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Abstract

The aim of the present study was to undertake a comparative analysis of the effects of water stress

on leaf respiration rates and carbon balance, including a wide variety of Mediterranean species

with different growth forms and evolutionary history. Plant water relations, photosynthetic and

respiration rates, and specific leaf area were measured in plants grown in pots and subjected to

different levels of water stress, the most severe followed by re-watering. A high range of variation was

observed in maximum leaf respiration rates, largely related to differences among plant growth

forms. Leaf respiration rates decreased under drought in most but not all species. Such decline also

resulted growth form-dependent, with herbs showing both the highest proportional decrease and the

highest recovery after re-watering, and evergreens the lowest, reflecting differences in respiration

requirements due to different life span and growth carbon costs between growth forms. The decline in

respiration in response to drought occurred at a stomatal conductance threshold which is coincident

with that observed to induce down-regulation of the activity of many other metabolic components,

suggesting that decreased respiration is part of a systemic metabolic response, which occurs under

conditions where drought severely restricts CO2 availability inside leaves.
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1. Introduction

Water stress is considered one of the most important factors limiting plant performance
and yield worldwide (Boyer, 1982). Particularly in Mediterranean-type ecosystems,
summer drought is considered the main environmental constraint for plant growth and
survival. Moreover, the climate in the western Mediterranean Basin tends to become
warmer and drier (Piñol et al., 1998), as a result of global change (Annon, 2001).

The limitation to plant growth imposed by low water availability is mainly due to
reductions of plant carbon balance, which is dependent on the balance between
photosynthesis and respiration (Lambers et al., 1998). The regulation of photosynthesis
by drought has been extensively studied and debated (Hsiao, 1973; Boyer, 1976; Chaves,
1991; Lawlor, 1995; Cornic and Massacci, 1996; Flexas and Medrano, 2002; Lawlor and
Cornic, 2002; Flexas et al., 2004a). Respiration rates are often an order of magnitude lower
than photosynthesis rates. However, since photosynthesis is limited temporally (i.e. to
daytime hours) and spatially (i.e. to green biomass), while respiration occurs continuously
in every plant organ, the latter may be an equally important factor controlling
productivity, particularly when photosynthesis is largely depressed, such as under drought
conditions (Lawlor and Cornic, 2002; Flexas et al., 2005). Nevertheless, and in spite of its
well-recognized importance, the regulation of respiration by drought at the plant
physiological level is largely unknown, partly because only a limited number of studies
are available and partly because of the apparent contradictions among these studies
(Flexas et al., 2005). Certainly, the available experimental evidences do not support
a clear pattern of respiration in response to drought, different studies showing either
increased, unaffected or decreased rates of respiration (Hsiao, 1973; Amthor, 1989).
The lack of knowledge on plant respiration responses to drought is even greater when
referring to Mediterranean species, since to the best of our knowledge there has been no
attempt to make a comparative survey of the effects of water stress on respiration in
Mediterranean species.

In Mediterranean environments, natural vegetation has developed an array of
adaptations to drought, resulting in a high diversity of growth forms. The resulting
vegetation consists mostly of deep-rooted evergreen sclerophyll trees and shrubs, which
maintain green leaves during the summer drought period, semi-deciduous shrubs,
which lose part of their leaves during summer, and geophytes and winter annual herbs,
which escape drought by finishing their annual cycle before summer (Ehleringer and
Mooney, 1983). In addition to this diversity in morpho-phenological forms, we have
observed in Mediterranean plants a strong diversity in ecophysiological traits that are
likely of adaptive value, such as the specificity factor of Rubisco (Galmés et al., 2005a),
and the response to water stress of relative growth rate and its components (Galmés et al.,
2005b), leaf water relations, stomatal control, photosynthetic limitations, photoprotection
and energy dissipation (Galmés et al., unpublished).

Moreover, islands biotas differ from those of continents for being generally species-poor
and disharmonic, yet rich in species found nowhere else (Whittaker, 1998). The present
study was performed in plants from the Balearic Islands, located within the Mediterranean
Basin, which represent an example of such biotas, with up to 1700 taxons described and
with a richness of endemic flora of about 7–8% (Cardona and Contandriopoulos, 1979).

Several works have indented to elucidate the underlying ecophysiological causes that
force endemic species to a limited distribution. Recently, in a study including 73 West
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Mediterranean species occurring in the Balearic Islands, in which 22 were endemics, Gulı́as
et al. (2003) suggested photosynthetic capacity to be an important factor contributing to
the limited distribution of the endemic species. Endemic species presented, on average,
significantly lower net photosynthetic rates than non-endemics and crops, and this was
particularly marked for species with high specific leaf area (SLA). Gulı́as et al. (2003)
suggested that one of the possible factors for the lower photosynthetic capacity of
endemics could be higher respiration rates in the endemic species. In fact, Gulı́as et al.
(2002) had shown that the endemic Rhamnus ludovici-salvatoris presented respiration rates
more than twice that of the non-endemic Rhamnus alaternus. In Hawaii, another insular
system with a high percentage of endemicity, invasive species assimilate more CO2 at a
lower respiratory cost than native species, and this fact has been related to the competitive
and invasive ability of these species (Pattison et al., 1998).
The aim of the present study was to undertake a comparative analysis of the effects of

water stress on leaf respiration rates and their relation to photosynthetic variations,
including a wide variety of Mediterranean species with different growth forms and
evolutionary history. Some specific questions were addressed: (1) which are the ranges in
leaf respiration rates within Mediterranean species? (2) are leaf respiration rates affected by
a decrease in water availability? (3) if so, what determines the extent and intensity of
change in the respiration processes? (4) do these characteristics differ between species
belonging to different growth forms? and (5) are there any differences between endemic
and non-endemic species of the Balearic Islands that would help explaining the regressive
and limited distribution of the endemic species?

2. Materials and methods

2.1. Plant material

Eleven Mediterranean species naturally occurring in the Balearic Islands, six of them
endemic to these islands, were selected for this study (Table 1). Special care was taken in
the selection of the species, in order to include taxons representative of different growth
forms: four evergreen sclerophyll shrubs (Pistacia lentiscus, Hypericum balearicum,
Limonium gibertii and Limonium magallufianum), three summer semi-deciduous shrubs
(Lavatera maritima, Phlomis italica and Cistus albidus) and four herbs (Diplotaxis ibicensis,
Beta maritima subsp. maritima, Beta maritima subsp. marcosii and Lysimachia

minoricensis). Seeds of each species were collected in the field from natural populations
and taken from several parent plants to obtain a representative sample of the genetic
diversity in their natural populations. Seeds were germinated on filter paper moistened
with deionized water in a controlled environment (germination chamber, at 18 1C in
darkness). After germination and emergence of one true leaf, 10 seedlings were
transplanted into pots (25L volume, 40 cm height) containing a 40:40:20 mixture of
clay–calcareous soil, horticultural substrate and pearlite (granulometry A13). Plants were
grown outdoors at the University of the Balearic Islands (Mallorca, Spain). The number of
plants used was 10 per species, and the age differed because of the different phenology
of the species selected. Plants of P. lentiscus, H. balearicum, C. albidus, P. italica and
L. maritima were 3 years old, plants of L. minoricensis, L. magallufianum and L. gibertii

were a year and half old and plants of D. ibicensis, B. maritima subsp. marcosii and
B. maritima subsp. maritima were 6 months old at the onset of the experiments. Due to

ARTICLE IN PRESS
J. Galmés et al. / Journal of Arid Environments 68 (2007) 206–222208



Aut
ho

r's
   

pe
rs

on
al

   
co

py

spatial limitations in the growth chamber, the experiment was performed in six rounds,
each one with one couple of species at the same time, except the last one, with only
L. minoricensis. Four weeks before starting the experiment, plants were placed in a
controlled growth chamber with a 12 h photoperiod (26 1C day/20 1C night) and a photon
flux density at the top of the leaves of about 600 mmolm�2 s�1.

Plants were daily fertitirrigated with 100% Hoagland’s solution. Measurements
corresponding to control treatments were made during the first day of the experiment,
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Table 1

List of species considered for study with their family and a brief description

Species Family Description

Diplotaxis ibicensis Pau Brassicaceae Annual herb, endemic of the Balearic Islands

and inhabiting a few coastal locations

Beta maritima L. subsp.

marcosii A. Juan and M.

B. Crespo

Chenopodiaceae Perennial herb. Endemic of the Balearic Islands,

inhabiting a few small islets subjected to strong

saline spray

Beta maritima L. subsp.

maritima

Chenopodiaceae Perennial herb inhabiting coastal ecosystems.

Widespread in Mediterranean and temperate

climates

Lysimachia minoricensis

J. J. Rodr.

Primulaceae Biannual herb endemic to the island of Menorca,

considered to be now extinct in the wild,

although some specimens are still conserved in

botanical and private gardens. Its natural

habitat was close to water streams

Lavatera maritima Gouan Malvaceae Semi-deciduous shrub up to 2m, densely

covered by hairs. Inhabits in coastal locations

Phlomis italica L. Labiatae Semi-deciduous shrub up to 1m, densely

covered by hairs. Endemic of the Balearic

Islands. The biggest populations are found

500m above the sea level, where they co-exist

with Cistus albidus

Cistus albidus L. Cistaceae Semi-deciduous shrub up to 1m. Commonly

found in the Mediterranean garrigue. Its leaves

are densely covered by hairs

Hypericum balearicum L. Guttiferae Woody evergreen shrub up to 2m, endemic of

the Balearic Islands. The biggest populations are

found in the garrigue 500m above the sea level,

where competes with Pistacia lentiscus

Pistacia lentiscus L. Anacardiaceae Woody evergreen shrub up to 5m, commonly

found in the Mediterranean garrigue

Limonium magallufianum

L. Llorens

Plumbaginaceae Woody evergreen shrub, in cushion-like rosettes.

Endemic of the Balearic Islands, inhabiting just

in one coastal marsh located in Magalluf,

Mallorca

Limonium gibertii (Sennen)

Sennen

Plumbaginaceae Woody evergreen shrub, in cushion-like rosettes.

Occurring in West Mediterranean rocky and

sandy coastal areas

The number of plants used was 10 per species, and the age differed because of the different phenology of the

species selected. Plants of P. lentiscus, H. balearicum, C. albidus, P. italica and L. maritima were 3 years old, plants

of L. minoricensis, L. magallufianum and L. gibertii were a year and half old and plants of D. ibicensis, B. maritima

subsp. marcosii and B. maritima subsp. maritima were 6 months old at the onset of the experiments.

J. Galmés et al. / Journal of Arid Environments 68 (2007) 206–222 209



Aut
ho

r's
   

pe
rs

on
al

   
co

py

when all the plants were well watered. Thereafter, irrigation was stopped in five plants for
each species. Pots were weighted every day to determine the amount of water loss and
consequently available for plants with respect to control. To obtain different degrees of
drought, measurements were made on days 4, 8 and 13–17 after the last irrigation, when
plants were subjected to mild, moderate and severe drought intensities. Each drought
experiment was stopped when stomatal conductance (gs) was close to zero, 13–17 days
after water withholding, depending on species. Once achieved such gs values, pots were
again irrigated at field capacity, and considered for the re-watering treatment measurement
on the next day. Control plants were watered daily during all the experiment and
eventually measured to ensure that they maintained constant values of each parameter
during the experiment.

2.2. Plant water status

The relative water content at pre-dawn (RWCPD) and mid-day (RWCMD) were
determined as follows: RWC ¼ (Fresh weight–Dry weight)/(Turgid weight–Dry
weight)� 100. To determine the turgid weight of the samples, these were kept in distilled
water in darkness at 4 1C 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 1C
in an oven. Four replicates per species, sampled in different individuals, and treatment
were obtained.

2.3. Specific leaf area

SLA was calculated in four leaves per species and treatments, as the ratio of leaf area to
leaf dry mass. Each replicate was obtained from different individuals. First, the leaf area
was determined with an AM-100 Area Meter (Analytical Development Company, Herts,
UK). Then, the dry mass of these leaves was determined after oven drying for 48 h at 60 1C.

2.4. Gas exchange measurements

Instantaneous determinations of net CO2 assimilation rate (AN) and stomatal
conductance (gs) at saturating light (1500 mmol photonm�2 s�1), 25 1C and 400 mmolmol�1

CO2 were performed at mid-morning, using a Li-6400 (Li-Cor Inc., Nebraska, USA) in
one leaf of four different plants per species and treatment. Relative humidity was kept
at 5075% during measurements. The Li-6400 was calibrated every day, according to
manufacturer’s recommendations.
For dark respiration measurements, four leaf samples per species and treatment were

collected during the light period and stored 20min in the dark in 0.2mM CaCl2 for
membrane stabilization. O2 uptake rates were measured in the dark, using a liquid-phase
oxygen electrode (Hansatech Instruments Ltd., England) in ambient air-equilibrated
10mM Mes buffer (pH 5.7), as previously described (Delieu and Walker, 1981; Azcón-
Bieto et al., 1994). Leaf samples were placed in the closed electrode cuvette, and depletion
of the O2 concentration in the rapidly stirred solution of the closed cuvette was linear
with time, except at low O2 concentrations. To avoid oxygen-limiting conditions inside
the cuvette, all measurements were determined with O2 concentration above 60% of
saturation. Respiration measurements were performed with the oxygen electrode technique
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to avoid the gasket-related leak with the CO2 gas exchange measurements (Long and
Bernacchi, 2003; Hurry et al., 2005). It is well known that the precision of the oxygen
electrode techniques for respiration measurements is much higher than techniques based
on CO2 gas-exchange measurements (Hurry et al., 2005).

2.5. Statistical analysis

Differences between means were revealed by Tukey test (po0:05) performed with the
SPSS 12.0 software package (SPSS, Chicago, USA). Pearson correlation coefficients were
calculated with the SPSS 12.0 software package (SPSS, Chicago, USA).

3. Results and discussion

3.1. Range of variation of respiration rates among Mediterranean species: influence of

growth form and evolutionary history

Under well-watered conditions, dark respiration rates largely differed among species
and varied in an 8-fold range. The lowest RDm values were found for P. lentiscus,
with 12.6mmolO2kg

�1 s�1, while the highest were found for D. ibicensis, with
100.6mmolO2kg

�1 s�1 (Table 2). Averaged per growth forms, herbaceous species presented
the highest respiration rates (90.676.4mmolO2kg

�1 s�1), which resulted significantly different
(po0:05) from those of evergreen shrubs (31.276.8mmolO2kg

�1 s�1). Semi-deciduous shrubs

ARTICLE IN PRESS

Table 2

Specific leaf area (SLA), dark respiration rates (RDm), net CO2 assimilation rates (ANm), and the ratio of net CO2

assimilation to dark respiration rates (ANm/RDm) for each species and growth forms

Species SLA

(m2 kg�1)

RDm

(mmolO2 kg
�1 s�1)

ANm

(mmolCO2 kg
�1 s�1)

ANm/RDm

(mmolCO2 mmol�1O2)

B. maritima subsp.

marcosii

28.172.8e 78.873.7fg 572.4755.3f 7.370.7f

B. maritima subsp.

maritima

25.071.6e 92.476.3gh 565.9736.0f 6.170.3de

D. ibicensis 19.971.1d 100.675.9h 538.1720.8f 5.370.4cd

L. minoricensis 26.771.4e 52.374.0de 285.6714.0d 5.570.4cde

Mean herbaceous

plants

24.971.8B 81.0711.9B 490.5768.7B 6.270.6B

L. maritima 12.270.8c 64.975.7ef 422.3739.2e 6.570.3ef

P. italica 8.671.2b 27.773.9b 155.5719.4bc 5.670.8cde

C. albidus 10.070.3bc 26.472.0b 153.4716.3bc 5.870.6cde

Mean semi-deciduous

shrubs

10.271.1A 39.7712.6A 243.7789.3A 6.070.3B

H. balearicum 9.970.8bc 30.071.3b 126.779.6b 4.270.5b

P. lentiscus 5.370.2a 12.970.4a 41.274.2a 3.270.2a

L. magallufianum 11.870.6bc 44.372.1cd 184.4715.7c 4.270.3b

L. gibertii 12.371.0c 37.673.8bc 177.9723.0bc 4.770.2bc

Mean evergreen shrubs 9.871.6A 31.276.8A 132.6733.1A 4.170.3A

Values correspond to well-watered plants. Values are means7standard error. Different letters denote statistically

significant differences by a Tukey’s comparison test (po0:05) among species (small letters) and growth forms

(capital letters) within each parameter.
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showed somewhat intermediate values, with 39.7712.6mmolO2kg
�1 s�1), but they were not

significantly different (p40:05) from evergreen shrubs (Table 2).
These variations were closely and positively related to leaf structure (approached by

SLA) and photosynthesis per mass (ANm, Fig. 1). Hence, evergreen shrubs had the lowest
SLA, ANm and RDm, while herbaceous species had the highest values for all parameters
(Table 2). Both RDm (Fig. 1A) and ANm (Fig. 1B) scaled with SLA, which resulted in a
highly significant correlation between RDm and ANm (Fig. 1C). Therefore, the species
included in the present study followed the well-known, worldwide pattern of leaf
economics spectrum (Reich et al., 1997; Wright et al., 2004). It is remarkable that these
relationships did not differ between species non-endemic and endemic to the Balearic
Islands (Fig. 1), contrary to what Gulı́as et al. (2003) showed for the relationship between
ANm and SLA when pooling up to 73 species. Also, the differences in RDm between
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Fig. 1. (A) Relationship between dark respiration rate on a mass basis (RDm) and specific leaf area (SLA) under

control conditions. (B) Relationship between net CO2 assimilation rate on a mass basis (ANm) and SLA under

control conditions. (C) Relationship between dark respiration rate on a mass basis (RDm) and net CO2

assimilation rate on a mass basis (ANm) under control conditions. Values are means7standard error of four

replicates per species and treatment. Pearson coefficient correlations and probabilities are shown for each plot.
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endemic and non-endemic species of the Balearic Islands were not significantly different
(p40:05, 55.6711.7 and 46.8714.2 mmolO2 kg

�1 s�1, respectively), nor were the
differences in ANm and SLA. In the earlier study (Gulı́as et al., 2003), differences between
endemics and non-endemics were particularly marked for species with high SLA. However,
such differences were not observed with the species considered in the present survey. Thus,
regarding the hypothesis that endemic species with high SLA would have a lower
photosynthetic capacity than non-endemics (Gulı́as et al., 2003), the present results show
that it cannot be generalized to all endemic species.

The balance between photosynthesis and respiration determines the leaf (and plant,
when including respiration of heterotrophic organs) carbon balance, and hence the
capacity of plants to produce new biomass for growing and developing reproductive
structures (Poorter et al., 1992). We used the ratio of net carbon assimilation to dark
respiration rates (ANm/RDm), i.e., mols of CO2 incorporated per mols of O2 consumed, as a
simple approach to leaf carbon balance and may allow a qualitative comparison between
species (Pattison et al., 1998). The ratio ANm/RDm varied between species, the highest value
(7.3 mmolCO2 mmol�1O2) corresponding to B. maritima subsp. marcosii, and the lowest
(4.2 mmolCO2 mmol�1O2) to P. lentiscus (Table 2). Although the herbaceous species
showed the highest respiration rates, they presented the lowest respiration costs
with respect to the assimilation capacity, with 6.270.6 mmolCO2 mmol�1O2, which
resulted significantly different to those of evergreen shrubs (4.170.3 mmolCO2 mmol�1O2).
The semi-deciduous shrubs (6.070.3 mmolCO2 mmol�1O2) did not differ significantly
from herbs (Table 2). It is worth noting that herbs and semi-deciduous shrubs presented a
higher carbon balance than evergreens, which is consistent with the fact that their growth
capacities are higher (Galmés et al., 2005b). The used ratio ANm/RDm has to be considered
only as a preliminary approach, since respiration but not photosynthesis continues
in the dark. Moreover, both photosynthesis and respiration are affected by light
intensity. The extent of respiration that continues in the light appears to be highly
variable. Most studies have reported that the rate of leaf respiration in the light is
less than that in darkness (Kowallik, 1982; Azcón-Bieto and Osmond, 1983; Brooks and
Farquhar, 1985; Kromer, 1995; Ribas-Carbó et al., 2000; Pinelli and Loreto, 2003), with
the degree of inhibition ranging from 16% to 77% (Atkin et al., 1997). Obviously,
the extent of such inhibition would greatly affect the total daily carbon balance of a given
leaf or plant.

3.2. The effects of water stress on respiration rates

The response of dark respiration (RDm) to gradual drought was determined in 11
different Mediterranean species representative of different growth forms (Fig. 2). The
evolution of dark respiration rates under water stress largely depended on the species.
B. maritima subsp. maritima, D. ibicensis, P. italica, L. magallufianum and L. gibertii

showed significant decreases in RDm due to drought imposition with respect to control
values, while in B. maritima subsp. marcosii, L. maritima, C. albidus, H. balearicum and
P. lentiscus dark respiration resulted non-affected by water stress (Fig. 2). In addition to
this diversity in the species response to water limitation, a high variability in the intensity
and the timing of the RDm decrease due to drought stress was also found. B. maritima

subsp. maritima, D. ibicensis, P. italica and L. magallufianum decreases of RDm were
significant at earlier stages of water limitation, under mild drought treatment (Fig. 2). The
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Fig. 2. Dark respiration rate on a mass basis (RDm) under different treatments: control (C), mild drought (MiD),
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effect of re-watering on RDm also resulted to be species-dependent, from total recovery in
both Beta species to no recovery in the four evergreen shrubs, and partial recovery in the
other species (Fig. 2).

Regarding plant growth forms, herbs showed the most marked and progressive
decreases of RDm as drought intensified, as well as the most complete recovery after re-
watering (Fig. 3A). In semi-deciduous and evergreen shrubs, RDm showed only a slight
declining tendency under water stress. These variations were roughly parallel to those of
ANm (Fig. 3B), but the latter did not fully recover after re-watering. Therefore, the ratio of
ANm/RDm declined progressively with drought in all growth forms (Fig. 3C), although in
herbs and semi-deciduous species this ratio was maintained higher than in evergreens
except under severe drought. Also, the ratio showed higher recovery after re-watering in
herbs and semi-deciduous than in evergreens.

This large variability in plant respiration responses to drought is consistent with the
variable responses found among studies in literature (Hsiao, 1973; Hanson and Hitz, 1982;
Amthor, 1989; Amthor and McCree, 1990). While several studies described a water stress-
induced decreased respiration rate (Brix, 1962; Brown and Thomas, 1980; Palta and
Nobel, 1989; González-Meler et al., 1997; Ghashghaire et al., 2001; Haupt-Herting et al.,
2001), others have shown unaffected rates (Lawlor, 1976; Loboda, 1993), or even an
increased respiration rate under drought stress (Zagdanska, 1995). Flexas et al. (2005)
attributed this controversy to three possible causes: (i) the use of different species, organs
and techniques for respiration studies; (ii) the presence of complex interactions of
respiration rates with other environmental factors and (iii) the presence of a threshold of
water stress intensity in which a change in the response of respiration to water stress
occurs. The first two possible causes were constrained by growing all plants under identical
conditions, as studying the effects of water stress on a single plant tissue (i.e. leaves). The
present results confirm that the response of respiration to water stress is largely species
dependent, and suggest that a large part of the observed differences can be attributed to the
effects of growth form. Leaves of herbs and semi-deciduous plants have a shorter life-span
than those of evergreens. Therefore, they need to optimize their carbon balance over
shorter time periods (Mooney and Ehleringer, 1997), which helps explaining why they
maintain higher respiration rates but also higher ANm/RDm during drought than
evergreens, as well as why they show a faster recovery after re-watering. By contrast,
leaf productivity in evergreens relies on larger time periods, and they usually have deeper
root systems; therefore, experiencing a slower rate of water stress imposition and requiring
slower responses (Lloret et al., 1999; Gratani and Varone, 2004).

The mechanisms allowing different growth forms to show different extents and velocities
of respiration response to drought are presently unknown. One possible explanation would
be the existence of a threshold of water stress intensity triggering the induction of the
respiration response. In this respect, Flexas et al. (2005) suggested a biphasic response on
the relationship between respiration and RWC. However, the present results do not
support the existence of such biphasic response of respiration to drought imposition
(Fig. 4A). When respiration rates, either expressed in area or mass basis, are plotted
against the RWCPD (Fig. 4A) or RWCMD (data not shown) no clear relationship was
found. By contrast, although with some scattering, plotting the response of RDm to daily
maximum stomatal conductance (gs) resulted in a recognizable pattern. Effectively,
considering all the species together and RDm expressed in percentage with respect to
control values, the observed pattern shows that RDm mostly declines when gs dropped
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watering (RW). Values are means7standard error. Different letters denote statistically significant differences by a

Tukey’s comparison test (po0:05) among treatments (small letters) and growth forms (capital letters).
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below ca. 0.2molm�2 s�1 (Fig. 4B). This gs threshold largely coincides with that inducing
down-regulation of the activity of other metabolic components, such as photosynthetic
enzymes, nitrate reductase or sucrose phosphate synthase (Flexas et al., 2004a, b), as well
as the induction of cell antioxidant responses (Flexas et al., 2006) and an increase in
electron transport partitioning towards the alternative respiration pathway at the expense
of cytochromic pathway (Ribas-Carbó et al., 2006). Therefore, the decline in respiration in
response to drought seems to be part of a systemic metabolic response, which occurs under
conditions where drought severely restricts CO2 availability inside leaf cells, therefore
creating the risk of a secondary oxidative stress (Flexas et al., 2004a, b, 2006).
Nevertheless, some of the species showing the most plastic responses (i.e. D. ibicensis,
B. maritima subsp. maritima and P. italica) behaved somewhat as outliers of this general
relationship (outlying points in Fig. 4B), suggesting that additional regulatory mechanisms
may act in those species. Alternatively, the decline in respiration under stress could be
related to a decreased availability of photosynthates, and in fact a close relationship
between photosynthesis and respiration was maintained during drought and recovery
(Fig. 5A), although this relationship strongly differed among growth forms. At any given
ANm, RDm was lower in evergreens than in herbs, and so their ANm/RDm ratio was higher
(Fig. 5B). Semi-deciduous plants showed an intermediate relationship, but more close to
evergreens. The different slopes of the ANm/RDm vs. ANm among growth forms likely
reflects the well- known differences in carbon costs of growth (Poorter and De Jong, 1999;
Bouma, 2005, and references therein).

3.3. Concluding remarks

The aim of the present study was to undertake a comparative analysis of the effects of
water stress on leaf respiration rates and carbon balance, including a wide variety
of Mediterranean species with different growth forms and evolutionary history.
A ten-fold variation in maximum leaf respiration rates was observed, from about 10 to
100 mmolO2 kg

�1 s�1. This range was largely determined by differences among growth
forms, and respiration values were strongly correlated with photosynthesis and SLA, thus
confirming global trends (Wright et al., 2004). The results obtained did not support the
hypothesis of Gulı́as et al. (2003) that endemic species of the Balearic Islands present a
lower photosynthetic capacity than non-endemics.
Leaf respiration rates were decreased under drought in most but not all species, but the

decline was always smaller than that of photosynthesis, therefore resulting in a decreased
photosynthesis-to-respiration ratio (a rough indicative of leaf carbon balance). The
response of leaf respiration to drought was growth form-dependent, with herbs showing
both the highest proportional decrease and the highest recovery after re-watering, and
evergreens the lowest. These differences likely reflect differences in respiration require-
ments due to different life-span and growth carbon costs between growth forms (Bloom
et al., 1985; Lambers and Poorter, 1992; Baruch and Goldstein, 1999; Navas et al., 2003).
The decline in respiration in response to drought occurs at a stomatal conductance
threshold of 0.2molm�2 s�1, approximately. This gs threshold value is coincident with that
observed in the induction of down-regulation of the activity of many other metabolic
components (Flexas et al., 2004a, b, 2006; Ribas-Carbó et al., 2006), suggesting that it
forms part of a systemic metabolic response, which occurs under conditions where drought
severely restricts CO2 availability inside leaves.
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approach. In: Lambers, H., Ribas-Carbó, M. (Eds.), Advances in Photosynthesis and Respiration. Plant

Respiration: From Cell to Ecosystem, vol. 18. Springer, Dordrecht, pp. 85–94.

Boyer, J.S., 1976. Photosynthesis at low water potentials. Philosophical Transaction of the Royal Society B 273,

501–512.

Boyer, J.S., 1982. Plant productivity and environment. Science 218, 443–448.

Brix, H., 1962. The effects of water stress on the rates of photosynthesis and respiration in tomato plants and

loblolly pine seedlings. Physiologia Plantarum 15, 10–20.

Brooks, A., Farquhar, G.D., 1985. Effect of temperature on the CO2/O2 specificity of ribulose-1,5-bisphosphate

carboxylase/oxygenase and the rate of respiration in the light—estimate from gas-exchange measurements on

spinach. Planta 165, 397–406.

Brown, K.W., Thomas, J.C., 1980. The influence of water stress preconditioning on dark respiration. Physiology

of Plants 49, 205–209.

Cardona, M.A., Contandriopoulos, J., 1979. Endemism and evolution in the islands of the western

Mediterranean. In: Bramwell, D. (Ed.), Plants and Islands. Academic Press, New York, pp. 113–169.

Chaves, M.M., 1991. Effects of water deficits on carbon assimilation. Journal of Experimental Botony 42, 1–16.

Cornic, G., Massacci, A., 1996. Leaf photosynthesis under drought stress. In: Baker, N.R. (Ed.), Photosynthesis

and the Environment. Kluwer Academic Publishers, The Netherlands, pp. 347–366.

Delieu, T., Walker, D.A., 1981. Polarografic measurement of photosynthetic oxygen evolution by leaf discs. New

Phytology 89, 165–178.

Ehleringer, J., Mooney, H.A., 1983. Productivity of desert and Mediterranean-climate plants. In: Lange, O.L.,

Nobel, P.S., Osmond C.B., Ziegler,H. (Eds.), Encyclopedia of Plant Physiology. Physiological Plant Ecology,

vol. 12D. Springer, Berlin, pp. 205–231.

Flexas, J., Medrano, H., 2002. Photosynthetic responses of C3 plants to drought. In: Hemantaranjan, A. (Ed.),

Advances in Plant Physiology, vol. IV. Scientific Publishers, Jodhpur, pp. 1–56.

Flexas, J., Bota, J., Loreto, F., Cornic, G., Sharkey, T.D., 2004a. Diffusive and metabolic limitations to

photosynthesis under drought and salinity in C3 plants. Plant Biology 6, 269–279.

Flexas, J., Bota, J., Cifre, J., Escalona, J.M., Galmés, J., Gulı́as, J., Lefi, E.-K., Martı́nez-Cañellas, S.F., Moreno,
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