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Abstract

The present work aims to study the interactive effect of drought stress and high vapour pressure deficit (VPD) on leaf
gas exchange, and especially on mesophyll conductance to CO2 (gm), in two woody species of great agronomical

importance in the Mediterranean basin: Vitis vinifera L. cv. Tempranillo and Olea europaea L. cv. Manzanilla. Plants

were grown in specially designed outdoor chambers with ambient and below ambient VPD, under both well-irrigated

and drought conditions. gm was estimated by the variable J method from simultaneous measurements of gas

exchange and fluorescence. In both species, the response to soil water deficit was larger in gs than in gm, and more

important than the response to VPD. Olea europaea was apparently more sensitive to VPD, so that plants growing in

more humid chambers showed higher gs and gm. In V. vinifera, in contrast, soil water deficit dominated the response

of gs and gm. Consequently, changes in gm/gs were more related to VPD in O. europaea and to soil water deficit in V.
vinifera. Most of the limitations of photosynthesis were diffusional and especially due to stomatal closure. No

biochemical limitation was detected. The results showed that structural parameters played an important role in

determining gm during the acclimation process. Although the relationship between leaf mass per unit area (MA) with gm

was scattered, it imposed a limitation to the maximum gm achievable, with higher values of MA in O. europaea at lower

gm values. MA decreased under water stress in O. europaea but it increased in V. vinifera. This resulted in a negative

relationship between MA and the CO2 draw-down between substomatal cavities and chloroplasts in O. europaea, while

being positive in V. vinifera.

Key words: Acclimation, drought, grapevines, internal conductance, leaf density, leaf mass per area, olive, stomatal

conductance, VPD, water stress.

Introduction

During photosynthesis, CO2 must diffuse from the atmo-

sphere surrounding the leaf to the chloroplast through

several resistances that reduce the concentration of CO2 in

the chloroplast (Cc) down to 20–30% of the ambient CO2

(Ca) (Flexas et al., 2008). Of this series of conductances,

defined as the inverse of the resistance, two dominate the
pathway from the atmosphere to the sites of carboxylation.

The first determines the diffusion of CO2 from the atmo-

sphere to substomatal cavities via the stomata, defined as

stomatal conductance (gs). The second conductance is placed

in the pathway from the substomatal cavities to the sites of

carboxylation, and is called mesophyll conductance (gm).

Most gas exchange studies have supposed that gm was large

and constant, assuming that the CO2 concentration in the
substomatal cavity (Ci) was equal to Cc. However, it is now

known that gm is finite and similar in magnitude to gs (Evans
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and von Caemmerer, 1996; Evans and Loreto, 2000), and

that Cc is significantly lower than Ci in all species examined

(Evans et al., 1986; Lloyd et al., 1992; Epron et al., 1995;

Warren et al., 2003; Warren, 2008a). Therefore, finite gm

imposes an additional limitation to photosynthesis (Evans

et al., 1986; Parkhurst and Mott, 1990; Lloyd et al., 1992;

Warren, 2004, 2008a) typically as large as that created by gs

(Epron et al., 1995; Warren et al., 2003; Yamori et al., 2006).
In the 1990s, most of the variations of gm were thought to

be exclusively associated with anatomical and morphologi-

cal traits of the leaf. However, recent studies have high-

lighted that gm is much more dynamic than previously

thought, as it is affected by many environmental variables,

and changing as rapidly as gs (Centritto et al., 2003; Flexas

et al., 2007b). Mesophyll conductance responds both in the

short (minutes, hours) and in the long (days to years) term
to environmental variables including light, temperature,

water, salinity, and CO2. These changes may be important

in regulating photosynthesis in response to the environment

(Flexas et al., 2008; Warren, 2008a).

Soil water deficit and atmospheric vapour pressure deficit

(VPD) are amongst the most important environmental

variables affecting leaf gas exchange, and their effects on

reducing gs have been observed extensively in many species
(Lawlor and Cornic, 2002; Flexas et al., 2004). VPD has been

shown to be especially important in woody plants, where it is

the main variable affecting their diurnal evolution of

transpiration and gs. Soil water deficit and salinity also result

in decreased gm in many species (Bongi and Loreto, 1989;

Flexas et al., 2002, 2004; Centritto et al., 2003; Monti et al.,

2006; Galmes et al., 2007; Warren, 2008b; Peeva and Cornic,

2009), which has led to the hypothesis that gs and gm are
intrinsically co-regulated (Galmes et al., 2007; Warren et al.,

2008b; Peeva and Cornic, 2009). However, recent results

suggest that such co-regulation of gs and gm under soil water

deficit depends, to some extent, on the environmental

conditions. For instance, Gallé et al. (2009) have shown that,

with similar drought-induced decreases of gs, gm only

decreased under high light conditions, which also constrains

its recovery upon re-watering. Similarly, Flexas et al. (2009)
have observed that the reduction of gm, under severe water

stress can be fully reversed on cloudy days with lower

irradiance, temperature, and VPD.

Moreover, the two unique reports presently available

describing the effect of VPD on gm present opposite results.

Bongi and Loreto (1989), working with salt-stressed olive

trees, showed that high VPD resulted in decreased mesophyll

conductance, so that gm tracked the stomata response. On
the other hand, Warren (2008b) reported no effect of VPD

on gm. Therefore, the effects of VPD on gm are unclear as

yet, as they occur with the co-regulation of gs and gm.

The aim of the present work is to study the interactive

effects of soil water deficit and VPD on gs and gm in the long

term in two woody species of great agronomical importance

in the Mediterranean basin: grapevine (Vitis vinifera) and

olive (Olea europaea). The experiment aims to study the
acclimation of O. europaea and V. vinifera plants to high

VPD in combination with soil water deficit, a condition often

sustained by these species when growing under Mediterra-

nean conditions.

Materials and methods

Plant material

Measurements were made in two different woody species,

the evergreen O. europaea L. var. Manzanilla and the
deciduous V. vinifera L. cv. Tempranillo. Both species

present green leaves during summer under Mediterranean

conditions, often enduring drought and high atmospheric

water demand. Three-year-old O. europaea plants and 1-

year-old V. vinifera plants were used. The response of V.

vinifera leaves to VPD and soil water deficit was determined

during the summer of 2007 in plants growing outdoors at

the University of the Balearic Islands (Mallorca, E Spain).
The response of O. europaea leaves was determined during

the summer 2008 at La Hampa experimental farm of the

CSIC (near Seville, SW Spain). Both sites are in the

Mediterranean basin of Spain, where summer is character-

ized by high temperatures, high irradiance, high potential

evapotranspiration, and almost no rainfall. Plants of O.

europaea were grown in 50.0 l pots containing sandy-loam

soil, while plants of V. vinifera were grown in 15.0 l pots
containing an organic substrate:perlite mixture (3:1).

Acclimation to VPD and drought

In order to study the acclimation to different VPDs, plants

were grown in two different pairs of outdoor chambers of

63232 m in size. One pair of chambers, called wet chambers

(CHwet), were totally covered with a polyethylene mesh. A

fog system, which consisted of a series of 12 nebulizers of

7.0 l h�1 each per chamber, was used to reduce VPD, and

was activated when VPD was >1.5 kPa. Polyethylene mesh

was used because it let air pass through while it only reduced
radiation inside the chamber by a maximum of 25%. A

second pair of chambers, ambient chambers (CHamb), were

built to imitate the reduction in radiation. In these chambers

the polyethylene mesh only covered the top and VPD was in

equilibrium with ambient. Additionally, two water treat-

ments were imposed, separately for each pair of chambers, to

study the combined effect of drought and VPD. In irrigated

chambers, soil water content was maintained near field
capacity (CHI), whereas in drought chambers it was kept at

half field capacity (CHD). Therefore, four treatments were

established: CHwet,I, CHwet,D, CHamb,I, and CHamb,D. Three

plants and seven plants per chamber were grown in the O.

europaea and V. vinifera experiments, respectively.

Air temperature and relative humidity were measured

with a psychrometer (RHT2, Delta-T Devices Ltd, Cam-

bridge, UK), wind speed with a cup anemometer (AN1
anemometer, Delta-T Devices Ltd), and photosynthetically

active photon flux density (PPFD) using quantum sensors

(SKP215, Skye Instruments Ltd, Powys, UK). All sensors

were installed at the canopy level. The volumetric soil water

content (h) of the substrate in the pots was determined using
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capacitance soil moisture sensors ECH2O (EC-10, Decagon

Devices Inc., Pullman, WA, USA) at two different depths,

0.05 m and 0.20 m. Measurements were made every 10 s in

all chambers. Sensors were connected to a datalogger (model

CR10X, Campbell Scientific, Logan, UT, USA), and data

were averaged and recorded every 10 min. Volumetric soil

water content was transformed into relative extractable water

(REW) according to Maseyk et al. (2008). Field capacity was
determined to be 0.25 m3 m�3 and 0.4 m3 m�3 in O. europeae

and V. vinifera experiments, respectively, and the soil water

content at permanent wilting point was 0.04 m3 m�3 and

0.09 m3 m�3, respectively. The use of REW, instead of h,

makes both experiments (in which different soils were used)

more comparable (Fernandez et al., 1997; Granier et al.,

1999; Maseyk et al., 2008). However, there was no intention

to relate a particular h or REW to any physiological variable
measured in this study, as these water treatments were only

intended to reduce gs without inhibiting plant growth totally,

allowing acclimation processes to take place in newly de-

veloped foliage.

Plant water status

Leaf water potential was quantified by measuring it at pre-

dawn (Wpd) and mid-day (Wmid) with a pressure chamber

(Soilmoisture Equipment Corp., Santa Barbara, CA, USA).

Six replicates by treatment were taken. The relative water

content at mid-day (RWCmid) was determined as follows:

RWCmid¼(fresh weight–dry weight)/(turgid weight–dry

weight)3100. To determine the turgid weight of the samples,
these were kept in distilled water in darkness at 4 �C to

minimize respiration losses, until they reached a constant

weight (full turgor, typically after 24 h). Their dry weight was

obtained after 48 h at 60 �C in an oven. Six replicates per

treatment were obtained.

Gas exchange systems

Leaf gas exchange measurements were made on fully

expanded, healthy, young leaves with similar age, ;21 d old

in V. vinifera and 40 d old in O. europaea. Leaf age was

assessed by marking new leaves. Measurements at different

times of the year were performed in leaves of the same age to

avoid any leaf age factors. Each variable was measured in six
different leaves. Photosynthesis was induced with saturating

light (1600 lmol m�2 s�1) and 400 lmol mol�1 CO2

surrounding the leaf (Ca), with 15% blue light to maximize

stomatal aperture. Leaf temperature was maintained at

30 �C, and leaf-to-air VPD was kept below 2 kPa in all

measurements.

Mesophyll conductance (gm) was estimated from simulta-

neous measurements of leaf gas exchange and chlorophyll
fluorescence using two open gas exchange systems (LI-6400,

Li-Cor, Lincoln, NE, USA) both equipped with an in-

tegrated LI-6400-40. The actual photochemical efficiency of

photosystem II (/PSII) was determined by measuring steady-

state fluorescence (Fs) and maximum fluorescence during

a light-saturating pulse of ;8000 lmol m�2 s�1 (Fm#)
following the procedures of Genty et al. (1989):

/PSII¼ðFm#�Fs#Þ=Fm#

The electron transport rate (J) was then calculated as:

J¼/PSII�PPFD�a

where PPFD is the photosynthetic photon flux density and

a is a term which includes the product of leaf absorptance

and the partitioning of absorbed quanta between PSI and

PSII. a was previously determined for each line as the slope
of the relationship between /PSII and /CO2 obtained by

varying light intensity under non-photorespiratory condi-

tions in an atmosphere containing <1% O2 (Valentini et al.,

1995). Rl was determined by the Laisk method, as described

below for gm calculation. a was 0.425 for V. vinifera and

0.465 for O. europaea, with no differences among treat-

ments.

Estimations of gm were performed by the method by
Harley et al. (1992):

gm¼AN=<Ci�
�
C� �

�
Jfluþ8�

�
ANþR1

��

=
�
Jflu�4�

�
AN þ R1

���
>

where AN and Ci were taken from gas exchange measure-

ments at saturating light, and Rl and C* were estimated using

the Laisk (1977) method. Briefly, the method consisted of

measuring AN–Ci curves at three different PPFDs (50, 200,
and 500 lmol m�2 s�1) with six different CO2 concentrations

ranging from 300 lmol CO2 mol�1 to 50 lmol CO2 mol�1

air at each light intensity. A 233 cm LED chamber (LI-6400-

02B) was used to measure AN–Ci curves. The intersection

point of the three AN–Ci curves was used to determine Rl

(y-axis). C* was estimated at measuring temperature by using

the kinetic constants proposed for this parameter by

Bernacchi et al. (2002).
Six AN–Ci response curves per treatment and date were

performed in each species to determine the photosynthetic

capacity of the leaves. After inducing steady-state photosyn-

thesis, the photosynthesis response to varying substomatal

CO2 concentration (Ci) was measured. Ca was lowered

stepwise from 360 lmol mol�1 to 50 lmol mol�1 and then

returned to 360 lmol mol�1 to re-establish the initial steady-

state value of photosynthesis. Ca was then increased stepwise
from 360 lmol mol�1 to 1500 lmol mol�1. Gas exchange

measurements were determined at each step after maintain-

ing the leaf for at least 5 min at the new Ca. Each AN–Ci

curve consisted of 12–13 measurements. AN–Ci curves were

transformed to AN–Cc curves, calculating Cc as

Cc¼Ci�AN=gm

The maximum rate of ribulose bisphosphate (RuBP)

carboxylation (Vcmax) and maximum rate of electron trans-
port (Jmax) were determined from measured AN and Cc fitted

to the photosynthesis model of Farquhar et al. (1980). Rl

obtained in the analysis of Laisk curves was used; therefore,

only parameters Vcmax and Jmax were fitted. Leakage of CO2

and water in to and out of the leaf cuvette was determined
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for the same range of CO2 concentrations with a photosyn-

thetically inactive leaf enclosed (obtained by heating the leaf

until no variable chlorophyll fluorescence was observed). The

results obtained were used to correct measured leaf fluxes

according to either Flexas et al. (2007a), considering leakage

of CO2 only, or Rodeghiero et al. (2007), considering leakage

of both H2O and CO2. Since the AN and Ci values obtained

using either correction differed by <5% (except at very low
CO2, where differences could achieve 15%), only data

corrected using the first approach are shown.

The relative photosynthetic limitations were partitioned into

their functional components following the method of Jones

(1985) implemented by Grassi and Magnani (2005) consider-

ing gm. This approach, which requires measurements of AN,

gs, gm, and Vcmax, allows for the partition of photosynthesis

limitations into components related to stomatal conductance
(SL), mesophyll conductance (MCL), and leaf biochemical

characteristics (BL), assuming a reference treatment where

maximum assimilation rate, gs, gm, and Vcmax can be defined.

These maximum values were observed in CHamb,I in June in

both species, and therefore they were used as the reference to

calculate partial photosynthetic limitations in the other treat-

ments. SL plus MCL give the total diffusional limitations (DL).

MCL plus BL give the non-stomatal limitations (NSL).
After measurements, leaves were collected and their dry

weight and area were measured to calculate leaf mass per

unit area (MA, g m�2).

Results

Micrometeorological variables

The main purpose of this work was to study the combined

effect of drought and VPD on leaf gas exchange parameters,

and especially on gm, in O. europaea and V. vinifera leaves.

Figures 1 and 2 show the diurnal evolution of VPD and air

temperature in chambers in equilibrium with ambient

atmosphere (CHamb), and in those with lower VPD (CHwet),

in V. vinifera and O. europaea, respectively. VPD was

decreased in CHwet when VPD in CHamb, was >1.5 kPa.

However, the final value achieved was dependent on ambient

VPD and on wind speed. Chambers were designed to allow
some air exchange between inside and outside, so that air

temperature, [CO2], and light did not differ much between

both treatments. Consequently, when ambient VPD was

>3 kPa, it was not possible to keep VPD in CHwet chambers

at the target value of 1.5 kPa. However, as mentioned in

Materials and methods, VPD was mostly reduced to 50–65%

of ambient VPD. In the experiment in Mallorca with

V. vinifera (Fig. 1), a few days in July presented high values
of VPD >4 kPa. Even on these days of high atmospheric

demand, VPD was decreased down to 60% of ambient VPD

in CHwet chambers. Air temperature was higher in July than

in June, when most days were <30 �C. The temperature in

CHwet was similar to that in CHamb except on days of high

VPD when a cooling effect of the fog system was observed

and temperature decreased between 2 �C and 4 �C. Never-

theless, considering the whole experimental period, tempera-
ture was not significantly affected in CHwet. As in the case of

the V. vinifera experiment, CHwet of the O. europaea

experiment in Seville showed a good performance (Fig. 2).

Some days with ambient VPD >4 kPa, such as DOY 155,

VPD inside CHwet was decreased by 50%. In June, days with

high VPD were more frequent in Seville than in Mallorca.

Due to the high VPD, it was more difficult to find a perfect

match in air temperature between CHamb and CHwet. Despite
this, the agreement was good and differences of up to 2–4 �C
were found only occasionally. Overall, it can be observed

Fig. 1. Example of the evolution of vapour pressure deficit (VPD) of air and air temperature in chambers with growing plants of V. vinifera

in Mallorca. Data represent chambers with ambient VPD (CHamb) and with reduced VPD (CHwet) in June and July.
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that VPD was significantly more reduced in the experiment

in Seville than in Mallorca, which can be explained by overall

larger VPDs in Seville and larger wind speeds in Mallorca.

Despite the difference in the substrate used for each

experiment, both soil water treatments resulted in similar
values of REW (Fig. 3), from close to field capacity

(REW¼1) in CHI to about half (REW¼0.5) in CHD. Both

CHI and CHD in both CHamb and CHwet were maintained

within a similar range of values, although plant water use in

CHamb was higher than in CHwet (Figs 1, 2). Figure 3 shows

that soil water depletion was larger in CHamb than in CHwet

(steeper slope) and, therefore, irrigation events were more

frequent.

Plant water status

How did these VPD and water treatments affect plant water

status? Table 1 compiles some of the variables frequently

used to evaluate plant water stress. In V. vinifera, Wpd clearly

reflected the water treatments with lower values in CHD than

in CHI. No apparent effect in CHwet was observed for this

variable. Wmid showed similar values in all treatments in

June, reflecting the isohydric behaviour of this cultivar. In
July, however, CHD presented lower values than CHI,

especially in CHamb,D. Plants growing in CHwet,D were

favoured by an atmosphere with a lower VPD, and their

values of Wmid were very close to those of CHI. The

differences observed in Wmid in July were not observed in

RWC that showed similar values among treatments and at

both times of the year, except in June where CHwet presented

slightly lower values. No significant differences were found in
MA among treatments, except in CHwet,D that showed the

highest values.

In the case of O. europaea, Wpd was also a good indicator

of water stress treatments. Although the atmospheric de-

mand was higher in CHamb than in CHwet, in CHwet,I Wpd

values were lower than in CHamb,I throughout the experi-

ment. Unfortunately, in CHamb,D plants Wpd dropped down

to –5.34 MPa in August due to a failure in the irrigation

Fig. 3. Example of evolution of relative extractable water (REW) in soil

in V. vinifera and O. europaea in ambient VPD chambers (CHamb) and

low VPD chambers (CHwet), and irrigated (CHI) and drought (CHD)

plants. Sudden increases of REW represent irrigation events.

Fig. 2. The same as Fig. 1 but for chambers with growing plants of O. europaea in Seville in June and August.
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system, leading h in CHamb,D to decrease to values of

0.07 m3 m�3 (equivalent to an REW of 0.14), which

increased the water stress of this treatment in August

abruptly. Nevertheless, it was decided to keep on with the

measurements and to have an extreme value of stress

available for analysis. This was also reflected in Wmid and

RWC whose values dropped to –5.42 MPa and 0.74,
respectively. Wmid presented lower values in CHD than in

CHI, as expected, except for CHwet,D in August which

showed a higher value than CHwet,I as previously found for

Wpd. Plants in CHwet,D maintained a higher Ww and RWC

than in CHamb,D (only applicable in June due to the

technical problem mentioned above), probably due to the

lower VPD. RWC was only significantly lower in CHamb,D,

being ;0.9 in all other treatments. Finally, no effect was
observed in MA in O. europaea, although MA tended to

increase in August.

Leaf gas exchange

The effect of VPD and water stress on gs, gm, AN, and Vcmax

in V. vinifera is shown in Fig. 4. Measurements were
performed in all four treatments at two different times of

the year, early June and late July. gs was higher in irrigated

plants, with a slight, but non-significant, trend to be larger

at low VPD (CHwet). In July, gs decreased in all treatments,

probably as a consequence of higher temperature and VPD,

maintaining the same pattern of differences among treat-

ments observed in June. gm showed a behaviour similar to

gs in June. Meanwhile, in July, no differences were found in
gm among treatments. AN also showed a similar pattern to

gs. No differences among treatments were found in Vcmax in

any sampling dates, and only a seasonal decrease could be

observed in CHamb in July. A two-way analysis of variance

(ANOVA) did not detect any interaction (Table 2) between

both factors for any of the four variables analysed, except

for AN in June. In general, the effects in leaf gas exchange

were stronger for drought than for VPD in V. vinifera.

The effect of VPD and water stress in O. europaea (Fig. 5)

was similar to that described above for V. vinifera, except

that in June, gs at CHwet,D presented values as high as those

measured for CHI (i.e. in O. europaea lower VPD delayed the

effect of soil water deficit on gs). This was in agreement with
higher values of gm as well in this treatment. However, plants

in CHwet,I presented lower gm than in CHamb,I, despite

similar gs. In August, CHwet,D showed a significant reduction

of gs as compared with CHwet,I. Nevertheless, it is interesting

to note that despite the large difference in Wmid measured

(Table 1), gs was similar to that of CHamb,D. In August, only

gm in CHamb,I maintained similar values to those in June,

while in CHwet,D it decreased similarly to gs. The pattern
observed for AN matched that of gs, although AN decreased

in CHwet,I in June due to the lower value of gm, despite

a similar value of gs between both CHI. Olea europaea

showed higher Vcmax than V. vinifera on both sampling dates,

and, as in V. vinifera, no difference was found among

treatments. No seasonal changes were detected either in

Vcmax, although leaves in CHwet tended to show lower values

in August than in June. Similarly to V. vinifera, a larger
effect of water treatment than VPD treatment was observed

(Table 3). However, in O. europaea, an interaction between

both factors was always detected in June for all variables

except Vcmax, and in July for gm.

Despite the different conditions of VPD and soil water

stress imposed, a close relationship between gm and gs was

still observed in both species (Fig. 6). In the experiment in

Mallorca with V. vinifera, two different correlations were
found, one for CHI plants and another for CHD plants. The

slope of the relationship was twice as high for CHD (2.56) as

for CHI (1.39), as a consequence of the larger gm observed

in CHD plants at lower gs. Within each soil water treatment,

both CHwet and CHamb fitted well in the same relationship,

suggesting that, for V. vinifera, soil water availability

Table 1. Physiological variables related to leaf water status and leaf mass per area in both V. vinifera and O. europaea in June and July,

and June and August, respectively

Data represent measurements in chambers with ambient VPD (CHamb), with reduced VPD (CHwet), irrigated (CHI), and drought (CHD). Data are
pre-dawn leaf water potential (Wpd), midday leaf water potential (Wmid), relative water content at midday (RWCmid), and leaf mass area (MA).
Data are means of 4–6 replicate plants; 1 SE is given in parentheses. Significant differences were analysed by t-test. For each variable, values
with different letters are significantly different (P <0.05).

Treatment Wpd Wmid RWCmid MA

Species/month June July/August June July/August June July/August June July/August

V. vinifera

CHamb,I –0.18 (0.01) a –0.14 (0.04) a –0.99 (0.01) a –0.91 (0.13) a,c 0.84 (0.02) a 0.84 (0.02) a 151.8 (9.2) a 186.3 (8.1) a,b

CHamb,D –0.22 (0.06) a –0.22 (0.02) a,b –1.04 (0.003) b –1.75 (0.04) b 0.82 (0.01) a,b 0.82 (0.01) a 169.8 (6.0) a 165.0 (5.4) a

CHwet,I –0.12 (0.02) a –0.15 (0.03) a,b –0.98 (0.02) a,c –1.01 (0.04) a 0.77 (0.01) b,c 0.82 (0.01) a 165.6 (6.3) a 188.9 (8.0) a,b

CHwet,D –0.30 (0.07) a –0.28 (0.005) b –1.03 (0.01) b,c –1.25 (0.06) c 0.76 (0.004) c 0.81 (0.005) a 217.1 (13.8) b 207.5 (12.7) b

O. europaea

CHamb,I –0.33 (0.06) a –0.88 (0.05) a –1.27 (0.17) a –1.55 (0.17) a 0.91 (0.004) a 0.90 (0.01) a 239.6 (5.1) a 254.4 (3.6) a

CHamb,D –0.92 (0.14) b –5.34 (0.08) b –2.79 (0.15) b –5.42 (0.34) b 0.84 (0.01) b 0.74 (0.03) b 210.0 (12.3) a 242.1 (8.9) a

CHwet,I –0.54 (0.05) a,b –0.89 (0.16) a,c –1.30 (0.09) a –2.10 (0.40) a 0.90 (0.01) a,b 0.88 (0.01) a 215.1 (8.1) a 232.2 (13.6) a

CHwet,D –0.68 (0.12) ab –0.48 (0.08) c –1.48 (0.12) a –1.04 (0.06) a 0.90 (0.02) a 0.91 (0.01) a 203.3 (7.5) a 265.1 (9.2) a

2396 | Perez-Martin et al.
 at C

SIC
 on January 3, 2013

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


imposed a larger effect than atmospheric demand. In

contrast, in the experiment in Seville with O. europaea, the

data correlated as a function of VPD and not for soil water

treatment (Fig. 6). The slope of CHamb (1.45) was twice that

of CHwet (0.64).

Reductions in AN are mostly due to variations in gs, gm,
and photosynthetic capacity. A quantitative relationship

can be obtained through a limitation analysis (Grassi and

Magnani, 2005). The results are shown in Table 4. In both

species, the largest limitations were diffusional (DL), espe-

cially in CHD. Olea europaea presented higher DL than

V. vinifera for most treatments. Most of this DL was due to

stomatal limitation (SL), with a smaller effect of mesophyll

conductance (MCL). This was not the case in CHwet,D in
O. europaea since, in both June and August, MCL presented

higher values than SL. VPD treatment was able to reduce

most of the DL in June, but in summer CHwet,D presented

values of 67.6% and 77.9% in V. vinifera and O. europaea,

respectively. In both species, biochemical limitations (BL)

were generally negligible.

A scattered and weak correlation between gm and MA

was found in both species (Fig. 7a). Despite this, a trend for

a negative correlation between these two variables can be

inferred in V. vinifera, and a positive one in O. europaea.
Leaf dry to fresh mass ratio was used as a proxy for leaf

density following Niinemets (1999). A positive correlation

was found between leaf dry to fresh mass ratio and MA in

V. vinifera (Fig. 7c), suggesting that most of the changes

in MA in this species could be accounted for by an increase

in leaf density. No correlation was found between these two

variables in O. europaea. The CO2 draw-down from

substomatal cavities to chloroplasts (Ci–Cc) varied 3.5-fold
as a function of gm, with larger average value for O.

europaea (120.1 lmol mol�1) compared with V. vinifera

(105.0 lmol mol�1) (Fig. 7b). A negative correlation

between the two variables was found in both species. Ci–Cc

Fig. 4. The effect of treatments (see Fig. 1 for definition of treatments) on stomatal conductance to CO2 (gs), mesophyll conductance

(gm), net assimilation rate of CO2 (AN), and maximum carboxylase activity of Rubisco (Vcmax) in V. vinifera. Data are means of 4–6

replicate plants; error bars are 61SE. The significant of differences was tested by t-test. Letters indicate significant differences (P <0.05)

between treatments at the same time of the year.
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was linearly related to MA in both species (Fig. 7d).

However, the relationship was positive in V. vinifera, and

negative in O. europaea. Correlations in Fig. 7a and d were

broken by three points, all from CHwet,D. These points were

not considered in the relationships.

Discussion

Interactive effect of VPD and drought on the relationship
between gm and gs

In the present experiments, the usual correlation between

drought and high VPD under natural conditions was

uncoupled. This is an excellent frame to analyse the

relationship between gs and gm. These variables have a major

role in determining AN, since they represent the diffusional

limitation to CO2 into the leaf from the atmosphere to the

carboxylation site of Rubisco in the chloroplasts. Usually,

gs and gm have been found to present a strong correlation

Fig. 5. Same than Fig. 4 but for chambers with O. europaea in Seville in June and August.

Table 2. Results of the two-way ANOVA for the effects of

vapour pressure deficit (VPD) and water treatment (W), and

their interaction for stomatal conductance (gs), mesophyll

conductance (gm), net assimilation rate of CO2 (AN), and

maximum carboxylase activity of Rubisco (Vcmax) in Vitis

vinifera

P-values <0.05 are in bold.

Factor gs gm AN Vcmax

F P F P F P F P

June

VPD 11.305 0.006 6.522 0.027 3.779 0.078 4.215 0.061

W 75.301 0.000 9.338 0.011 36.970 0.000 1.528 0.238

VPD3W 0.006 0.940 0.202 0.662 6.640 0.026 1.023 0.330

July

VPD 1.288 0.273 0.352 0.561 5.015 0.040 4.445 0.073

W 33.102 0.000 1.229 0.284 22.974 0.000 0.809 0.398

VPD3W 0.419 0.527 0.136 0.717 2.156 0.161 0.405 0.545

2398 | Perez-Martin et al.
 at C

SIC
 on January 3, 2013

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


(Loreto et al, 1992; Centritto et al, 2003; Ethier et al., 2006;

Warren, 2008b). This was also the case in this study, as is

shown in Fig. 6, with a positive relationship between both

variables. The present data show that in the experiment

performed in Mallorca with V. vinifera a change in the ratio

gm/gs reflected the effect of drought. This ratio was higher in

water-stressed plants (CHD) than in well-irrigated plants

(CHI). In contrast, in the experiment performed in Seville
with O. europaea, VPD had a more important role than

drought in the ratio gm/gs. Again, the most stressful

condition, represented by the highest VPD treatment,

CHamb, showed the largest value of gm/gs. While a conclu-

sion cannot be drawn from the present data set about

a differential response of V. vinifera and O. europaea to

drought or VPD, since conditions were not identical, the

present results show that the often encountered close
interrelationship between these two parameters (Flexas

et al., 2002; Peeva and Cornic, 2009) is indeed more

complex than previously thought, since it can change with

environmental conditions and/or the species analysed. This

supports a previous report by Warren (2008b) that con-

cluded that the relationship of gm with gs is not ubiquitous,

but differs considerably among species and levels of stress.

This being said, both experiments have in common that the

stronger the stress, either by drought or VPD, the greater

the ratio gm/gs. A curvilinear relationship between gs and

gm has been reported in some drought studies (Flexas

et al., 2002; Warren, 2008b), implying that the response to

water stress is larger for gs than for gm. As water stress is

imposed, a smaller reduction in gm, in comparison with gs,

could ameliorate any limitation to AN. However, under

low gs, AN is mainly limited by stomata, making the
maintenance or even an increase in gm less effective

(Niinemets et al., 2009).

Limitation analysis showed that gs imposed a higher

limitation to photosynthesis than gm (Table 4). In

V. vinifera, more than two-thirds of DL can be explained by

SL in drought plants. This proportion is similar to that

found in other winter deciduous species (Grassi and

Magnani, 2005). In O. europaea, although SL was also
greater than MCL, differences were smaller, and, in some

cases, such as in CHwet treatments in August, the reverse

was found. Similar results were found by Galmes et al.

(2007) in other Mediterranean evergreens. This could be

explained by the stiffer and more sclerophyllous leaves of O.

europaea compared with V. vinifera, which would offer

a greater internal resistance to CO2 diffusion, and therefore

potentially greater MCL.
The two-way ANOVAs (Tables 2, 3) support the

conclusion that both species were more responsive to

drought than to VPD, and that gm in O. europaea

responded to the interaction between both environmental

factors. Olea europaea is a species very well adapted to

drought and has a plethora of mechanisms of avoidance of

and tolerance to stress (Fernandez and Moreno, 1999;

Connor and Fereres, 2005). In O. europaea, stomata are
extraordinarily responsive to increasing VPD and exert

a strong control over the leaf gas exchange (Fernandez

et al., 1997; Moriana et al., 2002; Diaz-Espejo et al., 2006).

VPD has been proposed to be involved in the seasonal

limitation of AN in O. europaea, as well as in the

heterogeneous distribution of photosynthetic capacity

around the tree crown (Diaz-Espejo et al., 2007). In

O. europaea, VPD also explains >80% of the transpiration
due to its small leaves and open canopies, which increase its

aerodynamic conductance, coupling this species greatly to

the surrounding (Moreno et al., 1996; Tognetti et al., 2005).

Fig. 6. Relationship between mesophyll conductance (gm) and stomatal conductance to CO2 (gs) in V. vinifera and O. europaea. CHI,

irrigated chamber; CHD, drought; CHamb, ambient VPD; CHwet, low VPD. Each point represents the mean of 4–6 replicate plants. Error

bars indicate 61SE. The number close to each linear regression indicates the slope of the relationship.

Table 3. Results of the two-way ANOVA for the effects of vapour

pressure deficit (VPD) and water treatment (W), and their in-

teraction for stomatal conductance (gs), mesophyll conductance

(gm), net assimilation rate of CO2 (AN), and maximum carboxylase

activity of Rubisco (Vcmax) in Olea europaea

P-values <0.05 are in bold.

Factor gs gm AN Vcmax

F P F P F P F P

June

VPD 27.172 0.000 0.404 0.532 4.514 0.046 0.452 0.526

W 15.727 0.001 3.937 0.061 11.777 0.003 0.020 0.993

VPD3W 23.996 0.000 29.068 0.000 53.331 0.000 0.018 0.897

August

VPD 3.104 0.098 15.101 0.001 0.668 0.427 3.731 0.076

W 22.140 0.000 26.304 0.000 23.431 0.000 0.070 0.795

VPD3W 1.169 0.297 5.494 0.033 0.027 0.871 0.160 0.696
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This high coupling to the atmosphere leads to a very

efficient control of transpiration by stomata in O. europaea

(Jones, 1992; Fernandez et al., 1997). This, together with the

fact that in Mallorca the VPD was not as high as in Seville,

could have provoked a more evident response in O.

europaea than in V. vinifera.

Currently, there is very integrated knowledge and un-

derstanding of the mechanisms by which stomata respond

to environmental variables, especially water stress (Buckley,

2005), but very little is known about the mechanisms

involved in the possible response of gm. The strong drought
effect on gm has already been reported for several species

(Galmes et al., 2007; Warren, 2008b), including V. vinifera

(Flexas et al., 2002) and O. europaea (Diaz-Espejo et al.,

2007). This decrease can be partly accounted for by

variations in leaf structure only in V. vinifera, but not in

O. europaea (Fig. 7). Alternatively, changes in aquaporin

expression/activity could be involved. It has been shown

that genetic modification of some aquaporins can result in
differences in gm of 30–60% (Hanba et al., 2004; Flexas

et al., 2006; Evans et al., 2009). Miyazawa et al. (2008) have

shown in tobacco that drought-induced decreased gm can be

fully accounted for by decreases in the activity but not in

the amount of aquaporins. It is unlikely that the responses

of gm to VPD treatments observed in this study are due to

a direct response to this environmental variable. A recent

study found no response of gm to VPD in three different
species (Warren, 2008b). However, Bongi and Loreto (1989)

found a negative response in O. europaea. As Warren

(2008b) pointed out, the discrepancy between these two

experiments could be due to the more extreme VPD

treatments imposed in this study that caused a greater

Fig. 7. (a) Relationship between mesophyll conductance (gm) and leaf mass per area (MA). (b) Relationship between CO2 draw-down

from substomatal cavities to chloroplasts (Ci–Cc) and gm. (c) Relationship between leaf dry to fresh (turgid) mass ratio, used as leaf

density surrogate, and MA. (d) Relationship between Ci–Cc and MA. Each point represents the mean of 4–6 replicates. Error bars indicate

6 1SE. The lines are fitted to the data by linear regressions in (a), (c), and (d), and non-linear regression in the form y¼a xb in b).

Correlation coefficients are indicated close to regression lines. Points within circles corresponded to CHwet,D data not included in

regression analysis.

Table 4. Limitations of photosynthesis, expressed as a percent-

age of the maximum values for each species in June in CHamb,I in

Vitis vinifera and O. europaea

Data show values for both vapour pressure deficit treatments
(ambient chambers, CHamb, and wet chambers, CHwet) and both
irrigation treatments (irrigated plants, CHI, and drought plants, CHD).
The stomatal (SL) plus the mesophyll conductance limitation (MCL)
give the total diffusional limitations (DL). The MCL plus the bio-
chemical limitation (BL) give the non-stomatal limitations (NSL).

Species Period Treatment SL MCL BL NSL DL

Vitis vinifera June CHamb,I – – – – –

CHamb,D 49.5 20.4 0.0 20.4 69.9

CHwet,I 5.6 4.3 0.0 4.3 9.8

CHwet,D 27.4 2.8 3.0 5.8 30.2

July CHamb,I 14.1 18.7 13.6 32.3 32.8

CHamb,D 57.4 13.5 6.7 20.2 70.9

CHwet,I 3.9 5.8 1.9 7.7 9.7

CHwet,D 52.2 15.4 2.7 18.1 67.6

Olea europaea June CHamb,I – – – – –

CHamb,D 46.5 31.1 0.1 31.2 77.5

CHwet,I 8.6 28.0 0.9 28.9 36.5

CHwet,D 2.1 6.9 0.5 7.4 9.0

August CHamb,I 44.5 0.0 3.1 3.1 44.5

CHamb,D 53.9 22.3 1.8 24.1 76.2

CHwet,I 23.3 25.1 5.1 30.2 48.4

CHwet,D 34.3 43.6 4.1 47.6 77.9
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difference in AN, and, therefore, the response of gm would

not be directly related to VPD.

Acclimation of gm mediated by anatomical changes

Most studies where the response of gm to environmental

variables has been explored have focused on short-term or

instantaneous response to changing conditions. Fewer

studies can be found dealing with acclimation processes

(Warren, 2008a). Among them, some long-term acclimation

to CO2 (Singaas et al., 2004; Bernacchi et al., 2005), O3

(Warren et al., 2007), temperature (Yamori et al., 2006;

Warren et al., 2008c), or water stress (Galmés et al., 2006)
has been described. Therefore, this is the first time that

acclimation to VPD has been studied, besides uncoupling its

effect from soil drought. In acclimation experiments, exist-

ing leaves can be exposed to new conditions for some time

until leaves have accomplished the acclimation process

(Oguchi et al., 2005), or until new leaves appear under these

conditions. This is the case in this experiment where

measurements were taken in new fully matured leaves of
the same age. Structural and morphological changes are

some of the main reported responses of leaves in acclima-

tion experiments to environmental variables (Niinemets,

2007). MA is thought to be a good variable to be analysed

to evaluate the impact of structural characteristics of the

leaf since it is known to be affected by acclimation adjust-

ments (Wirtz, 2000) and related to gm (Evans and Loreto,

2000; Flexas et al., 2008). Moreover, MA has been reported
to be regulated by some environmental variables such as

light (Niinemets et al., 2004) and drought (Diaz-Espejo

et al., 2006; Damour et al., 2008), and to have an important

role in the control of leaf photosynthetic capacity (Niine-

mets and Sack, 2006). Currently, the existence of a negative

relationship between gm and MA is accepted, and MA seems

to set the limit for maximum gm (Flexas et al., 2008;

Hassiotou et al., 2009; Niinemets et al., 2009). However,
some works in the last decade (Hanba et al., 1999; Kogami

et al., 2001) showed that a higher MA did not necessarily

result in lower gm, and the correlation between these two

variables was dependent on leaf functional traits. The data

show that V. vinifera, the species with the lowest MA, could

reach higher values of gm than O. europaea. However, the

relationship between MA and gm was very scattered and

opposite in both species (Fig. 7a). Larger values of MA in
V. vinifera were associated with lower values of gm, but the

opposite was found in O. europaea (Fig. 7a). Surely, the fact

that MA is a function of leaf thickness and leaf density

introduces an important factor of scattering when gm versus

MA is plotted (Niinemets, 1999), as well as in the differential

response found in both species. Partly, this could be the case

in the present study, since a surrogate of leaf density, leaf dry

to fresh mass ratio, showed a strong positive relationship
with MA in V. vinifera, but not in O. europaea (Fig. 7c).

Niinemets (1999) showed in a global analysis of extant

woody plants that leaf thickness was poorly related to

photosynthetic capacity, while, instead, leaf density

was strongly and negatively correlated with photosynthesis,

determining the negative relationship between photosynthesis

and MA. Thus, the increase in MA in V. vinifera can be

explained by an increase in leaf density upon acclimation to

drought. Under these conditions, leaf density is usually

related to an increase in cell wall thickness (Niinemets et al.,
2005), which is associated with larger bulk elastic modulus

(e). Leaves with a larger e could extract water from the soil

with lower soil water potential without decreasing their water

content, and therefore their turgor pressure, too much. As

a negative aspect of this, an increase in cell wall thickness

would decrease the liquid phase conductance and gm

(Niinemets et al., 2005; Evans et al., 2009). Leaves of

O. europaea behaved in the opposite way, and in this case
a reduction in MA correlated with a decrease in gm (P <0.02).

Since changes in leaf density did not relate to MA as clearly

as in V. vinifera, leaf thickness could be proposed to play

a major role in the reduction of MA with drought stress.

Actually, some O. europaea cultivars have been reported to

decrease their leaf thickness under drought conditions

(Bacelar et al., 2006), and other species typical of Mediterra-

nean climate, Quercus ilex and Phyllirea latifolia, also
decreased their MA and leaf thickness under drought

conditions (Ogaya and Peñuelas, 2006). During leaf de-

velopment, increased MA in O. europaea is associated with

an increased fraction of intercellular air spaces (ias) and leaf

thickness (Marchi et al., 2008). Increased ias is often

associated with increased gm (Evans et al., 2009), which may

explain why gm is positively correlated with MA in Olea.

In both species, a decrease in gm was related to an
increase in the CO2 draw-down from substomatal cavities

to chloroplasts (Ci–Cc) (Fig. 7b). A lower Ci–Cc suggests

that the reduction in gm was quantitatively more important

than the reduction in AN. This is consistent with results of

photosynthetic capacity in Figs 4 and 5 and with the

absence of significant biochemical limitations shown in

Table 4. Although no significant differences were found

(P >0.4) in the average Ci–Cc between both species, the
higher value calculated in O. europaea could reflect the

structural control on internal limitations of photosynthesis.

In addition to this, O. europaea had a higher Vcmax than

V. vinifera under all conditions. On the one hand, the

higher Vcmax in O. europaea is also responsible for the larger

Ci–Cc in this species for a given gm. On the other hand, this

higher Vcmax in O. europaea compared with V. vinifera was

obtained by a larger MA. It is common that Vcmax scales
positively with MA (Niinemets, 1999; Terashima et al.,

2006), since leaves with larger MA usually present a higher

surface of chloroplast facing intercellular spaces (Sc) and

a larger amount of Rubisco, and per Sc is possible. When

Ci–Cc is plotted against MA, a positive relationship is found

in V. vinifera, and a negative relationship in O. europaea (Fig.

7d). It is interesting to highlight that the three points

discarded for the correlations belong to CHwet,D. As
mentioned above, the response of MA to drought and VPD,

through changes in leaf density, leaf thickness, and possible

cell hardening, leads to complex interactions of these

variables with gm, a fact which makes the results difficult to

interpret. The artificial uncoupling of soil drought from VPD
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in CHwet,D can provoke some of the components of MA to

respond in one direction and the others to not respond or to

do so in an opposite direction. For example, e would increase

in plants under drought conditions, but cell size, leaf

anatomy, and leaf expansion, which have been related to

transpiration rate and leaf water status (Tardieu et al., 2000),

would be favoured in a low VPD ambient. The identification

of outliers when leaf gas exchange and anatomical variables
are plotted is not uncommon. Some causes of data exclusion

given are plant populations from a location with low annual

precipitation (Flexas et al., 2008), N-fixing species (Niinemets

et al., 2009), or species with extremely low values of N and

photosynthesis (Niinemets, 1999). These results demonstrate

the complexity in the response of leaf structure and leaf

gas exchange parameters to changing environmental varia-

bles. Further experiments are needed to identify which of
the mechanisms proposed above play a major role in each of

the species studied. More detailed morphological and

anatomical analyses, as well as the determination of some

surrogates of cell wall thickness—such as bulk elastic

modulus of cells—in plants developed under the conditions

introduced in this study, are necessary to gain conclusive

insight into the response of gm to soil and atmospheric water

deficits.

Methodological considerations

The calculation of gm by the variable J method requires

knowledge of Ja, AN, Ci, C*, and Rl. The errors associated
with the estimation of Ja from Jf were reduced by

calibration with measurements under non-photorespiratory

conditions. In the case of Ci, its calculation may be

inaccurate because of two main problems: changes in

cuticular conductance to vapour pressure (Boyer et al.,

1997) and patchy stomatal closure (Terashima, 1992). The

conductance of the waxy cuticle of O. europaea leaves,

<0.01 mol m�2 s�1, is negligible, and it is assumed that the
total conductance to water vapour is essentially equal to gs

plus boundary layer conductance (Connor and Fereres,

2005). In V. vinifera, cuticular conductance is also low

(0.005 mol m�2 s�1) and declines with water stress (Boyer

et al., 1997). Stomata patchiness has been reported in

O. europaea (Loreto and Sharkey, 1990) and Vitis vinifera

(Downton et al., 1990) subject to high VPD or water stress.

Still, an effect of stomatal patchiness was unlikely or small
because steps were taken to avoid the sources of patchiness

previously reported. First, VPD was set as low as possible

during measurements to avoid stomatal closure and,

secondly, no abrupt changes in VPD were allowed during

measurements, since they have been reported as one of the

main causes of heterogeneous distribution of gs in leaves

(Mott et al., 1993). Moreover, in olives, patchiness is

especially observed in the tip of the leaf (Loreto and
Sharkey, 1990), which was not included in the leaf chamber

during measurements. Moreover, Flexas et al. (2002, 2009)

have shown in grapevines that the combined effects of

cuticular conductance and patchiness only significantly

affect the calculation of Ci when average gs values drop

below 0.030 mol m�2 s�1, i.e. values only occasionally

observed in the present study. Therefore, it is believed that

this potential error has been minimized.

Uncertainties in the calculation of Rl also exist, but

realistic changes in Rl have a minimal effect on gm estimates

(Warren, 2008b), and if it is under- or overestimated by

30%, gm is under- or overestimated by only ;5%. Finally,

the in vivo values of C* reported by Bernacchi et al. (2002)
were used for both species in this study. Although C* could

be different in both species, no effect of water stress seems

likely, given that previous studies have shown in vitro that

C* is unaffected by drought (Galmés et al., 2006).

Concluding remarks

The present study uncouples the effects of drought and

VPD on gas exchange in two Mediterranean species. It is

shown that the previously reported strong co-regulation of

gs and gm can be broken, which results from a complex co-

regulation involving both short-term and acclimation

changes. The relationship between gs and gm and its

response to drought and VPD appears to differ depending

on the environmental conditions and/or the species ana-
lysed. In the short term, these differences may depend on

highly regulated mechanisms which have yet to be fully

elucidated, although the involvement of aquaporins has

been suggested by other authors. In response to acclima-

tion, differences also exist between the species analysed.

While both species tended to increase their leaf mass area

during the season and in response to stress, in grapevines

these changes seem to be related to increased leaf density
and are associated with further decreases in gm, whereas in

olives these changes seem to be due to increased leaf

thickness and are not related to gm.
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