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Abstract Assessing natural variability of leaf water
use efficiency in plants adapted to extreme conditions
of the Mediterranean climate represents an important
step in the evaluation of the usefulness of some plant
ecophysiological traits under water stress. Eleven
Mediterranean species naturally inhabiting the Balearic
Islands and corresponding to different growth forms
(herbs, semi-deciduous shrubs, woody evergreen shrubs
and woody evergreen semi-shrubs) were subject to
progressive soil water depletion. Leaf intrinsic water use
efficiency was measured by gas exchange at four
different degrees of water stress. Under well watered
conditions, differences in leaf intrinsic water use
efficiency (AN/gs) among growth forms were limited
to woody evergreen semi-shrubs, which presented the
highest values. Under water stress conditions, differ-
ences became more evident, with a trend for an
increase in AN/gs from woody evergreen shrubs,
through semi-deciduous shrubs and herbaceous to

woody evergreen semi-shrubs. The observed variation
in AN/gs correlated with several physiological (leaf
water potential, soil to leaf hydraulic conductance and
stomatal conductance) and morphological (stomatal
density) parameters, displaying a general relationship
for all growth forms. This suggests that the capacity for
withstanding water limitation is adaptive for all Medi-
terranean species. However, when AN/gs was related to
leaf mass area, this relationship was not generally
applicable, and depended on growth forms, suggesting
that different growth forms display specific morpho-
logical adjustments in response to water shortage.
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Introduction

Long periods of drought during summer along with
high temperatures impose severe stress, which limits
plant growth and compromises survival in the
Mediterranean climate areas. In addition, global
climate change is expected to exacerbate water
limitations in arid and semi-arid ecosystems (Arndt
2006). Plant species distribute along natural gradients
of water availability according to their capacity to
withstand drought. In the Mediterranean region, the
dominant vegetation types vary from evergreen
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sclerophyll trees and shrubs in the wettest areas to
open communities of drought semi-deciduous shrubs
in the driest end (Margaris 1981). However, the
peculiarity of the Mediterranean climate, including a
large diversity of meso-climatic conditions, results in a
high diversity of coexisting growth forms. Vegetation
mostly consists of deep rooted evergreen sclerophyll
trees and shrubs, semi-deciduous shrubs, which par-
tially lose their leaves during summer, and geophytes
and winter annual herbs, which escape seasonal water
limitation by finishing their annual cycle before
summer (Ehleringer and Mooney 1982). All these
groups of species have developed mechanisms to
withstand stress periods.

Photosynthetic water use efficiency varies in plants
growing in different habitats (Garten and Taylor
1992), and also in different leaf types and growth
forms (Marshall and Zhang 1994). With respect to
Mediterranean plants, the optimisation of carbon
assimilation and minimisation of water losses has
been described as an adaptive trait (Ehleringer 1993),
and as an ecosystem response to water scarcity
(Reichstein et al. 2002, 2003). Improved water use
efficiency (WUE) under drought is achieved by a
reduced stomatal aperture for a given carbon assim-
ilation rate, which has been shown to occur as a result
of both adaptation and acclimation processes (Flexas
et al. 2003; Galmés et al. 2007a). With respect to
adaptation, when compared to species from other
biomes, in situ measurements of AN/gs showed that
most of the Mediterranean species lay on the region
with the highest WUE (Gulías et al. 2003). In
addition, it has been demonstrated that coexisting
Mediterranean growth forms differ remarkably in
several morphological and/or physiological responses
to water limitations. For instance, important differ-
ences have been shown for stomatal conductance and
the capacity for carbon assimilation (Galmés et al.
2007a, b). Therefore, it is of interest to test if the
different Mediterranean growth forms may present
differences in leaf WUE. Knowledge of the leaf
relationship between carbon assimilation and water
loses at the leaf level among coexisting species may
help explaining the abundance and distribution pat-
terns of different growth forms in Mediterranean
regions. Moreover, a better understanding of the
natural variability of WUE among plants subject to
drought is an essential step towards the improvement
of crop’s performance (Tuberosa et al. 2007).

Measurements of in situ whole plant WUE closely
reflect species behavior in the field. However, in situ
measurements, largely influenced by the environmental
variability, are often hampered by the high degree of
complexity of field systems, which reduces the capacity
for comparative evaluation (Asseng et al. 2001).
Therefore, when attempting to compare species spe-
cific traits, instantaneous measurements of leaf WUE
under controlled conditions are desirable, and have
been proved as good indicators of the plant WUE.
Certainly, a tight relationship between leaf AN/gs and a
time-integrated WUE from carbon isotope studies has
been reported in many cases for Mediterranean (Wildy
et al. 2004) and non-Mediterranean species (von
Caemmerer and Evans 1991). In consequence, here
we focus in the comparison, under controlled growth
conditions, of leaf intrinsic water use efficiency of 11
Mediterranean species differing in their growth form
and subject to gradual water stress. The first goal
was to study the variability of the leaf intrinsic water
use efficiency in order to determine if species
differences in leaf WUE were related to different
growth forms. A second objective was to character-
ize the physiological and morphological character-
istics underlying the observed differences in WUE to
evaluate to what extent leaf morphological and
physiological changes in response to water stress
depend on plant growth forms.

Material and methods

Plant material

Eleven Mediterranean species naturally occurring in
the Balearic Islands, some of them endemic to these
islands were selected for this study. Special care was
taken in the selection of these species, in order to
include taxons representative of different growth
forms: two woody evergreen shrubs (Pistacia lentiscus
and Hypericum balearicum), two woody evergreen
semi-shrubs (Limonium gibertii and Limonium
magallufianum), three semi-deciduous shrubs (Lavatera
maritima, Phlomis italica and Cistus albidus) and four
herbs (Lysimachia minoricensis, Beta maritima subsp.
maritima, B. maritima subsp. marcosii and Diplotaxis
ibicensis). Seeds of each species were collected in the
field and taken from several parent plants to obtain a
representative sample of natural populations. When-
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ever possible (i.e. when the species was not restricted
to a unique population) plants belonged to different
populations. Seeds were germinated on filter paper
moistened with deionized water under controlled con-
ditions (germination chamber, at 18°C in darkness). After
germination and emergence of the first true leaf, ten
seedlings were transplanted into pots (25 L, 40 cm)
containing a 40:40:20 mixture of clay–calcareous soil,
horticultural substrate (peat) and pearlite (granulometry
A13). Plants were grown outdoors at the University of
the Balearic Islands (Mallorca, Spain), and maintained
well-watered until the treatments were started. The
experiment was performed in six rounds, with two
species at the same time, except the last round, when
only L. minoricensis was grown. Ten plants per species
were included, with different ages used depending of
their phenology. Plants of P. lentiscus, H. balearicum,
C. albidus, P. italica and L. maritima were 3 years old,
plants of L. magallufianum and L. gibertii were
1.5 years old, and plants ofD. ibicensis, L. minoricensis,
B. maritima subsp. marcosii and B. maritima subsp.
maritima were 6 months old at the onset of the
experiments.

Four weeks before starting the experiment,
plants were placed in a growth chamber with a
12 h photoperiod (26°C day/20°C night), ambient
vapour pressure deficit of 1.0–1.5 kPa, and a photon
flux density at the top of the leaves of about
600 μmol m−2 s−1.

Plants were daily fertilised with 50% Hoagland’s
solution. Measurements corresponding to control
treatments were made during the first day of the
experiment, when all the plants were well-watered.
Thereafter, irrigation was stopped in five plants per
species. The maximum amount of water available per
pot was obtained by weighing four samples of soil at
wilting point and at field capacity before the onset of
the treatments. After that, soil water content was
determined by weight. Different degrees of water
stress were achieved gradually. Measurements were
made on days 0, 4, 8 and 13–17 after the last
irrigation, representing control (CO), mild (MiWS),
moderate (MoWS) and severe water stress conditions
(SeWS), respectively. The treatment was stopped
when gs was close to zero, 13–17 days after water
withholding, depending on species. Control plants
were measured daily during the experiment to ensure
that they maintained constant values of each param-
eter throughout the experiment.

Plant water status

Pre-dawn (ΨPD) and midday (ΨMD) leaf water poten-
tials were determined in fully expanded leaves with a
Scholander chamber (Soil moisture Equipment Corp.,
USA). For C. albidus, L. maritima and H. balearicum,
water potentials were measured in small apical
branches including two or three leaves, because their
very short petiole impede measuring single leaves.
Four replicates per species and treatment were obtained
from different individuals.

Leaf mass area

Leaf mass area (LMA) was calculated in four fully
expanded leaves from different individuals per species
and treatment, as the ratio of leaf dry mass to leaf area.
Leaf area was first determined with an AM-100 Area
Meter (Analytical Development Company, Herts, UK),
while dry mass was determined after oven drying for
48 h at 60°C.

Gas exchange measurements

Instantaneous determinations of net CO2 assimilation
rate (AN), stomatal conductance (gs) and transpiration
rate (E) at saturating light (1,500 μmol m–2 s–1), 25°C
and 400 μmol CO2 mol–1 air were performed at mid-
morning, using a Li-6400 (Li-Cor Inc., Nebraska,
USA) in fully expanded leaves of four different plants
per treatment and species. Relative humidity was kept
at 50±5% during measurements. The intrinsic water
use efficiency (AN/gs) was calculated as the ratio
between AN and gs.

Soil to leaf apparent hydraulic conductance (KL)
was estimated from the slope of the relationship
between leaf transpiration rate (E, mmol H2O m–2 s–1)
and Ψ, and was calculated as −E / (ΨMD − ΨPD)
(Sperry and Pockman 1993).

Stomatal density and size

Fully exposed mature leaves were detached from each
plant. Stomatal density (StoD) was determined using
the silicon leaf impression method (Weyers and
Johansen 1985) on the abaxial lamina immediately
to the right of the mid-vein. All species analysed were
hypostomatic. The numbers of stomata were counted
with a microscope at ×400 on four different fields of
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vision of separate impressions of the lamina obtained
from four different leaves of four well-watered plants
per species (i.e., 16 different fields of vision).

Statistical analysis

Regression coefficients were calculated with Sigma
Plot 8.0 software package (SPSS). When possible,
data are presented as means and degrees of freedom
and standard errors of the differences (SEDs).

Results

Leaf intrinsic water use efficiency (AN/gs) under
control conditions varied from 31 μmol CO2 mol–1

H2O for L. maritima to 74.7 μmol CO2 mol–1 H2O for
L. gibertii (see supplemental data). Limonium species
showed the highest values of AN/gs, around 110 μmol
CO2 mol–1 H2O under MoWS. The variation of AN/gs
during water stress presented important differences
between growth forms. Fig. 1 shows how AN/gs changed
after imposition of stress, using gs as a reference
parameter indicative of the degree of water stress
(Flexas et al. 2002). Under control conditions (when
gs>90% of species gs maximum, i.e. about 1.0 mol
H2O m–2 s–1 for semi-deciduous shrubs, 0.7 mol H2O
m–2 s–1 for herbaceous, 0.3 mol H2O m–2 s–1 for
woody evergreen shrubs, and 0.2 mol H2O m–2 s–1 for

woody evergreen semi-shrubs), woody evergreen
semi-shrubs presented the highest AN/gs values.
However, non-significant differences were observed
among herbaceous, semi-deciduous shrubs and
woody evergreen shrubs (Fig. 1). Under water stress,
all growth forms progressively increased AN/gs, but to
a different extent. In fact, from MoWS to SeWS (i.e.
gs values < 30% of the species maximum), differences
between all growth forms were significant (P<0.05),
with values of AN/gs increasing from woody ever-
green shrubs, through semi-deciduous shrubs and
herbs to woody evergreen-semi shrubs (Fig. 1). In
terms of absolute gs values, the increase of AN/gs
during water stress imposition occurred as gs de-
creased to values near 0.05 mol H2O per square meter
per second, regardless of the growth form (Fig. 2a).
Below this threshold value, further decreases in gs
resulted in strong reductions in AN/gs.

No clear relationship was found between AN/gs and
soil water content (SWC; Fig. 2b). Nevertheless, all
growth forms followed a similar pattern, characterized
by an initial increase as SWC decreases to a certain
threshold below which AN/gs decreased. Despite this
general trend, the large scattering observed within each
growth form suggests a species dependent behavior of
AN/gs in response to SWC, which was especially
evident for herbs and semi-deciduous shrubs.

Similarly, the relationship between AN/gs and pre-
dawn leaf water potential (ΨPD) presented a biphasic
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Fig. 1 Intrinsic water-use
efficiency (AN/gs) for each
range of stomatal conduc-
tance (gs) values (calculated
as a percentage with respect
to the maximum values mea-
sured for each of the species).
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(P<0.05) among growth
forms for each range of gs

20 Plant Soil (2009) 317:17–29



trend, with an initial increase of AN/gs as ΨPD

decreased, followed by a consistent decrease of AN/
gs as ΨPD became more negative (Fig. 2c). The
threshold of ΨPD dividing the two phases of the
relationship was different in each growth form: −0.6
MPa for the woody evergreen semi-shrubs, −1.0 MPa
for the herbs, and about −2 MPa for the woody
evergreen and semi-deciduous shrubs.

The relationship between AN/gs and soil to leaf
apparent hydraulic conductance (KL) presented a
more complex pattern (Fig. 2d). At the highest
values of KL (> 15 mmol H2O MPa–1 m–2 s–1)
decreases in KL were associated with a maintenance
or slight decreases in AN/gs. In a second phase, a
decrease in the values of KL from 15 to 4 mmol

H2O MPa–1 m–2 s–1 was accompanied with impor-
tant increases in AN/gs. Finally, further decreases in
KL were related to strong reductions in AN/gs up to
values similar to those measured under control
conditions. This general pattern was present in all
growth forms, which only differed in the range of
observed KL values. Hence, the maximum values
for KL were 37 mmol H2O MPa–1 m–2 s–1 for
woody evergreen shrubs, 20 mmol H2O MPa–1 m–2

s–1 for herbaceous and semi-deciduous shrubs, and
8 mmol H2O MPa–1 m–2 s–1 for woody evergreen
semi-shrubs.

Remarkably, regardless of the physiological pa-
rameter plotted against AN/gs, woody evergreen semi-
shrubs presented higher AN/gs for the range of values
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Fig. 2 Relationship between intrinsic water use efficiency (AN/gs)
and a stomatal conductance (gs), b soil water content (SWC), c
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hydraulic conductance (KL) for the 11 selected species subject to
a progressive drought treatment. Growth form symbols: filled
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measured, specially under moderate and severe stress
conditions. By contrast, woody evergreen shrubs tend
to present lower AN/gs (Fig. 2).

Among the leafmorphological parameters potentially
influencing AN/gs, leaf mass area (LMA) and stomatal
density were measured. As expected, herbaceous
species presented the lowest LMA, while woody
evergreen shrubs showed the highest. All species
and growth forms increased LMA as drought
progressed, followed by increases in AN/gs (Fig. 3).
Nevertheless, the relative importance of these
decreases was highly dependent on growth forms.
Hence, while herbaceous species presented strong
reductions in AN/gs but minor changes in LMA,
woody evergreen shrubs did not significantly change
AN/gs, while LMA was strongly increased. Woody
evergreen semi-shrubs and semi-deciduous shrubs
were in an intermediate position.

Stomatal density was only determined in non-
stressed plants, because this parameter is likely to be
invariable over a short period of time in well-
developed leaves. A significant relationship (r2=
0.668, P<0.05) was found between AN/gs and
stomatal density (Fig. 4), suggesting an increased
AN/gs for lower values of stomatal density.

Discussion

General pattern of the different growth forms
in the AN/gs response to soil water deficit

It is well known that under drought conditions, plants
optimize carbon assimilation and minimize water loss
by decreasing stomatal conductance (Medrano et al.
2002). The present results support this and show that
all species studied followed the widely described
trend of increasing leaf WUE (AN/gs) as water
availability decreases. The relationship between leaf
WUE and several physiological parameters presented
a somewhat biphasic pattern (Fig. 2), as was
previously shown for in situ measured plants under
Mediterranean conditions (Flexas et al. 2004). This
pattern is explained by the relative changes of AN and gs
as soil water deficit progresses. The initial, progressive
increase in AN/gs is attributable to a decrease in gs and,
therefore, related to stomatal limitations of water loses,
which only causes modest photosynthetic reductions
(Flexas and Medrano 2002). Metabolic impairment of
the photosynthetic machinery would be responsible for
the subsequent steep decrease in AN/gs. This is in
accordance with the quantitative limitation analysis of
carbon assimilation performed on the same species
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(Galmés et al. 2007b, c). Interestingly, this general
pattern of leaf WUE variation under drought clearly
corresponds with field values of other Mediterranean
species (Lefi et al. 2004), and is also reflected at the
plant and ecosystem level. Reichstein et al. (2002,
2003), studying a Mediterranean Quercus forest,
reported important declines in WUE under the harder
late-summer conditions.

Variability of leaf WUE among the different growth
forms

In spite the general patterns, the extend of the trend for
an increased AN/gs was found to be partially dependent
on growth forms. Besides the higher AN/gs displayed
by woody evergreen semi-shrubs under all water stress
intensity levels, significant differences among each one
of the growth forms were present only at low gs values,
i.e. at MoWS to SeWS (Fig. 1). Under these
conditions, AN/gs increased from woody evergreen
shrubs, through semi-deciduous shrubs and herbaceous
to woody evergreen semi-shrubs. Therefore, with the
exception of Limonium species, it can be concluded
that growth form influences on AN/gs are noticeable
only under moderate–severe water stress.

Higher AN/gs may be achieved by a tight regulation
of water losses through a fine control of resistances to
H2O lose and/or by presenting a photosynthetic
machinery more suited for water stressing conditions.
Previous studies performed on the same species
demonstrate that the combination of these two factors
is responsible for the higher AN/gs displayed by the
woody evergreen semi-shrubs (Galmés et al. 2005a,
2007a). First, Limonium species presented both lower
gs under control conditions and higher stomatal
responsiveness to decreasing water availability (Galmés
et al. 2007a). Tight stomatal control enabled Limonium
species to maintain leaf turgor (i.e. leaf water potential)
under water stress (Galmés et al. 2007a). Second, the
higher Rubisco specificity factor found for these
species would suggest a more efficient assimilation of
CO2 (Galmés et al. 2005a). This higher efficiency of
Rubisco seems to be due to a higher affinity for CO2

(Galmés et al. unpublished results). Other improved
ecophysiological traits described for these species are
related to growth and photosynthetic capacities under
water stress. Limonium species presented higher
growth capacity for any given net assimilation rate

and leaf area ratio, which enables higher growth rates
compared to species with similar morphological leaf
traits (Galmés et al. 2005b). Finally, Limonium species
displayed a robust photosynthetic metabolism when
exposed to drought, with negligible metabolic impair-
ment under mild and moderate drought (Galmés et al.
2007b). The analysis of the genetic basis of these
advantageous traits would be of interest to increase
knowledge of molecular clues for plant adaptation to
drought.

With the aim of comparing the values measured in
this experiment to those described in the numerous
studies showing AN/gs values for Mediterranean
species, Table 1 was constructed as a compilation of
the mean AN/gs values for the different Mediterranean
growth forms, both under well-watered and drought
stress conditions. These compiled data show that,
under control conditions, there is a trend for an
increased AN/gs from herbaceous through shrubs to
trees. Within shrubs and trees, there is also a trend
related to leaf habits, with evergreen species present-
ing higher AN/gs than deciduous ones, although
differences between evergreen and deciduous trees
were not significant (P>0.05). The lowest values of
AN/gs for herbs and semi-deciduous shrubs under
well-watered conditions may be attributable to their
high gs (Schulze and Hall 1982; Flexas et al. 2003).
Such high gs reflects a capacity for rapid soil water
use and corresponds with fast growth in spring,
usually leading to seed production before summer.
High gs may thus represent a strategy for quick
capture rather than an efficient use of limiting
resources in competitive environments (Mooney
1982). Under drought conditions, all growth forms
increased AN/gs, except herbs, with semi-deciduous
shrubs and deciduous trees presenting the highest
relative increase. Drought tolerance is generally
associated with an efficient use of water (Valladares
and Sánchez-Gómez 2005) and it has generally been
considered that herbaceous species are less drought
tolerant species and present a drought escape strategy
(Chaves et al. 2003). However, in contrast to the
values drawn from literature (Table 1), in the current
study herbaceous species presented the highest rela-
tive increase in AN/gs as drought progressed (Fig. 1),
suggesting that the capacity of withstanding water
limitation may be an adaptation of all Mediterranean
plants regardless of their growth form and leaf habit.
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In this sense, significant increases in the water use
efficiency have been reported for other Mediterranean
herbs (Clary et al. 2004).

Leaf physiological and morphological traits
underlying differences in water use efficiency
among growth forms

The dependency of AN/gs from the SWC is widely
known, but even under controlled conditions, this
relationship presented the biggest scattering of data
(Fig. 2b). This may be caused by different soil water
depletion rates in the different growth forms due to
their different plant leaf area and root extension
(Asbjornsen et al. 2008). More clearly, the relationship

between AN/gs vs. physiological parameters such as
ΨPD, KL and gs showed a general pattern irrespective
of the growth form (Fig. 2). The pathways—whether
hydraulic and/or chemical—through which external
stimuli are translated into control of gs are still
subjects of lively discussion (Salleo et al. 2000;
Schultz 2003). However, with respect to the tight
relationship between AN/gs and KL (Fig. 2c), it seems
that variations in AN/gs during water stress occur in
parallel with variations in hydraulic conductance. It
may be convenient to test whether the attained levels
of water deficit observed in the current experiment are
representative of what is usually occurring under field
conditions. In this sense, several reports confirm that
the induced levels of stress are relevant and frequently

Table 1 Literature survey of leaf intrinsic water use efficiency (AN/gs) for the different Mediterranean growth forms with the number
of different species included in each group

Leaf intrinsic water use efficiency (AN/gs; μmol CO2 mol-1 H2O)

Well-watered Drought

Growth form Mean Range n Mean Range n

Herbaceousa 43±4 13–86 28 44±8 25–70 5
Semi-deciduous shrubsb 54±3 38–81 12 91±9 45–135 9
Deciduous shrubsc 53±3 50–59 3 77±n.d. n.d. 1
Evergreen shrubsd 64±3 48–100 32 83±6 50–118 20
Deciduous treese 66±6 43–111 11 113±14 80–161 6
Evergreen treesf 73±7 48–129 11 106±10 64–167 9

Data are mean ± SE and range (i.e. minimum and maximum values) When different values were reported for the same species, the
average was calculated. Varieties or cultivars of the same species were considered as a unique entry. Values are shown for well-
watered and drought stressed plants (i.e. when gs was at least half of that measured under non-stressing conditions in the same study).
Measurements performed at mid-morning were only considered. Experiments performed in the field and in controlled environment
were both considered.

n.d. not determined (only one species was found in literature)
a Values for were taken from: Aguiló and Medrano 1994; Manes et al. 1997; Munné-Bosch and Alegre 2000; Gulías et al. 2003;
Galmés et al. 2007d; Bell et al. 2007.
b Values for were taken from: Harley et al. 1987; Gratani 1995; Gulías et al. 2003; Mediavilla and Escudero 2003a; Munné-Bosch et al.
2003; Flexas et al. 2004; Gratani and Varone 2004; Lefi et al. 2004; Levizou et al. 2004; Clemente et al. 2005.
c Values for were taken from: Gulías et al. 2002, 2003; Mediavilla and Escudero 2003a.
d Values for were taken from: Tenhunen et al. 1985, 1987a; Gratani 1993, 1995; Castell et al. 1994; Castell and Terradas 1995; Manes
et al. 1997; Valladares and Pearcy 1997; Abril and Hanano 1998; Peñuelas et al. 1998, 2004; Flexas et al. 1999, 2000, 2001, 2002,
2004; Nieva et al. 1999; Munné-Bosch et al. 1999; Martínez-Ferri et al. 2000; Bota et al. 2001, 2004a, b; Gulías et al. 2002, 2003;
Maroco et al. 2002; Llorens et al. 2003; Medrano et al. 2003; Sampol et al. 2003; De Souza et al. 2003, 2005; Schultz 2003; Caravaca
et al. 2004; Gratani and Varone 2004; Clemente et al. 2005; Asensio et al. 2007.
e Values for were taken from: Damesin and Rambal 1995; Valentini et al. 1995; Picon et al. 1997; Gulías et al. 2002, 2003; Mediavilla
et al. 2002; Ponton et al. 2002; Mediavilla and Escudero 2003a, b; Grassi and Magnani 2005; Manes et al. 2006; Gallé et al. 2007.
f Values for were taken from: Tenhunen et al. 1987b; Gratani 1993, 1995; Castell et al. 1994; Angelopoulos et al. 1996; Goulden 1996;
Sala and Tenhunen 1996; Manes et al. 1997, 2006; García-Plazaola et al. 1997; Abril and Hanano 1998; Damesin et al. 1998; Faria et al.
1998; Peñuelas et al. 1998; Chartzoulakis et al. 1999; Martínez-Ferri et al. 2000; Gulías et al. 2002, 2003; Mediavilla et al. 2002; Ponton
et al. 2002; Centritto et al. 2003; Loreto et al. 2003; Mediavilla and Escudero 2003a; Xu and Baldocchi 2003; Caravaca et al. 2004;
Flexas et al. 2004; Gratani and Varone 2004; Aranda et al. 2005, 2007; Corcuera et al. 2005; Peña-Rojas et al. 2005; Asensio et al. 2007.
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observed during summer in Mediterranean conditions
(e.g. Mappin et al. 2003; Kurz-Besson et al. 2006).

The correspondence between AN/gs and LMA varied
depending on the growth forms (Fig. 3). It is widely
stated that leaf morphology and anatomy influence
photosynthetic performance (Wright et al. 2004). The
observed highest LMA for woody evergreen shrubs
and lowest value for herbaceous plants are consistent
with previous reports (Reich et al. 1999). Low LMA
reflects an adaptation for a rapid production of
biomass, whereas high LMA indicates efficient con-
servation of nutrients (Lambers and Poorter 1992).
Both AN/gs and LMA increased in response to drought
(Fig. 3). Increases in LMA in response to drought have
previously been observed for many other Mediterra-
nean species (Harley et al. 1987; Gratani 1996). The
observed increase in LMA that occurs in all growth
forms during acclimation to low water availability
conditions might not be the result of rapid adjustments
in the thickness and density of the leaf blade, often
correlated to increased tolerance to drought (Niinemets
2001) because of the shorter duration of the present
experiment. More likely, the present LMA increases
may be due to progressive accumulation of photo-
synthates in leaves (Virgona and Barlow 1991), which
has been shown to be due to altered sucrose-phosphate
synthase activity (Castrillo et al. 1992) and to
decreased phloem loading and leaf export in response
to water stress (Bota et al. 2004b). Interestingly,
growth forms showing the lowest drought-induced
increases in LMA showed the highest increases in AN/
gs, and vice-versa. This could be explained by a large
accumulation of photosynthates leading to large incre-
ments in LMA, resulting in increases in the mesophyll
resistances to CO2 (Flexas et al. 2008) and/or feed-
back limitations on photosynthesis due to end-product
accumulation (Sharkey 1985). Both factors would
result in decreased AN without affecting gs, hence
counterbalancing the drought increase in AN/gs. In
contrast to what is observed with physiological traits,
there is no common trend in the relationship AN/gs vs.
LMA, as this relationship is largely dependent on the
growth form, which also determines the magnitude of
the changes in LMA in response to drought.

Contrarily to what may be expected, AN/gs was
negatively correlated with stomatal density (Fig. 4).
Higher stomatal density is usually reported to enable a
higher and more effective responsiveness to any
environmental change, as well as a tight control of

leaf gas exchange (Woodward 1987). However, in a
previous study with the same species, it was demon-
strated that higher stomatal density did not result in
higher stomatal responsiveness to water stress
(Galmés et al. 2007a). The negative trade-off between
AN/gs and the stomatal density is strongly determined
by the values of the two Limonium species, which
presented the lowest stomatal density but the highest
AN/gs. Lower stomatal density has also been reported
to correspond with lower stomatal conductance
(Woodward and Bazzaz 1988), and therefore higher
AN/gs may be possible under these conditions. This
apparent contradiction needs to be reinforced with
additional data to confirm a specific trend for
Mediterranean species.

In conclusion, the experiments on photosynthetic
water use efficiency among Mediterranean species
adapted to drought-prone environments reported,
under controlled growth conditions, a sustained
increase as water stress progressed, followed by a
steep decline at severe water stress. This general trend
was similar irrespective of the physiological parame-
ter used as reference. The different growth forms
displayed significant differences only under severe
water stress, and this variation highlighted woody
evergreen semi-shrubs as the growth form with the
highest AN/gs at control and water stress conditions.
Contrary to what is commonly observed, the results
indicate that, for Mediterranean species, the capacity
to withstand water stress limitations by increasing
WUE is also present for herbaceous and semi-
deciduous shrubs, which significantly increased AN/gs
at moderate to severe water stress. Additionally, it is
shown that the water stress-induced increases in AN/gs
correlated with concurrent increases in LMA, in a
fashion clearly dependent on the growth form.
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