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Abstract: Holm oak (Quercus ilex L.) is a Mediterranean species that can withstand intense summer
drought through a high resistance to cavitation far beyond the stomatal closure. Besides stomatal
limitations, both mesophyll and biochemical limitations to CO2 uptake could increase in holm oak
under drought. However, no studies have addressed how hydraulic and non-hydraulic factors
may limit the recovery of photosynthesis when re-watering after inducing 50% loss of hydraulic
conductivity. We measured photosynthetic traits, xylem embolism, and abscisic acid (ABA) in holm
oak with increasing levels of drought stress and seven days after plant re-watering. Drought stress
caused a sharp decrease in net CO2 assimilation (AN), stomatal and mesophyll conductance (gs and
gm), and maximum velocity of carboxylation (Vcmax). The stomatal closure could be mediated by the
rapid increase found in ABA. The high level of xylem embolism explained the strong down-regulation
of gs even after re-watering. Therefore, only a partial recovery of AN was observed, in spite of
non-hydraulic factors not limiting the recovery of AN, because i/ABA strongly decreased after
re-watering, and ii/gm and Vcmax recovered their original values. Therefore, the hydraulic-stomatal
limitation model would be involved in the partial recovery of AN, in order to prevent extensive xylem
embolism under subsequent drought events that could compromise holm oak survival.

Keywords: abscisic acid; drought; holm oak; maximum velocity of carboxylation; mesophyll
conductance; photosynthesis; recovery; stomatal conductance; xylem embolism

1. Introduction

Mediterranean-type climates are characterized by hot/dry summers and mild or cold winters
that can potentially restrict vegetative activity [1,2]. This type of climate is found in several regions
between 30◦ and 40◦ latitude on the western sides of continents [3], in areas where the shift of
the subtropical high pressure cells to higher latitudes during summer causes atmospheric stability,
and as a consequence, an absence of rainfall [4]. Moreover, climate change projections indicate that
Mediterranean ecosystems could experience drastic reductions in precipitation that will exacerbate
seasonal drought stress [5,6]. Therefore, plant species growing in the Mediterranean area should
develop mechanisms and strategies to cope with prolonged periods of water shortage [7].

Stomatal closure in response to drought is a common way of regulating water consumption [8–11].
This strategy is considered to be an effective mechanism that prevents xylem cavitation and runaway
embolism [12,13], albeit at the expense of a reduction in net CO2 assimilation that could compromise
the carbon balance of the plant [2,14]. The existence of a delay between the water potential leading
stomatal closure and that inducing extensive xylem cavitation (i.e., a wide “security margin”) [15]
is common in plants occurring in water-limited environments [16]. Several studies suggest that a
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wide “security margin” would increase the survival and competitiveness under Mediterranean severe
drought conditions [12,17].

Holm oak (Quercus ilex L.) is a keystone Circum-Mediterranean tree species—both in terms
geographic distribution and landscape dominance—that experiences very negative water potentials
under extreme drought (a more anisohydric behavior) [18], and shows high resistance to
drought-induced cavitation [19]. This species has a wide “security margin” because stomatal closure
occurs at water potentials (ca. −3 MPa) [10,12] much higher than those inducing 50% Loss of hydraulic
Conductivity (PLC50) (ca. −6 MPa) [19]. Despite this, in periods of extended drought, stomatal closure
cannot sufficiently restrict water loss to prevent the formation of extensive embolism in the xylem [20].

Besides stomatal limitations, drought stress can also reduce photosynthesis by (i) decreasing the
mesophyll conductance to CO2 (gm), i.e., increasing the CO2 transfer resistance from intercellular
air spaces to carboxylation sites in chloroplasts (mesophyll limitations), and (ii) decreasing the
maximum carboxylase activity of Rubisco (Vcmax), i.e., inhibiting the capacity to fix CO2 into sugars
(biochemical limitations) [21]. Regarding holm oak, Galle et al. [22] showed evidence that mesophyll
limitations increased when experiencing drought stress; this plays a predominant role in limiting
photosynthesis under these conditions. Moreover, these authors also characterized the velocity of
recovery of photosynthetic traits after re-watering, but they only found a partial recovery of net CO2

assimilation due to persistently low stomatal and mesophyll conductances.
The time to recovery of plant function is critical for ecosystem function, especially if a new drought

arrives, as was recently addressed by Schwalm et al. [23]. However, few studies have addressed the
relationship between hydraulic and photosynthetic traits during drought and recovery [20,24–27].
Overall, these authors suggested that recovery of photosynthetic capacity could be driven by recovery
of ability for water transport to the transpiring leaves. Besides hydraulic traits, Yan et al. [28] proposed
that non-hydraulic factors might jeopardize the recovery of gas exchange from severe drought in
Robinia pseudoacacia, i.e., through the existence of residual abscisic acid (ABA) during the recovery stage.

However, to the extent of our knowledge, no studies have addressed the role of both hydraulic
(xylem embolism) and non-hydraulic factors (namely gm, Vcmax and ABA) in the decline of the
photosynthetic activity of holm oak under severe drought conditions, and its subsequent recovery after
re-watering, which is the main objective of the present study. We hypothesized that recovery of net CO2

assimilation in holm oak after imposing a severe drought (i.e., reaching water potential values close to
PLC50) would be compromised by extensive xylem embolism, more than by non-hydraulic factors.

2. Materials and Methods

2.1. Plant Material and Experimental Conditions

Seeds from holm oak (Q. ilex subsp. rotundifolia) (“Soria” provenance, 41◦46′ N, 2◦29′ W, 1074 m
above sea level, Spain) were sown and cultivated in 2003 in 0.5 L containers inside a greenhouse under
the same conditions with a mixture of 80% compost (Neuhaus Humin Substrat N6; Klasman-Deilmann
GmbH, Geeste, Germany) and 20% perlite. After the first growth cycle, the seedlings were transplanted
to 25 L containers filled with the same mixture of compost and perlite, and cultivated outdoors at
CITA de Aragón (41◦39′ N, 0◦52′ W, Zaragoza, Spain), under Mediterranean conditions (mean annual
temperature 15.4 ◦C, total annual precipitation 298 mm). A slow-release fertilizer (15:9:12 N:P:K,
Osmocote Plus, Sierra Chemical, Milpitas, CA, USA) was periodically added to the top 10-cm layer of
substrate (3 g L−1 growth substrate). All plants were grown under the same environmental conditions,
drip-irrigated every 2 days and pruned when necessary.

Two weeks before the beginning of the experiment, ten potted plants (14-years-old and ca. 1.5 m
in height and ca. 0.8 m of maximum diameter) were placed under a clear plastic roof (polyethylene
film for greenhouse covering, 200 µm thickness) that allowed the passing 90% of PPFD (~1800 µmol
photons m−2 s−1 at midday, during the experiment). The use of covers in water-stress experiments
had the advantage of performing measurements in more controlled environmental conditions, i.e.,
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avoiding re-watering by storms or unwanted rainfall events. Watering was stopped on 21 August
2017, and measurements in well-watered plants started on 22 August 2017. Over the following days,
measurements were performed in the same plants every two or three days with increasing levels of
drought stress. Drought stress was imposed during 20 days. Finally, after the last measurement under
drought stressed conditions, plants were re-watered, and measurements were performed again after
7 days.

Air temperature (T, ◦C) and relative humidity (RH, %) were measured at the experimental site
using a Hobo Pro temp/RH data logger (Onset Computer, Bourne, MA, USA) located at 1.30 m above
the soil surface. Measurements were recorded every 60 min from June to September of 2017. Vapour
pressure deficit (VPD, kPa) was calculated from values of T and RH according to Rundel and Jarrell [29].
Mean and maximum diurnal (from dawn to sunset) VPD values for this period are shown in Figure S1.

2.2. Water Potential Measurements

Predawn and midday leaf water potentials (ψPD and ψMD, MPa) were measured in shoots of
holm oak (with leaves still attached to the shoots) with a Scholander pressure chamber following the
methodological procedure described by Turner [30].

2.3. Leaf Gas Exchange and Chlorophyll Fluorescence Measurements

Simultaneous gas-exchange and chlorophyll fluorescence measurements were conducted with
an open gas exchange system (CIRAS-2, PP-Systems, Amesbury, MA, USA) fitted with an automatic
universal leaf cuvette (PLC6-U, PP-Systems) and an FMS II portable pulse amplitude modulated
fluorometer (Hansatech Instruments Ltd., Norfolk, UK). All measurements were performed between
8 and 9 h (solar time) in fully developed current-year attached leaves of holm oak, at controlled cuvette
CO2 concentration (Ca = 400 µmol mol−1) and a saturating photosynthetic photon flux density (PPFD)
of 1500 µmol m−2 s−1. In all measurements, the vapor pressure deficit was kept at 1.25 kPa, and leaf
temperature at 25 ◦C. After steady-state gas-exchange was reached, net CO2 uptake (AN, µmol CO2

m−2 s−1), stomatal conductance (gs, mmol H2O m−2 s−1) and the effective quantum yield of PSII (ΦPSII)
were estimated. The ΦPSII was calculated as (F′M − FS)/F′M, where FS is the steady-state fluorescence
and F′M is the maximum fluorescence during a light-saturating pulse of ~8000 µmol m−2 s−1 [31].
Photosynthetic electron transport rate (JF) was then calculated according to Krall and Edwards [32],
following the methodology described in Peguero-Pina et al. [33]. Leakage of CO2 in and out of the
cuvette was determined as described in Flexas et al. [34], and used to correct for measured leaf fluxes.

Mesophyll conductance (gm) and maximum velocity of carboxylation (Vcmax) were estimated
according to the method of Harley et al. [35] (Equation (1)), and the one-point method of
De Kauwe et al. [36] Equation (2), respectively, as follows:

gm =
AN

Ci − Γ∗(JF+8(AN+RL))
JF−4(AN+RL)

(1)

Vcmax =
AN(

Ci−Γ∗
Ci+Km

)
− 0.015

(2)

where AN and the substomatal CO2 concentration (Ci) were taken from the gas-exchange measurements
at saturating light. The chloroplastic CO2 compensation point in the absence of mitochondrial
respiration (Γ*) and the respiration rate in the light (RL) were estimated as described in Flexas et al. [37],
whereas Km (the Michaelis-Menten constant) was estimated as described in De Kauwe et al. [36].

To separate the relative controls on AN resulting from limited stomatal conductance (ls), mesophyll
diffusion (lm) and biochemical capacity (lb), we used the quantitative limitation analysis of Grassi
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and Magnani [38], as applied in Tomás et al. [39] and Peguero Pina et al. [40]. Different fractional
limitations, ls, lm and lb (ls + lm + lb = 1) were calculated as:

ls =
gtot/gs·δANN/δCc

gtot + δANN/δCc
(3)

lm =
gtot/gm·δANN/δCc

gtot + δANN/δCc
(4)

lb =
gtot

gtot + δANN/δCc
(5)

where gs is the stomatal conductance to CO2, gm is the mesophyll conductance according to
Harley et al. [35] Equation (1), and gtot is the total conductance to CO2 from ambient air to chloroplasts
(sum of the inverse CO2 serial conductances gs and gm). The values of gm obtained were used to
calculate the chloroplastic CO2 concentration (Cc) using the equation Cc = Ci − AN/gm.

2.4. Whole-Plant Transpiration and Conductance

Whole-plant transpiration was estimated through lysimetric measurements by weighing the
plant pots from the early morning to midday every 2 h (6, 8, 10 and 12 h solar time) with a precision
balance (Wagi Load Cell WLC 20/A2, Radwag Balances and Scales, Radom, Poland). In order to
consider only the water losses by plant transpiration, the surface of the ground and the pot drain holes
were sealed before the first measurement; these seals were removed after the last measurement of
the day. Transpiration (mol H2O s−1) was calculated as the difference in weight divided by the time
lapse between two consecutive measurements. Whole-plant transpiration on leaf area basis (Eplant,
mol H2O m−2 s−1) was calculated by estimating total leaf area per plant; to do this, single leaf area was
estimated in 20 representative leaves per plant and the total number of leaves per plant was quantified.
Moreover, whole-plant conductance (gplant) was derived from Ficks law of diffusion, as described in
Pearcy et al. [41]:

gplant =
Eplant

∆VPD
(6)

where ∆VPD is the leaf-air vapour pressure difference.

2.5. Native Xylem Embolism

Native xylem embolism was estimated in current-year twigs of holm oak collected from branches
where ψMD had previously been measured. The twigs were cut under water in the field and
immediately carried out to the lab in a plastic bag. Once there, the stem segments of the twigs
were cut under water again (50 mm long), and both ends were shaved with a razor blade. The
segments were placed in a tubing similar to that described by Cochard et al. [42] and connected
to a digital mass flowmeter Liqui-Flow (Bronkhorst High-Tech, Ruurlo, The Netherlands). The
tubing with the twigs was immersed in distilled water to prevent desiccation and to maintain a
near constant temperature [12]. The segments were perfused with distilled, degassed and filtered
(0.22 µm) water containing 0.005% (v/v) Micropur (Katadyn Products, Wallisellen, Switzerland) to
prevent microbial growth [43]. The hydraulic conductivity was measured before and after removing
air embolisms by applying short perfusions at 0.15 MPa for 60–90 s, as described by Sperry et al. [44].
Native embolism was then calculated as the ratio between the hydraulic conductivity before and after
removing embolism.

2.6. Abscisic Acid Determination

Abscisic acid (ABA) was determined in current-year fully developed leaves of holm oak. Samples
were collected at midday and stored at −80 ◦C for preservation until analysis. Fifty milligrams of
lyophilized tissue was extracted twice with 3 mL of acetone/water/formic acid (80:19:1, v/v/v) (30 min,
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2000 rpm) and centrifuged (15 min, 3000 rpm, 4 ◦C). The acetone was evaporated under a nitrogen
stream, and the remaining aqueous extract was adjusted to 1.2 mL with Milli-Q water. The extract was
partitioned twice with diethyl ether, dried under nitrogen, and redissolved in 500 µL acetonitrile/water
(30:70, v/v) containing 0.1% formic acid. The extract was analyzed by mass spectrometry, and ABA
was quantified following the methodology described in Sancho-Knapik et al. [45].

2.7. Statistical Analysis

Data are expressed as means ± standard error. One-way ANOVAs were performed to identify the
effect of time of measurement on whole-plant transpiration (Eplant) and conductance (gplant). Multiple
comparisons were carried out among times of measurement for Eplant and gplant using the post hoc
Tukey’s Honest Significant Difference test. Student’s t-tests were used to compare the values of
photosynthetic traits (AN, gs, gm and Vcmax) measured for well-watered plants before the drought
period with those measured 7 days after plants were rewatered. All statistical analyses were performed
with SAS version 8.0 (SAS, Cary, NC, USA).

3. Results

3.1. Whole-Plant Transpiration and Conductance

Both transpiration and conductance at whole-plant level (Eplant and gplant) decreased in holm oak
when predawn water potential (ψPD) became more negative (Figure 1). At the end of the drought
period (when ψPD was ca. −6 MPa), both Eplant and gplant reached almost negligible values. Eplant for
well-watered plants was statistically higher at midday (solar time) when compared with the values
obtained in early- and mid-morning (Figure 1a). This fact can be explained by the gradual increase in
VPD from early morning to midday because gplant did not show differences among different times
of measurement for well-watered plants (when ψPD was ca. 0 MPa, Figure 1b). gplant only showed
differences among different times of measurement when ψPD was ca. −3 MPa.

Forests 2018, 9, x FOR PEER REVIEW    5 of 13 

 

milligrams of lyophilized tissue was extracted twice with 3 mL of acetone/water/formic acid (80:19:1, 

v/v/v) (30 min, 2000 rpm) and centrifuged (15 min, 3000 rpm, 4 °C). The acetone was evaporated under 

a nitrogen stream, and the remaining aqueous extract was adjusted to 1.2 mL with Milli‐Q water. The 

extract was partitioned  twice with diethyl ether, dried under nitrogen, and redissolved  in 500 μL 

acetonitrile/water  (30:70,  v/v)  containing  0.1%  formic  acid.  The  extract  was  analyzed  by  mass 

spectrometry, and ABA was quantified following the methodology described in Sancho‐Knapik et al. 

[45]. 

2.7. Statistical Analysis 

Data are expressed as means ± standard error. One‐way ANOVAs were performed to identify 

the  effect  of  time  of measurement  on whole‐plant  transpiration  (Eplant)  and  conductance  (gplant). 

Multiple comparisons were carried out among times of measurement for Eplant and gplant using the post 

hoc Tukey’s Honest Significant Difference test. Student’s t‐tests were used to compare the values of 

photosynthetic  traits  (AN,  gs,  gm  and Vcmax) measured  for well‐watered plants  before  the drought 

period  with  those  measured  7  days  after  plants  were  rewatered.  All  statistical  analyses  were 

performed with SAS version 8.0 (SAS, Cary, NC, USA). 

3. Results 

3.1. Whole‐Plant Transpiration and Conductance 

Both transpiration and conductance at whole‐plant level (Eplant and gplant) decreased in holm oak 

when predawn water potential (ψPD) became more negative (Figure 1). At  the end of  the drought 

period (when ψPD was ca. −6 MPa), both Eplant and gplant reached almost negligible values. Eplant  for 

well‐watered plants was statistically higher at midday (solar time) when compared with the values 

obtained in early‐ and mid‐morning (Figure 1a). This fact can be explained by the gradual increase in 

VPD from early morning to midday because gplant did not show differences among different times of 

measurement  for well‐watered  plants  (when  ψPD was  ca.  0 MPa,  Figure  1b).  gplant  only  showed 

differences among different times of measurement when ψPD was ca. −3 MPa. 

 

Figure 1. Time course of (a) whole‐plant transpiration (Eplant) and (b) whole‐plant conductance (gplant) 

with predawn water potential (ψPD) for holm oak leaves during the drought period at early morning 

(between 6 and 8 h solar time, white symbols), mid‐morning (between 8 and 10 h solar time, grey 

symbols) and midday (between 10 and 12 h solar time, black symbols). Data are mean ± SE. Asterisks 

indicate significant differences among early morning, mid‐morning and midday for each level of ψPD 

(Tukey’s test, p < 0.05). 

  

PD (-MPa)

0 1 2 3 4 5 6

g p
la

nt
 (

m
o

l H
2O

 m
-2

 s
-1

)

0.00

0.05

0.10

0.15

0.20

0.25 6-8 h
8-10 h
10-12 h

PD (-MPa)

0 1 2 3 4 5 6

E
p

la
nt
 (

m
m

ol
 H

2O
 m

-2
 s

-1
)

0

2

4

6

8
6-8 h
8-10 h
10-12 h

(a) (b)
*

*

Figure 1. Time course of (a) whole-plant transpiration (Eplant) and (b) whole-plant conductance (gplant)
with predawn water potential (ψPD) for holm oak leaves during the drought period at early morning
(between 6 and 8 h solar time, white symbols), mid-morning (between 8 and 10 h solar time, grey
symbols) and midday (between 10 and 12 h solar time, black symbols). Data are mean ± SE. Asterisks
indicate significant differences among early morning, mid-morning and midday for each level of ψPD

(Tukey’s test, p < 0.05).
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3.2. Photosynthetic Traits at Leaf Level

Both net photosynthesis and stomatal conductance at leaf level (AN and gs) decreased in holm oak
when ψPD became more negative, reaching negative values for AN and almost negligible values for gs

at the end of the drought period (Figure 2), which agreed with the results obtained at the whole-plant
level (Figure 1). Both AN and gs showed a partial recovery when plants were re-watered, although this
was much higher for AN than for gs (64% and 29% with respect to the values for well-watered plants,
respectively). This pattern was also observed for mesophyll conductance and maximum velocity
of carboxylation (gm and Vcmax), which showed a sharp decrease throughout the drought period
(Figure 3). However, contrary to gs, the recovery of gm and Vcmax was almost complete 7 days after
plants were re-watered (89 and 75%, respectively).
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Figure 2. Time course of (a) net photosynthesis (AN) and (b) stomatal conductance (gs) with predawn
water potential (ψPD) for holm oak leaves well-watered (red symbols), during the drought period
(yellow symbols) and 7 days after plants were re-watered (violet symbols). Data are mean ± SE.
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Figure 3. Time course of (a) mesophyll conductance (gm) and (b) maximum velocity of carboxylation
(Vcmax) with predawn water potential (ψPD) for holm oak leaves well-watered (red symbols), during
the drought period (yellow symbols) and 7 days after plants were re-watered (violet symbols). Data
are mean ± SE.
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The analysis of the partitioning of photosynthetic limitations revealed that AN was mainly limited
by mesophyll conductance (lm) for well-watered plants, which was gradually increased during the
drought period (Figure 4). However, there was a strong increase in ls and a strong decrease in lm 7 days
after plants were re-watered (Figure 3), probably associated with the lack of recovery in gs (Figure 2).
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Figure 4. Relative stomatal (ls), mesophyll (lm) and biochemical (lb) photosynthesis limitations for
holm oak leaves well-watered, with increasing levels of drought stress and 7 days after plants were
re-watered. Data are mean ± SE.

3.3. Native Xylem Embolism

The increasing levels of maximum daily drought stress (estimated through the measurement of
ψMD) induced a progressive loss of hydraulic conductivity in holm oak twigs, reaching values of native
xylem embolism ca. 50% at the end of the drought period. This value of native embolism remained
almost constant for 7 days after plants were re-watered (ca. 55%, Figure 5).
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Figure 5. Time course of native xylem embolism (%) with midday water potential (ψMD) for holm oak
twigs well-watered (red symbols), during the drought period (yellow symbols) and 7 days after plants
were re-watered (violet symbols). Data are mean ± SE.

3.4. Abscisic Acid

The increasing levels of drought stress induced a sharp increase in ABA concentration, reaching
maximum values at ψPD between −3 and −4 MPa (Figure 6). Despite ABA progressively decreasing
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until the end of the drought period, the residual value after plants were re-watered was much lower
than that registered throughout the drought period, but slightly higher than that for well-watered
plants (Figure 6).Forests 2018, 9, x FOR PEER REVIEW    8 of 13 
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Figure 6. Time course of abscisic acid (ABA, ng g−1) with predawn water potential (ψPD) for
well-watered holm oak leaves (red symbols) during the drought period (yellow symbols) and 7 days
after plants were re-watered (violet symbols). Data are mean ± SE.

4. Discussion

4.1. Drought Period

All the photosynthetic traits analyzed for holm oak leaves showed strong reductions when
increasing the levels of drought, reaching almost negligible values at the end of the drought period
(Figures 2 and 3). Thus, the ability for net CO2 uptake (AN) was progressively decreased and became
negative when predawn water potential (ψPD) was ca. −5 MPa, as previously reported for this
species [10]. The drop experienced by AN throughout the drought period was accompanied by strong
reductions for the rest of photosynthetic traits, i.e., stomatal conductance (gs), mesophyll conductance
(gm), and maximum velocity of carboxylation (Vcmax). These results indicate that both diffusive
(stomatal and mesophyll) and non-diffusive (biochemical) limitations of photosynthesis increased
throughout the drought period, which helped explain the pattern followed by AN. Regarding to this,
Galle et al. [22] reported a similar performance for AN, gs and gm in holm oak when subjected to
drought, although these authors found that Vcmax was not affected throughout the experiment.

Regardless of the absolute increase found for all the factors potentially limiting photosynthesis,
the analysis of the partitioning of the different components revealed that gm was the most limiting
factor for net CO2 assimilation for well-watered plants and throughout the drought period (Figure 4),
which confirms the important role of gm in the photosynthetic capacity of holm oak [46]. In fact,
the relative importance of mesophyll limitation (lm) was gradually increased during the drought
period, from 0.67 for well-watered plants up to 1.00 when ψPD was ca. −5 MPa (Figure 4), concurrently
with the point when AN became negative (Figure 2).

Besides gm, the response found in gs under drought stress also imposed a strong limitation to
CO2 uptake. As stated in the Introduction, this is a common mechanism in Mediterranean plants in
response to a reduction in soil water availability that has been reported for holm oak [10]. The results
found in the present study seem to indicate that the stomatal closure at the onset of the drought period
(when ψPD was ca. −3 MPa) could be driven by the rapid increase in abscisic acid (ABA) (Figure 6),
a plant hormone that initiates a signaling cascade to close stomata and reduce water loss [47]. It should
be noted that, at this stage, a down-regulation of stomatal conductance at whole-plant level (gplant)
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from the early morning to midday (Figure 1) was also detected, probably associated to hydraulic
factors due to the effect of incipient xylem embolism (Figure 6). Afterwards, ABA concentration
showed a slight decline until the end of the drought period, as observed by Yan et al. [28] for Amorpha
fruticosa and Robinia pseudoacacia. Furthermore, the results derived from this work provide evidence
that even an almost complete stomatal closure (i.e., gs below 0.030 mol H2O m−2 s−1) cannot impede
a meaningful loss of hydraulic conductivity in the xylem (ca. 50% at the end of the drought period,
Figure 5).

4.2. Recovery

The values of ψPD for holm oak recovered from −5.6 MPa at the end of the drought period to
−0.6 MPa 7 days after re-watering, although this value was slightly more negative than that for
well-watered plants (−0.1 MPa). The rate of recovery of the different photosynthetic traits showed
meaningful differences among them. Thus, gm and Vcmax recovered the original values registered
for well-watered plants (Figure 3, Table 1), which is in accordance with the results showed by
Galle et al. [22] for holm oak. However, contrary to our findings, theses authors reported that AN

and gs in holm oak restored the control values even after three drought cycles. In fact, we observed
only a partial recovery of AN after re-watering (7.0 µmol CO2 m−2 s−1, Figure 2a), and this value was
statistically significant different (p < 0.05, Table 1) when measured on well-watered plants (10.9 µmol
CO2 m−2 s−1, Figure 2a). This fact can be explained by the low gs after re-watering (0.084 mol H2O
m−2 s−1, Figure 2b), i.e., much lower (p < 0.05, Table 1) than the value showed by well-watered plants
(0.288 mol H2O m−2 s−1, Figure 2b). As a result, stomatal limitations to photosynthesis (ls) increased
significantly after re-watering when compared with the values estimated for both well-watered plants
and during the drought period (Figure 4).

Table 1. Outputs of the Student’s t-tests performed to compare the values of net photosynthesis
(AN), stomatal conductance (gs), mesophyll conductance (gm) and maximum velocity of carboxylation
(Vcmax) for well-watered plants before the drought period and those measured 7 days after plants were
rewatered. *: Significant values at p < 0.05.

t-Value p-Value

AN 2.20 0.049 *
gs 4.38 0.001 *
gm 0.43 0.668

Vcmax 1.27 0.231

These apparently discrepancies between our results and those showed by Galle et al. [22] can be
explained by considering the different levels of water stress reached when both studies are compared.
Thus, midday water potential (ψMD) in holm oak only decreased to −2.9 MPa in Galle et al. [22],
whereas in our study, ψMD was close to −6 MPa at the end of the drought cycle (Figure 5). These
differences in ψMD between both experiments would have important consequences in terms of loss of
xylem hydraulic conductivity. Effectively, we found that xylem embolism for holm oak twigs was ca.
50% at the end of the drought period, whereas ψMD reported by Galle et al. [22] would only induce
an almost negligible level of xylem embolism—ca. 10%—according to our data and those previously
published by Peguero-Pina et al. [19] for holm oaks of different provenances. The preservation of
the integrity of xylem water transport may justify the rapid recovery of gs found for holm oak by
Gallé et al. [22] once water potential was restored to control values. In contrast, the meaningful value of
xylem embolism and the lack of hydraulic recovery (Figure 5) could explain the strong down-regulation
of gs, even after re-watering, found in the our study.

The role of the hydraulic limitations in the recovery of leaf gas exchange once re-watered after a
drought period has been discussed in previous studies [28,48,49]. Thus, Brodribb and Cochard [49]
found strong evidence that hydraulic limitation was the process governing gas-exchange recovery
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from drought in water stressed conifers. On the other hand, Blackman et al. [48] suggested that, besides
hydraulic limitations, non-hydraulic factors such as ABA might also be involved in limiting the rate
of stomatal reopening after re-watering in four woody angiosperm species native to Australia. More
recently, Yan et al. [28] stated that the stomatal recovery in Amorpha fruticosa L. and Robinia pseudoacacia L.
in the re-watered stage was mainly mediated by hydraulic factors, although they also suggested that
non-hydraulic limitations might also be involved in the recovery of gas exchange in R. pseudoacacia.

In our case, there is considerable evidence that points toward the predominant role of the
hydraulic-stomatal limitation model proposed by Brodribb and Cochard [49] in the lack of recovery
of AN found in holm oak. First, ABA concentrations after re-watering were very far from those
measured during the drought period, especially with respect to the maximum values registered when
the stomatal closure occurred (Figure 6). Second, as stated above, gm and Vcmax completely recovered
their original values for well-watered plants (Figure 3). Therefore, these non-hydraulic factors would
not limit the recovery of photosynthetic activity of holm oak. On the other hand, the water potential
drop between predawn and midday (ψMD − ψPD) after re-watering (ca. 1 MPa) was much lower than
for well-watered plants (ca. 2 MPa), which suggests a down-regulation of plant transpiration (i.e.,
through low gs) coupled with a reduced ability for water transport through the xylem to transpiring
leaves (i.e., due to xylem embolism), according to the model proposed by Oren et al. [50]. In this
regard, although several authors have reported a recovery of hydraulic capacity by embolism repair
after re-watering (e.g., [20,51–53]), this seems not to be the case of holm oak, at least when reaching
water potential values close to PLC50.

5. Conclusions

Holm oak showed conservative water-use behavior when subjected to drought, mainly associated
to an increase in ABA that triggered the stomatal closure. This fact, together with strong declines in
gm and Vcmax, severely limited the photosynthetic ability of this species under intense water stress.
In spite of minimal water losses and its higher resistance to drought-induced cavitation, drought stress
led to an almost complete stomatal closure, and xylem embolism rates close to PLC50. The partial
recovery of AN found after re-watering was mainly due to hydraulic factors, which reduced gs in
order to prevent extensive xylem embolism under subsequent drought events that could compromise
plant survival. Nevertheless, the occurrence of accumulative episodes of extreme drought may have a
negative effect on the long-term performance of holm oak, due to a reduced ability for carbon gain.
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