water:logVPD’, P<0.001) indicated that both 

the intercept and the slope differed for each ‘method x water’ combination. 

When VPD was related to plant conductance (considering only those values with 

VPD>0.5 kPa and PAR>500 mol m-2 s-1), we found consistent relationships for the three 

methods used (Fig. 4). For well-watered trees, an increase in VPD from 1 to 5 kPa induced 

a reduction in stomatal conductance (gs) measured with the leaf cuvette method from ca. 

0.35 to 0.05 mol H2O m-2 s-1 (Fig. 4a). The same increase in VPD also resulted in a 

decrease in gt measured with the other two methods: from ca. 0.95 to 0.28 mol H2O s-1 

tree-1 measured with the whole-plant chamber and from 0.38 to 0.15 mol H2O m-2 s-1 for 

the IR thermometry (Figs. 4a,b). For soil water deficit conditions, the values of 

conductance obtained with the three methods were lower than those under well-watered 

conditions for every single value of VPD (Fig. 4). When conductance was standardized 

by means of the maximum and minimum values recorded for well-watered conditions, 

the adjusted equations of the three different methods shared similar values, although with 

slightly different patterns (Fig. 4d, Table 1). The IR thermometry method and the single 

leaf method under drought showed a quasi-exponential shape, with a progressive decline 

in conductance, starting from relatively low VPD values (Fig. 4d, see also Fig. 4a,c). 

Conversely, a plateau in conductance until VPD ≈ 2 kPa, followed by a steeper decline, 

was evident for the plant chamber method, as well as for the single leaf method under 

well-watered conditions (Fig. 4d, see also Fig. 4a,b). The parameters estimated for the 

log-logistic curves (Table 1) confirmed that ED50 (i.e., the value of VPD at which 

conductance dropped by half) was in the range of 1-3 kPa, regardless of the method and 

water conditions. Considering the parameter uncertainty, the highest estimates for ED50 

(2.5-3.0 kPa) and slope (6.1-6.2% kPa-1) were found for the plant chamber method, being 

significantly higher than for the IR thermometry (ED50= 1.4-1.7 kPa; slope= 1.8-3.0% 

kPa-1). Conversely, we did not find significant differences in ED50 and slope between 

well-watered and drought conditions. Only for the plant chamber method were the 

estimated upper and lower limits (indicative of maximum and minimum conductance) 

significantly higher in well-watered than in drought conditions. For the single leaf 

method, the uncertainties were generally large, particularly under drought conditions, 

thus preventing a proper statistical comparison, but still the most significant estimates 

were in range with the other methods. 

  

Watered conditions  

(>-0.5 MPa) 
 Drought conditions  

(-0.5>>-2.0 MPa) 

   

Estimate  (95% 

confidence interval) 
P-value  Estimate  (95% 

confidence interval) 
P-value 

Single leaf 

Slope 6.7 (2.3, 11.1)ab 0.003  7.3 (-1.2, 15.7)a 0.090 

Lower Limit 13.8 (4.1, 23.4)a 0.005  14.6 (11.1, 18.1)a <0.001 

Upper Limit 66.8 (56.7, 76.9)a <0.001  481 (-6202, 7165)ab 0.886 

ED50 2.4 (2.1, 2.6)ab <0.001  1.1 (-1.5, 3.7)ab 0.412 

Plant 

chamber 

Slope 6.1 (4.5, 7.6)a <0.001  6.2 (2.4, 10)a 0.001 

Lower Limit* 16.2 (13.4, 19)a <0.001  1.8 (-4.1, 7.7)b 0.542 

Upper Limit* 67.4 (63.7, 71.1)a <0.001  35.4 (30.4, 40.5)a <0.001 

ED50 2.5 (2.4, 2.6)a <0.001  3 (2.7, 3.4)b <0.001 

Slope 1.8 (0.9, 2.6)b <0.001  3 (1.9, 4)a <0.001 
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IR 

thermometry 

Lower Limit 4.9 (-5.1, 14.7)a 0.341  5 (1, 9)b 0.015 

Upper Limit 92.9 (62, 123.8)a <0.001  74.3 (52.5, 96.6)b <0.001 

ED50 1.7 (1.2, 2.3)b <0.001  1.4 (1.1, 1.7)a <0.001 

Table 1 Parameter estimates of the log-logistic curves describing the relationship between vapor 

pressure deficit (VPD) and standardized conductance (as shown in Fig. 4d) for the different 

methods and water conditions.  refers to either predawn water potential (single leaf and plant 

chamber) or soil water potential (IR thermometry). In bold P-values < 0.05. Parameters differing 

significantly (i.e. with non-overlapping confidence intervals) are indicated with asterisks 

(between soil water conditions) and letters (across methods). 

 

Fig. 4 Relationship between vapor pressure deficit (VPD) and stomatal conductance (gs) or total 

conductance (gt) for Quercus ilex subsp. rotundifolia using: (a) a single leaf cuvette (n=3 trees, 

12 measurement days), (b) a whole-plant chamber (for well-watered conditions, n=4 trees, 1 

measurement day each tree; for water deficit conditions, n=2 trees, 1 day each tree,), and (c) the 

canopy infrared (IR) thermometry (n=3 trees, 49 days). The relationship between VPD and 

standardized leaf conductance (std g) for the three methods is shown in (d). Blue lines and circles 

correspond to well-watered conditions (predawn water potential, pd or soil water potential 

SWP>-0.5 MPa), while red lines and squares correspond to soil water deficit conditions (-0.5>pd 

or SWP>-2.0 MPa). 

 

A closer look at the response over time during three heatwaves (associated with 

high VPD) showed that the response to VPD was transient and very dynamic, regardless 
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of prevailing soil water conditions (Fig. 5). The first event (DOY from 176 to 183), under 

well-watered conditions (circles/solid lines; Fig. 5), showed a nearly linear decline and 

recovery in gt. However, this decline in the mean daytime gt was not enough to 

compensate for the increase in VPD, and the mean daytime E increased from ca. 3.5 to 

4.5 mmol m-2 s-1. In the second event (DOY=199-207), during the soil drying phase 

(diamonds/dashed lines; Fig. 5), the increase in VPD coincided with a progressive decline 

in SWP, resulting in a sharper decrease in gt and a slight decrease in E. Nevertheless, after 

the high-VPD event, the values of gt recovered to values similar to the pre-event values. 

Finally, during the steady drought phase (DOY=219-224; squares/dotted lines), we found 

a weaker decline in gt, which resulted in nearly constant E. Notably, post-event gt values 

(white square; Fig. 5) were even larger than pre-event gt (black square), although this 

could be attributed to the rather cloudy conditions before the event (only 6.4 hours with 

PAR>500 mol m-2 s-1, against 9-10 hours in the following days), which may have caused 

a slight light limitation. 

 

Fig. 5 Evolution of daytime average (PAR>500 mol m-2 s-1) of soil water potential (SWP), IR 

thermometry-derived total conductance (gt) and transpiration (E) during three heatwaves 

(associated to VPD>4 kPa). Arrows and gray intensity indicate the timing within each high-VPD 
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event, with black and white values corresponding to pre-event and post-event conditions, 

respectively (VPD<= 2.5 kPa). Error bars indicate the standard error of the mean, integrating daily 

and inter-tree variability through error propagation. Circles / solid lines, diamonds / dashed lines, 

and squares / dotted lines, denote the three events, occurring during the well-watered (days of the 

year, DOY: 176-183), soil drying (DOY: 199-207) and drought (DOY: 219-224) phases shown 

in Fig. S4. As a reference we include in the legend the predawn water potential (pd) values during 

each event. 

 

3.3 Response of photosynthesis and water use efficiency to VPD and soil water deficit 

A reduction in net photosynthesis (AN) throughout the day associated with 

increases in VPD was recorded with the whole-plant method in both well-watered and 

water-stressed trees (Figs. 6a,b). This reduction in AN for well-watered trees started at a 

VPD value of ca. 2.5 kPa, the value from which we started to record values of AN close 

to zero for water-stressed trees (Fig. 6b). Concerning the water use efficiency, Fig. 6c 

shows a decrease in this parameter with increasing VPD. Similarly, the intrinsic water 

use efficiency in drought-stressed trees slightly decreased with increases in VPD (Fig. 

6d). However, the intrinsic water use efficiency in well-watered trees remained constant 

for most of the VPD values, even though an increase from 1 to 2 kPa was detected. 
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Fig. 6 Evolution of net photosynthesis (AN) throughout the day, monitored with a whole-plant 

chamber on one holm oak under well-watered conditions (blue; predawn water potential, pd=-

0.2MPa) and on other specimen under drought conditions (red; pd=-1.8 MPa) (a). Relationship 

between vapor pressure deficit (VPD) and: AN (b), water use efficiency (WUE) (c) and intrinsic 

water use efficiency (iWUE) (d). Blue lines and circles in (b), (c) and (d) correspond to two holm 

oaks under well-watered conditions (pd>-0.5 MPa), while red lines and squares correspond to 

two other holm oaks under water stressed conditions (-0.5>pd>-2.0 MPa). Yellow and grey bars 

in (a) correspond to periods with a photosynthetic active radiation higher and lower than 500 mol 

m-2 s-1, respectively. 

 

3.4 Factors regulating the response to VPD and soil water deficit 

The path analysis showed that both SWP and VPD had a similar effect on gt when 

considering the daytime (Fig. 7). However, the effect of VPD on gt was slightly higher 

than the effect of SWP during the morning and afternoon, while it was slightly lower 

during midday (Fig. 7). We only found a weak effect of PAR on gt during the morning 

and afternoon, coinciding with the periods with partially light-limited conditions. As 

expected, both VPD and gt contributed to E, but with variable proportions during the day, 

increasing the relative weight of gt from morning to afternoon (Fig. 7). With regard to the 

link between the different environmental drivers, variations in VPD were largely driven 

by Tair, with a minor contribution of variations in Vp, particularly during the morning. In 

turn, variations in Tair during the morning were strongly coupled to the rise in PAR, but 

this association was weak during midday, when PAR was nearly constant, and in the 

afternoon, when Tair declined much more slowly than PAR. The three exogenous 

variables in the model (Vp, PAR and SWP) were independent, showing no clear 

associations among them. 
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Fig. 7 Path analysis considering infrared data from the daytime and from each period of the 

daytime (morning, midday and afternoon). VPD, atmospheric vapor pressure deficit; SWP, soil 

water potential; gt, total conductance; E transpiration; Tair, air temperature; Vp, atmospheric water 

vapor pressure; PAR, photosynthetic active radiation. Blue are positive correlations and red are 

negative ones. Line thickness is proportional to the standardized parameter estimation (also 

shown in numerical labels). Bi-directional dashed lines indicate associations between exogenous 

variables (Vp, PAR and SWP). Uni-directional solid lines indicate the ‘causal’ associations 

included in the structural model. 

 

4. Discussion 

4.1 Evaluating methods to monitor plant response to VPD 

In general, total leaf conductance was negatively related to rising VPD, but the 

variability at the local level of VPD was different across the three methods used (single 

leaf cuvette, whole-plant chamber and canopy IR thermometry), mainly due to the 

different measurement scale. The total leaf conductance obtained with IR thermometry 

decreased exponentially for the whole range of VPD evaluated, while the total leaf 

conductance obtained with the whole-plant chamber remained constant for VPD values 

lower than 2 kPa and higher than 4 kPa, mainly decreasing from 2 to 4 kPa (Fig. 3). This 

discrepancy could be explained by the different portions of the canopy measured by each 

method (Jones, 1992; Rey-Sánchez et al., 2016). On the one hand, the IR method 

monitored the southern exposure of the upper canopy, i.e., the area with the highest 

evaporative demand during the day and, therefore, the area potentially most sensitive to 

changes in VPD. On the other hand, the response given by the whole-plant chamber 
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resulted from the sum of the different parts of the tree, where the response of the southern 

exposure parts might be smoothed with the response of the northern and lower-canopy 

areas (Tenhunen et al., 1990; Bonan et al., 2021). Concerning the single leaf cuvette, the 

variation in stomatal conductance to changes in VPD resulted in an intermediate response 

between the two other methods. This might also be due to the location of the leaves 

measured with this technique, which was the southern exposure of the lower canopy, 

which might have a lower evaporative demand than the southern upper canopy, but still 

higher than the northern exposure. 

Regarding a procedural comparison between methods, each of them has some 

advantages and some other disadvantages, taking into account their complexity, 

invasiveness and degree of assumption. First, the leaf cuvette easily allows the 

measurement of any single leaf due to its portability but hardly allows continuous 

monitoring due to its highest invasiveness. In fact, setting VPD values lower than 1.5 and 

higher than 3.5 KPa, required several minutes and not always were reached. This resulted 

in few measured values at high VPD, notably during soil water deficit conditions where 

we were not able to obtain measurements at VPD values higher than 4.5 kPa. In any case, 

the trend of the regression shown in Fig. 4a for soil water deficit conditions indicates that 

values of VPD>4.5 kPa might yield values of gs close to the minimum conductance. 

Second, the whole-plant chamber can monitor the response of the entire tree with 

a minimum assumption but with the highest methodological complexity. In this study, we 

gave conductance units for this method by tree instead of by m2, taking into account that 

absolute values were not comparable with values obtained from the other methods. 

Alternatively, the total leaf area of the tree could be estimated by using different models 

and assumptions, such as the estimation from the transmittance of the sun beam (Lang 

and Murtrie, 1992) or using a terrestrial laser scanner (Hu et al., 2018). Another issue to 

highlight when using the whole-plant chamber is the significant warming effect found 

during the afternoon, which increased VPD in comparison to the external conditions. This 

limits the duration of the monitoring campaigns and should be taken into account when 

upscaling the results at the plantation level. 

Finally, the IR technique registers the response of a certain area of the canopy, 

allowing noninvasive measurements without modifying the microclimatic conditions 

surrounding the tree. However, using the IR method requires a higher degree of 

assumption, for example, the estimation of the incident radiation reaching the leaf surface 

(Appendix B), the wind speed input, or the calculation of the boundary layer conductance 

(see Appendix A for details). In addition, to obtain conductance values from the estimated 

transpiration by IR, the uncertainty of the method increases with lower values of VPD, 

which implies values close to zero in the denominator of Eq. A6. In fact, at VPD values 

lower than 1 kPa (found around dawn), the estimated stomatal conductance may result in 

excessively large and erratic values. 

In summary, all three methods have advantages and disadvantages, providing 

similar relationships between leaf conductance and drought stress but with peculiarities 

that complement each other (Fig. 8). 
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Fig. 8 Summary of the main advantages and disadvantages of the three methods tested in this 

study. –: disadvantage; +: minor advantage; ++: major advantage. 

 

4.2 Effect of VPD and soil water deficit on Q. ilex 

In well-watered trees of Q. ilex subsp. rotundifolia, an increase in VPD was 

compensated by a reduction in stomatal conductance, as previously reported in the same 

species (Mediavilla and Escudero, 2004; Aguadé et al., 2015). In our study, an increase 

from 2 to 4 kPa resulted in a reduction of ca. 25% in conductance, independent of soil 

conditions (Fig. 3d). When an increase in VPD to 4 kPa was combined with soil water 

deficit, the response of Q. ilex to both stresses resulted in a further ca. 20% decrease in 

stomatal conductance. Thus, soil and atmospheric water stress have an additive effect, 

with soil drying causing a general decline in g but not affecting the critical threshold in 

response to VPD (ca. 2 kPa; see ED50 in Table 1). Consequently, an analogous response 

of g to VPD is maintained regardless of soil water conditions, rejecting our first 

hypothesis.  

Overall, our results confirm that VPD is a substantial regulator of the stomatal 

response and, hence, transpiration (Novick et al., 2016, 2019; Grossiord et al., 2020). 

However, under well-watered conditions, the reduction in g only partially compensated 

for the increase in transpiration with VPD at both the hourly and daily scales. In this 

regard, the water-saving response of Q. ilex in front of VPD was less effective than in 

more isohydric Mediterranean species (Tatarinov et al., 2015). Conversely, under soil 

water deficit conditions, the combined effect of atmospheric and soil water stress entailed 

in Q. ilex a decrease in water loss by the further reduction in stomatal conductance. This 

could be an effective strategy to reduce transpiration-driven xylem tension and prevent 

drought-induced embolism (Martin-St Paul et al., 2017; Peguero-Pina et al., 2018; Taylor 

et al., 2020). Moreover, this water-saving strategy together with the high xylem resistance 

to drought-induced cavitation shown by Q. ilex subsp. rotundifolia both, in stems (water 

potential at which 50% of hydraulic conductivity is lost, P50, ca. -6.0 MPa) and shoots 

(P50 ca. -6.5 MPa; Alonso-Forn et al., 2021), entails a wide safety margin for avoiding 

runaway embolism (Vilagrosa et al., 2003). Additionally, it is worth considering the 

different performance that Q. ilex might have in populations from France or Italy, where 

the other subspecies, Q. ilex subsp. ilex showed a similar sensitivity to VPD and soil water 

deficit but with a lower tolerance to xylem tension (Tognetti et al., 1998) and therefore a 

lower safety margin. The existence of different ecotypes within this paradigm of 

Mediterranean trees (Peguero-Pina et al., 2014) must be taken into account in terms of 

their ecological interpretation. 

The path analysis showed that, overall, soil dryness and evaporative demand are 

both important to explain stomatal closure, but their relative weight varies over the day. 
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During the morning, SWP had the lowest effect on gt, partly due to the more favorable 

environmental conditions (lower VPD) and the role of light limitations during this period. 

At midday, when light is not limiting and VPD still does not reach its daily maximum, 

SWP shows the largest effect on gt. Finally, during the afternoon, coinciding with the 

largest evaporative demand, VPD shows the strongest effect on gt. This implies that the 

afternoon decline in stomatal conductance due to elevated VPD still plays a major role 

under well-watered conditions and, as discussed below, becomes critical for 

photosynthesis, even under moderate drought stress, as in our study. In terms of water 

balance, however, the water-saving strategy is successful, allowing nearly constant 

transpiration rates to be maintained during the day under well-watered conditions and 

even declining under drought (Alonso-Forn et al., 2021). 

4.3 Consequences of higher VPD on carbon gain 

Holm oak is highly sensitive to drought, as demonstrated in this study and in 

previous ones (Mediavilla and Escudero, 2003, 2004; Aguadé et al., 2015; Sancho-

Knapik et al., 2018; Alonso-Forn et al., 2021). This fact restricts the maximum 

productivity of holm oak (measured as carbon gain) to a narrow window of environmental 

conditions, i.e., VPD<2 kPa and SWP>-0.5 MPa, in our experiment usually registered for 

well-watered trees during only two hours per day on average, from ca. 7:30 to 9:30 h solar 

time (Fig. 5). Additionally, regardless of VPD, values of leaf temperature above 30 °C 

might also induce a reduction in the maximum photosynthetic rates (Gratani et al., 2000) 

due to limitations in the metabolism (Haldimann et al., 2008), which might contribute to 

a reduction in WUE. Therefore, the real carbon gain of holm oak can be much lower than 

its potential, becoming less efficient using water resources, which may threaten the long-

term productivity, growth, and survival of this species, in accordance with our second 

hypothesis. 

In practice, when evaluating the summer environmental conditions recorded 

during IR monitoring (i.e., from the 20th of June to the 8th of August 2019), we found that 

only the 14.7% of daylight hours with PAR>500 mol m-2 s-1 are prone to achieve the 

maximum carbon gain rates. However, as an evergreen tree, Q. ilex could also gain carbon 

during the rest of the vegetative period (from March to November; Corcuera et al., 2005; 

Alonso-Forn et al., 2022) where the window for optimal conditions might be larger (Fig. 

S1) and thus compensate for the summer Mediterranean season. This has implications not 

only for ecosystem productivity but also for the management of tree orchards. Holm oak 

is used in plantations for truffle production, where the soil water deficit is eliminated with 

well-designed irrigation schedules (Águeda et al., 2010). If this had been our case and the 

irrigation had not been stopped, maintaining well-watered conditions during all the 

experiment, the percentage of hours holm oak would have achieved maximum 

photosynthesis rates would have only increased to 29.6% of the total daylight hours. 

Therefore, atmospheric water stress may still prevent full optimal conditions despite 

eliminating the soil water deficit. This suggest that irrigation schedules that keep soils at 

field capacity could be unnecessary and a waste of water if VPD already limits the 

maximum photosynthesis rates. 

Given the importance of VPD in determining the carbon gains of holm oak, one 

would expect that the natural distribution of this species would also be dependent on the 

range of VPD values throughout the vegetative period. Effectively, when analyzing the 

natural distribution of holm oak in a northeast region of Spain (Fig. S6), we noticed that 
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the natural distribution of holm oak practically coincides with the areas with lower VPD 

during the vegetative period (from March to November), suggesting a relevant role of 

VPD in shaping vegetation similar to other factors such as soil properties or rainfall 

geographic patterns. 

5. Conclusion 

The methods used in this study to monitor VPD complement each other, with the 

whole-plant chamber providing an overall view of the response of the entire tree and the 

IR thermometry providing monitoring throughout the complete summer drought period 

in a noninvasive way. When compared to the single leaf measurements, the three methods 

provided similar relationships between VPD and conductance with discrepancies 

associated with the measurement scale. The results showed that atmospheric and soil 

water stress had an additive effect. Under well-watered conditions, an increase in VPD 

was partially compensated by a reduction in stomatal conductance, resulting in a slight 

increase in the transpiration rates. With soil water deficit, the response to VPD resulted 

in a further decrease in stomatal conductance, reducing transpiration as a water saving 

strategy. Finally, this high sensitivity to drought restricts the maximum carbon gain rates 

of holm oak to particular environmental conditions that might modulate its physiological 

performance and natural distribution. 

6. Appendices 

6.1 Appendix A. Calculation of leaf conductance using the infrared thermometry method 

Leaf transpiration (E, in mol m-2 s-1) was estimated from the difference between 

measured canopy temperature (Tc), and modelled leaf temperature for a dry surface (Tdry), 

according to energy balance equations (Jones, 1992): 

𝐸 = 𝐶𝑝(𝑔𝑏𝐻 + 𝑔𝑟)(𝑇𝑑𝑟𝑦 − 𝑇𝑐)/𝐿     Eq. (A.1) 

where Cp is the molar specific heat constant of air at constant pressure (29.2 J mol–1 K–1), 

gbH and gr are boundary layer (sensible) heat conductance and radiative heat conductance, 

respectively (in m2 s–1 mol–1), and L is the molar heat of vaporization (44012 J mol–1). 

GbH and gr were calculated following Ball et al. (1988) and Jones (1992), respectively: 

𝑔𝑏𝐻 = 1 (3.8𝐿𝐴1/4𝑢−1/2)⁄      Eq. (A.2) 

𝑔𝑟 = (4𝜎𝜀𝑙𝑇𝑎𝑖𝑟
2 ) 𝐶𝑝⁄      Eq. (A.3) 

where LA is the average individual leaf area (in m2), u is wind speed (in m s-1), σ is the 

Stefan-Boltzmann constant (5.67*10–8 W m–2 K–4), and εl is long-wave emissivity of the 

leaf (0.98). Tdry was estimated using the leaf temperature model described in Barbour et 

al. (2000), after removing the evaporative term (L*D, where D is the water vapor 

concentration deficit (mol mol–1)): 

𝑇𝑑𝑟𝑦 =
(𝑔𝑏𝐻+𝑔𝑟)(𝑄0∗𝑟𝑡)

𝐶𝑝(𝑟𝑡+(𝑠𝐿 𝐶𝑝𝑃)⁄ (𝑔𝑏𝐻+𝑔𝑟))
+ 𝑇𝑎𝑖𝑟      Eq. (A.4) 

where Q0 is the isothermal net radiation (in W m–2, for calculations see Appendix B), rt 

is total leaf resistance to water vapor (stomatal + boundary layer, in m2 s–1 mol–1), s is the 

slope of the curve relating temperature to saturated vapor pressure (in kPa K-1), and P is 

the pressure in kPa. The slope s was calculated following (Postl and Bolhàr-

Nordenkampf, 1983; Barbour et al., 2000): 

https://doi.org/10.1016/j.agrformet.2022.109218


Draft pre-print version. The final version of this article can be found at:  
Sancho-Knapik D, Mendoza-Herrer O, Alonso-Forn D, et al. 2022 Vapor pressure deficit constrains transpiration and 
photosynthesis in holm oak: A comparison of three methods during summer drought. Agric. For. Meteorol. 327, 
109218.  https://doi.org/10.1016/j.agrformet.2022.109218  

 

23 
 

𝑠 = a{
[(𝑇𝑎𝑖𝑟+b)(c−2

𝑇𝑎𝑖𝑟
d

)−𝑇𝑎𝑖𝑟(𝑐−
𝑇𝑎𝑖𝑟

𝑑
)]

(𝑇𝑎𝑖𝑟+𝑏)2
} ∗ 𝑒𝑥𝑝{𝑇𝑎𝑖𝑟[

(𝑐−
𝑇𝑎𝑖𝑟

𝑑
)

(𝑇𝑎𝑖𝑟+𝑏)
]}     Eq. (A.5) 

where a=6.13753, b=255.57, c=18.564 and d=254.4.  

Total leaf conductance (gt, in mol m-2 s-1) was calculated according to von 

Caemmerer and Farquhar (1981): 

𝑔𝑡 = 𝐸
[1−(𝑤𝑖+𝑤𝑎)/2]

(𝑤𝑖−𝑤𝑎)
      Eq. (A.6) 

where wi and wa stand for the mol fractions of water vapor inside the leaf and in the 

surrounding air, respectively. Total leaf resistance (rt=1/gt) was used as an input variable 

in Eq. A4, hence calculations were made iteratively, setting an initial value for gt=0.2 mol 

m-2 s-1, and recalculating with equations A.1-A.6 until the input and output values 

converged to a mean absolute difference <0.0001 mol m-2 s-1. 

6.2 Appendix B. Calculation of isothermal net radiation 

Horizontal radiation (Qsensor) was determined from local measurements of 

photosynthetically active radiation (PAR) (quantum sensor QSO, Apogee Instruments, 

Logan, USA), assuming a typical ratio of shortwave radiation to PAR of 0.5 MJ mol–1 

(Jones, 1992). We estimated the fraction of diffuse radiation (Kdiff) from the transmitted 

fraction (Kt), according to Boland et al. (2008): 

𝐾𝑑𝑖𝑓𝑓 = 1 [1 + exp (8.6𝐾𝑡 − 5)]⁄      Eq. (B.1) 

where Kt is calculated as the ratio between measured horizontal radiation and theoretical 

maximum horizontal solar radiation, as determined from the solar constant (1370 W m-2) 

and solar elevation (for details see Appendix 7 in Jones, 1992). From Kdiff, we calculated 

diffuse (Qdiff) and direct (Qdir) radiation reaching the sensor. Following Lambert’s cosine 

law, we determined incident direct radiation in the canopy surface (Qdir-canopy) multiplying 

Qdir by the ratio between the cosine of the angle between the surface and the sun (cos ξ), 

for the canopy and the sensor, respectively (Jones, 1992): 

cos ξ = [(sin λ cos ℎ)(− cos α sin χ) − sin ℎ (sin α sin χ) + (cos λ cos ℎ) cos χ] cos δ +
[cos λ (cos α sin χ) + sin λ cos χ] sin δ     Eq. (B.2) 

where λ is the latitude, h is the hour angle of the sun, α and χ are the zenith angle and 

azimuth of the surface, respectively, and δ is declination. Δ and h were determined using 

the functions declination and hourangle, available in the R package insol 1.2. For the 

sensor, χ=0 (horizontal surface) and α becomes irrelevant. For the canopy, χ= 45° and 
α=189.2°. Finally, total isothermal net radiation (Q0) reaching the canopy was calculated 

as the sum of Qdiff and Qdir-canopy, multiplied by an average leaf absorption coefficient of 

0.5 (Jones, 1992), and a light harvesting efficiency, which accounts for self-shading 

within the canopy, of 0.62 in Q. ilex (Esteso-Martínez et al. 2006). 
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Suplementary material 

Table S1 Comparison of the temperature (T, °C) and vapor pressure deficit (VPD, kPa) 

conditions between the outside of the chamber (out) and inside the chamber (inside), 

showing the effects of Teflon FEP throughout the daytime in our experiment. 

Solar time T out T inside VPD out VPD inside 

6:00-7:00 18.6±0.5ª 17.5±0.5b 0.4±0.1ª 0.2±0.0b 

8:00-9:00 25.2±0.4ª 25.7±0.2ª 1.4±0.1ª 1.4±0.0a 

10:00-12:00 28.9±0.7ª 33.9±0.5b 2.1±0.1ª 3.3±0.1b 

13:00-15:00 33.4±0.6ª 40.1±0.8b 3.6±0.2ª 5.5±0.4b 

16:00-18:00 28.3±0.7ª 34.1±1.1b 2.2±0.2ª 3.2±0.3b 

Data are mean ± se. Different letters indicates significant differences between the outside 

and inside the chamber (Student’s t-test, P<0.05). 

  

https://doi.org/10.1016/j.agrformet.2022.109218


Draft pre-print version. The final version of this article can be found at:  
Sancho-Knapik D, Mendoza-Herrer O, Alonso-Forn D, et al. 2022 Vapor pressure deficit constrains transpiration and 
photosynthesis in holm oak: A comparison of three methods during summer drought. Agric. For. Meteorol. 327, 
109218.  https://doi.org/10.1016/j.agrformet.2022.109218  

 

32 
 

Table S2 Analysis of variance (ANOVA) to assess the effects of measurement technique 

(METHOD: leaf cuvette, plant chamber, IR thermometry), soil water deficit (WATER: 

well watered / dry) and log-transformed values of vapor pressure deficit (logVPD) on 

standardized conductance. In bold P-values < 0.05. 

  Df Sum Sq Mean Sq F value P value 

METHOD 2 0.477 0.238 13.6 <0.001 

WATER 1 12.397 12.397 706.3 <0.001 

logVPD 1 84.173 84.173 4795.5 <0.001 

METHOD:WATER 2 0.211 0.105 6.0 0.002 

METHOD:logVPD 2 0.662 0.331 18.9 <0.001 

WATER:logVPD 1 0.087 0.087 4.9 0.026 

METHOD:WATER:logVPD 2 0.793 0.396 22.6 <0.001 

Residuals 4073 71.492 0.018     
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Fig. S1 Annual climate patterns in 2018 and 2019 of the study area. T, temperature; P, 

precipitation. Data obtained from the closest climatic station (41.722° N, 0.812° W, 

Zaragoza, Spain). 
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Fig. S2 Schematic representation and an image detail of the whole-plant chamber 

device used in this study. 
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Fig. S3 Evolution of the photosynthetic active radiation (PAR) throughout the day 

monitored for one holm oak under well-watered conditions (blue; predawn water 

potential, pd=-0.2 MPa) and on other specimen under drought conditions (red; pd=-1.8 

MPa), corresponding to the plot shown in Fig. 5a. Dashed lines define the time interval 

with a PAR higher than 500 mol m-2 s-1. 
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Fig. S4 Example of the evolution of the soil water potential (SWP) and the canopy 

temperature depression (CTD), measured on one holm oaks throughout a Mediterranean 

summer. DOY, day of year. Different colors in CTD indicates the solar time of the day, 

from 6:00 to 18:00 h. As a reference, the three main phases in the evolution of SWP are 

indicated. 

  

https://doi.org/10.1016/j.agrformet.2022.109218


Draft pre-print version. The final version of this article can be found at:  
Sancho-Knapik D, Mendoza-Herrer O, Alonso-Forn D, et al. 2022 Vapor pressure deficit constrains transpiration and 
photosynthesis in holm oak: A comparison of three methods during summer drought. Agric. For. Meteorol. 327, 
109218.  https://doi.org/10.1016/j.agrformet.2022.109218  

 

37 
 

Solar time (h)

T
 (

ºC
)

10

20

30

40

T
 (

ºC
)

10

20

30

40
(a)

(b)

00    12      00     12     00     12     00     12     00     12     00     12     00     12     00

TcTair

Tair Tc 

SWP = -0.9MPa

SWP > -0.1MPa

 

Fig. S5 Air (Tair) and canopy (Tc) temperatures monitored on one specimen of Quercus 

ilex subsp. rotundifolia using the infrared thermometry method. (a) corresponds to a 7-

day period (day of the year 176 to 182) under well-watered conditions (soil water 

potential, SWP>-0.1 MPa) and (b) corresponds to a 7-day period (day of the year 201 to 

207) under soil water deficit conditions (SWP=-0.9 MPa). Yellow and grey bars on the 

x-axis correspond to periods with a photosynthetic active radiation higher and lower than 

500 mol m-2 s-1, respectively. The blue arrow in (a) indicates a moment where Tc is lower 

than Tair. The red arrow in (b) indicates a moment where Tc is higher than Tair. 
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Fig. S6 Overlay map of the natural spatial distribution of Quercus ilex subsp. rotundifolia 

(shaded green) and VPD range values through the vegetative period, from March to 

November (colored circles) in Aragón (Northeast of Spain). Each circle corresponds to a 

meteorological station. VPD was calculated as the mean monthly value of a 10-year-

period, from 2010 to 2020. Climatic data obtained from SIAR-Sistema de Información 

Agroclimática para el regadío www.siar.es (Ministerio de Agricultura y Pesca, 

Alimentación y Medio Ambiente). 
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