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Abstract

 

Arid and semiarid ecosystems in the Mediterranean are
under high risk of desertification. Revegetation with na-
tive well-adapted evergreen shrubs is desirable, but tech-
niques for successful establishment of these species are not
fully developed. Transplant shock is a key hurdle to plan-
tation success. The application of a drought-precondition-
ing treatment during the last months of nursery culture is a

 

potential technique for reducing transplant shock. This tech-
nique has been widely applied in boreal habitats and humid
temperate areas. Three representative Mediterranean spe-

 

cies (

 

Pistacia lentiscus

 

, 

 

Quercus coccifera

 

, and 

 

Juniperus

 

oxycedrus

 

 seedlings) were exposed to classic drought-
preconditioning treatment consisting of reductions in the
watering regime. The effects of preconditioning on seedling
quality were assessed by cell water relationships (pressure–
volume curves), minimal transpiration, leaf capacitance,
chlorophyll fluorescence, and gas exchange. Moreover,
seedlings were exposed to transplant shock (intense
drought period) during which water potential (predawn

and midday) and maximal photochemical efficiency were
evaluated to establish seedling performance. Results
showed that preconditioning did not affect cell water rela-
tionships and minimal transpiration in any of the three spe-
cies. Preconditioned seedlings of 

 

P. lentiscus

 

 maintained
higher water content during desiccating conditions as a con-
sequence of an increase in leaf water content at full turgor.

 

These changes allowed plants to maintain higher net CO

 

2

 

assimilation rates and an elevated photosystem II status, fa-
cilitating an increase in drought survival. Preconditioning
improved the performance of 

 

Q. coccifera

 

 and 

 

J. oxycedrus

 

seedlings, but these two species were much less responsive
than 

 

P. lentiscus

 

 seedlings. Finally, results suggest that sen-
sitivity to drought preconditioning may be related to
drought tolerance or avoidance strategy of each species.
Drought-related strategies should be considered to opti-
mize management scale preconditioning.
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Introduction

 

Arid and semiarid ecosystems in the Mediterranean have
been subjected to a long history of intense human uses
(e.g., fuel extraction) and wildfires, resulting in land degra-
dation (Dregne 1991). As a consequence, vegetation cover
has been reduced and erosion processes intensified
(United Nations Environment Programme 1992). These
processes have often led to reductions in the moisture
available for vegetation, thus initiating succession from
semiarid types of vegetation to arid types of vegetation
(Dick-Peddie 1991). Under these circumstances, the intro-
duction of evergreen shrubs with a high potential cover
may be of particular value for soil protection because of
their capacity to develop a dense canopy, to accumulate
litter, to quickly recover from disturbances such as fire, to
protect soil against erosion, and to confer an increased re-
silience to the whole community (Naveh & Lieberman

1993). In the western Mediterranean, sprouting shrubs and
trees, such as 

 

Quercus

 

, 

 

Pistacia

 

, 

 

Rhamnus

 

, and 

 

Juniperus

 

species, are major components of what is considered the
potential vegetation (Le Houérou 1981).

Recently, the use of sprouting species for ecosystem res-
toration has increased (Vilagrosa et al. 1997; Vallejo et al.
2000). However, the techniques for a successful establish-
ment of these species are not fully developed, and failures
in the form of unacceptable mortality rates and meager
growth are common.

On the other hand, soil water availability represents a
major environmental constraint under Mediterranean
conditions (Di Castri 1973). Soil drought leads to water
deficits in the leaf tissue, affecting many physiological pro-
cesses with ultimate consequences for the plant yield and
survival (Hsiao 1973). Much evidence suggests that a key
hurdle in plantation success is transplant shock, that is, the
initial short-term stress experienced by seedlings as they
are transferred from favorable nursery conditions to the
adverse field environment (Burdett 1990). Nursery tech-
niques to avoid transplant shock include manipulations of
the watering regime and radiation environment that may
precondition the seedling to unfavorable field conditions
(Duryea & McClain 1984). Landis et al. (1998) pointed out
that seedlings can be naturally preconditioned by exposing
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them to ambient conditions, but it is possible to achieve a
greater level of stress resistance in a shorter time by im-
posing cultivation treatments in the nursery.

As a general procedure, drought preconditioning should
be carried out during the last months of nursery culture
before outplanting (from the end of summer to autumn)
(Brissette et al. 1991; Johnson & Cline 1991). According to
Landis et al. (1998), preconditioning has four main objec-
tives: to manipulate seedling morphology and to induce
dormancy, to acclimate seedlings to the natural environ-
ment, to develop stress resistance, and to improve seedling
survival and growth after outplanting.

Several studies have analyzed the responses of forest
woody species to drought preconditioning. Most of these
studies are from boreal habitats and humid temperate ar-
eas (Parker & Pallardy 1988; van den Driessche 1991; Ed-
wards & Dixon 1995; Stewart & Bernier 1995; Stewart et
al. 1995; Tschaplinski et al. 1995; Khan et al. 1996;
Landhäusser et al. 1996; McKay & White 1997). In con-
trast, few studies have focused on Mediterranean species
(Nunes et al. 1989; Ksontini et al. 1998; Fernández et al.
1999, 2000; Villar et al. 1999), despite water availability
being the predominant selective force for plant survival in
these environments (Mooney et al. 1975). On the other
hand, poor results obtained so far suggest that drought
preconditioning may not be of interest for the production
of seedlings of Mediterranean drought-resistant species.

The objective of this study is focused on several water-
ing manipulations to produce drought-preconditioned
seedlings native to Mediterranean climates that are more
able to overcome the first stages of outplanting. We ana-
lyzed the effect of drought preconditioning on three repre-
sentative Mediterranean shrub species—mastic tree (

 

Pistacia
lentiscus

 

), kermes oak (

 

Quercus coccifera

 

), and prickly juni-
per (

 

Juniperus oxycedrus

 

)—over a wide range of variables re-
lated to drought-tolerance and drought-avoidance adapta-
tions. We discuss whether the drought-preconditioning
techniques extensively applied to humid or boreal species are
suitable to Mediterranean drought-resistant species and
how species-dependent drought strategies can determine
the results.

 

Materials and Methods

 

Plant Material and Growing Conditions

 

Seeds from all three species were supplied by the forest ser-
vices (Seed Bank, Regional Government of Valencia,
Spain) and collected in the same area where the experiment
was carried out. Seedlings were grown in 250-cm

 

3

 

 contain-
ers filled with a mixture of light peat, coconut fiber, and per-
lite (50:45:5). Seedlings were cultivated in the open air for
16 months and fertilized twice a week with a generic 8:8:8
(N:P:K) fertilizer solution enriched with micronutrients (Nu-
trileaf, Agrodán S.A., Spain), applied in the irrigation water
(3 cm

 

3

 

/L). Following Landis et al. (1989), we applied a com-
mercial 4:25:35 (N:P:K) fertilizer (CONIFER Finisher, Peters

Professional, The Scotts Co., Marysville, OH, U.S.A.) fixed to
50 ppm of nitrogen dose during the preconditioning phase.
This type of fertilization is recommended during the last
phases of culture to reduce shoot growth and facilitate seed-
ling hardening (Peñuelas & Ocaña 1996; Landis et al. 1998).

 

Drought-Preconditioning Procedure

 

Drought preconditioning was carried out from October
1997 to December 1997, following common procedures re-
ported in the literature. The drought-preconditioning
treatment was established to provide the seedlings with a
mild level of stress. We let the seedlings dry out to a pre-
dawn water potential (PWP) that was 50% of the loss of
turgency point, thus avoiding catastrophic xylem cavita-
tion (Tyree & Sperry 1988) and deleterious effects associ-
ated with complete loss of hydraulic conductivity (Vilag-
rosa et al. 1998).

During the preconditioning period, water stress was ap-
plied through five drought cycles (10–15 days long each),
which consisted of withholding water until seedling weight
(plant 

 

�

 

 container) was reduced to 35–40% of their initial
weight. This value corresponded to an average PWP of

 

�

 

1.5 

 

�

 

 0.2 MPa for 

 

P. lentiscus

 

, 

 

�

 

0.9 

 

�

 

 0.2 MPa for 

 

Q.
coccifera

 

, and 

 

�

 

0.9 

 

�

 

 0.1 MPa for 

 

J. oxycedrus

 

. In prelimi-
nary experiments, we observed that substrate rehydration
was difficult when seedling weight (plant 

 

�

 

 container) de-
creased below 40% of initial weight, presumably due to
hydrophobic characteristics of the culture medium.

Control seedlings were irrigated every 2 days as a nor-
mal procedure, and the PWP was never lower than 

 

�

 

0.31 

 

�

 

0.02, 

 

�

 

0.24 

 

�

 

 0.02, and 

 

�

 

0.16 

 

�

 

 0.10 MPa for 

 

P. lentiscus,
Q. coccifera

 

, and 

 

J. oxycedrus, 

 

respectively. At the end of
the preconditioning period, we evaluated ecophysiological
traits and performance of seedlings.

 

Pressure–Volume Curves

 

To identify seedling adjustments resulting from changes in
cell water relations, we analyzed pressure–volume rela-
tionships in three randomly chosen seedlings per treat-
ment and species. Because Mediterranean species have
petioles too short, one leafy twig with five to six leaves for
each seedling was selected to carry out pressure–volume de-
terminations. Samples were rehydrated in distilled water
during approximately 12 hr at 4

 

�

 

C and dark conditions.
Recommendations given by Kubiske and Abrams (1991)
were also taken to prevent leaf oversaturation.

Pressure–volume curves were carried out following
Hammel’s technique according to Tyree and Hammel
(1972) and Kyriakopoulos and Richter (1981), following
Turner (1988) recommendations. From each curve, the pa-
rameters estimated were relative water content at turgor
loss point (RWC

 

tlp

 

), water potential at turgor loss point
(

 

�

 

tlp

 

), osmotic potential at full turgor (

 

�

 

o

 

), bulk modulus
of elasticity (E

 

max

 

), and symplasmic water deficit at turgor
loss point (SWD

 

tlp

 

) (Tyree & Karamanos 1980).
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Leaf Characteristics and Minimal Transpiration

 

Five seedlings per treatment were randomly chosen to
measure leaf characteristics and minimal transpiration.
From these, five mature and representative leaves (one
per seedling) of 

 

P. lentiscus

 

 and five small twigs (one
per seedling) in 

 

Q. coccifera

 

 and 

 

J. oxycedrus

 

 were fully
hydrated in distilled water for 24 hr at 4

 

�

 

C (Slavik
1974). Specific leaf weight (SLW), water capacitance at
full turgor (WC

 

ft

 

) expressed as a function of water con-
tent at full turgor on a leaf area basis (Larcher 1995),
and minimal transpiration (MT) were measured. MT
was taken as water loss of both leaf sides under con-
trolled microclimatic conditions (22

 

�

 

C and vapor pres-
sure deficit as the difference between leaf and sur-
rounding air 

 

�

 

 0.82 kPa) after stomata closure (Kramer
1983).

 

Net CO

 

2

 

 Assimilation and Transpiration Rates at Full Hydration

 

Five plants per treatment and species were fully hy-
drated overnight. On the following day, the net CO

 

2

 

assimilation rates (

 

	

 

mol CO

 

2

 

·m

 

�

 

2

 

·s

 

�

 

1

 

) and transpira-
tion rates (mmol·m

 

�

 

2

 

·s

 

�

 

1

 

) were measured with an in-
frared gas analyzer (IRGA, ADC- LCA 2, Hoddesdon,
U.K.) as previously described in Long et al. (1996),
using equations developed by von Caemmerer and
Farquhar (1981). Measurements were taken in the
morning (08:00–09:00 solar time) and midday (12:00–
13:00 solar time). Plant water potential was also mea-
sured in the same seedlings by using a pressure cham-
ber (Soil Moisture Equipment Corp., Santa Barbara,
CA, U.S.A.) (Scholander et al. 1965). During photo-
synthesis and transpiration measurements, weather
conditions were hot and sunny (photosynthetic photon
flux density 713 

 

�

 

 36 

 

	

 

mol·m

 

�

 

2

 

·s

 

�

 

1

 

 in the morning and
1,008 

 

�

 

 63 

 

	

 

mol·m

 

�

 

2

 

·s

 

�

 

1 

 

at midday; air temperatures
17.5 

 

�

 

 0.4

 

�

 

C and 21.8 

 

�

 

 0.2

 

�

 

C in the morning and at
midday, respectively).

 

Maximal Photosystem II Photochemical

Efficiency in Relation to Cell Dehydration

 

Chlorophyll 

 

a

 

 fluorescence of photosystem (PS)II was
measured using a pulse amplitude modulated fluorometer
(Pam-2000, Walz, Effeltrich, Germany). Maximal PSII
photochemical efficiency in the dark-adapted state (Fv/
Fm) was calculated according to Genty et al. (1989).

To test the effects of the RWC of leaves on the maximal
photochemical efficiency (Fv/Fm), five leaves per treat-
ment and species were rehydrated (24 hr, 4

 

�

 

C) and al-
lowed to dry in the dark under room conditions (21

 

�

 

C and
60% relative humidity). Every 30 minutes the leaves were
weighed and Fo (minimum) and Fm (maximum dark-
adapted fluorescence) were measured by applying a pulse of
saturating white light (1.2 seconds, 

 




 

15,000 

 

	

 

mol·m

 

�

 

2

 

·s

 

�

 

1

 

).
Then, regression analysis was used to compare the rela-
tionship between Fv/Fm and RWC. These measurements
could not be performed in 

 

J. oxycedrus

 

 because of the
small leaf size and the impossibility of analyzing the same
amount of leaf area in each measurement.

 

Transplant Shock

 

To evaluate overall seedling performance, seedlings of all
three species and treatments were subjected to a drought
period lasting until seedling death. About 50 seedlings per
species and treatment were left unwatered under sunny
conditions. Every 2 days, five seedlings per species and
treatment were selected at random for ecophysiological
measurements. Variables selected to reflect seedling status
were PWP, midday xylem water potential (MWP)
(Scholander et al. 1965), and maximal PSII photochemical
efficiency (Fv/Fm) at predawn (Genty et al. 1989).

 

Experimental Design and Data Analysis

 

Seedlings of each species (1,500 plants per treatment)
were randomly assigned to eight different blocks. Ran-
domly, four blocks were assigned to regular watering fre-

 

Table 1.

 

Cell water relationships (pressure–volume curves) and parameters of control (C) and drought-preconditioned 
(DP) seedlings at the end of the drought-preconditioning period.

 

�

 

tlp 

 

(

 

�

 

MPa)

 

�

 

o 

 

(

 

�

 

MPa) E

 

max

 

. (MPa) SWD

 

tlp 

 

(%) RWC

 

tlp 

 

(%)

 

P. lentiscus

 

C 3.8 

 

�

 

 0.1 a 3.2 

 

�

 

 0.03 a 31.7 

 

�

 

 2.1 a 16.4 

 

�

 

 2.1 a 85.6 

 

�

 

 1.3 a
DP 4.1 � 0.1 a 3.3 � 0.2 a 25.9 � 6.7 a 21.5 � 1.4 a 83.3 � 1.7 a

Q. coccifera
C 3.6 � 0.1 a 2.8 � 0.2 a 20.9 � 5.6 a 20.4 � 5.0 a 88.5 � 0.9 a
DP 4.0 � 0.3 a 3.1 � 0.2 a 30.1 � 10.5 a 23.3 � 5.9 a 85.4 � 2.0 a

J. oxycedrus
C 2.7 � 0.6 b 1.9 � 0.3 b 10.8 � 1.5 b 32.5 � 1.9 b 65.2 � 4.8 b
DP 2.8 � 0.3 b 1.9 � 0.2 b 9.4 � 1.0 b 32.1 � 3.5 b 75.1 � 3.3 b

Values are means � SE of n � 3. Within each variable and species, same letter indicates no statistical differences (p 
 0.05) between control
and preconditioned seedlings. A significant species effect was found in all parameters, in which J. oxycedrus was significantly different from
Q. coccifera and P. lentiscus (p � 0.01, Tukey-B test).
�tlp, water potential at turgor loss point; �o, osmotic potential at full turgor; Emax, bulk modulus of elasticity; SWDtlp, symplast water deficit
at turgor loss point; RWCtlp, relative water content at turgor loss point.
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quency (control) and the others to low watering (drought-
preconditioning treatment).

Treatment effects were evaluated by using one-way
analysis of variance (ANOVA). Data transformations
were performed when necessary to ensure the validity of
the assumptions of normality, linearity, and homoscedas-
ticity. When this was not possible, a nonparametric
Kruskall-Wallis test was performed. Regression analysis
was used to compare the relationship between Fv/Fm and
RWC; differences between treatments were tested with
analysis of covariance of Fv/Fm with RWC. Repeated
ANOVA measurements (ANOVAR) were used to ana-
lyze statistical differences in minimal transpiration and rel-
ative water content of detached leaves during water loss
under controlled microclimatic conditions. When interac-
tions between treatment and species were significant or
when we sought to gain accuracy, statistical analyses were
decomposed by species. All statistical tests were per-
formed by using SPSS (v. 9.0, SPSS Inc., Chicago, IL,
U.S.A.).

Results

Cell Water Relationships (Pressure–Volume Curves)

Drought preconditioning did not affect cell water relation-
ships (Table 1). Pistacia lentiscus and Q. coccifera lost tur-
gor between �3.5 and �4.1 MPa. Osmotic potentials at
full turgor (�o) ranged between �2.8 to �3.2 MPa and did
not show differences between treatments. Emax values cor-
responded to relatively nonelastic cell walls, with high gra-
dients of water potential associated with small losses in
cell volume. Therefore, in both species and treatments,
SWDtlp remained relatively low and RWCtlp did not de-
crease below 83%. For J. oxycedrus, turgor loss occurred
at less negative water potentials (�2.7 to �2.8 MPa) and
RWCtlp decreased to values as low as 65–75%.

Leaf Characteristics and Minimal Transpiration

Excised leaves from drought-preconditioned P. lentiscus
seedlings showed a trend toward a better maintenance of
water losses than control seedlings. This was reflected in a
lower rate of decrease in RWC under controlled condi-
tions (Fig. 1), although the differences were not statisti-
cally significant (F � 1.81, G-G � 0.219). Lower water
losses were not the result of lower minimal transpiration
rates (Table 2; F � 1.1539, G-G � 0.324) but rather re-
flected a higher capacity to store water at full turgor (Ta-
ble 2; F � 9.01, p � 0.017). Preconditioning produced
higher SLW in P. lentiscus than control seedlings (Table 2;
F � 4.81, p � 0.028). Drought-preconditioned J. oxycedrus
seedlings also showed lower minimal transpiration than
control seedlings, but the differences were not statistically
significant (Fig. 1 and Table 2; F � 0.625, G-G � 0.544 and
F � 1.169, G-G � 0.22, respectively). In leaves excised
from Q. coccifera, no differences in water loss were ob-

Figure 1. Changes in relative water content (RWC) of leaves de-
tached from P. lentiscus, Q. coccifera, and J. oxycedrus seedlings sub-
jected to desiccating conditions of drought-preconditioning (�) or 
control (�) treatments. Values are means � SE of n � 5.

served between treatments (Fig. 1 and Table 2; F � 0.152,
G-G � 0.837 and F � 1.524, G-G � 0.233, respectively).

Maximal PSII Photochemical Efficiency

in Relation to Cell Dehydration

Initial values of Fv/Fm for Q. coccifera and P. lentiscus
seedlings ranged between 0.6 and 0.7. Fv/Fm decreased expo-
nentially as leaves dried out, particularly as RWC fell below
80% (Fig. 2). The lowest Fv/Fm values reached by P. lentis-
cus and Q. coccifera were close to 0.2. We found no treat-
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ment effect on Fv/Fm for a given RWC in Q. coccifera leaves
(F � 0.01, p � 0.937). In contrast, drought-preconditioned P.
lentiscus seedlings showed higher Fv/Fm than control seed-
lings at any RWC (F � 16.82, p � 0.01).

Net CO2 Assimilation and Transpiration Rates at Full Hydration

Early morning net CO2 assimilation rate for both the con-
trol and the drought-preconditioned seedlings was 3.7, 5.4,
and 4.0 	mol CO2·m–2·s–1 for P. lentiscus, Q. coccifera, and
J. oxycedrus, respectively (Table 3). At midday, control P.
lentiscus substantially reduced the net CO2 assimilation
rate compared with drought-preconditioned seedlings (F �
33.32, p � 0.01). No treatment effect was found in Q. coc-
cifera and J. oxycedrus seedlings (F � 0.08, p � 0.778 and
F � 1.99, p � 0.195, respectively).

Transpiration rates did not show statistical differences
between treatments, either in the morning or at midday
(Table 3; F � 3.26, p � 0.085 and F � 0.96, p � 0.337, re-
spectively). But when analyzed separately, preconditioned
P. lentiscus showed higher transpiration rates than control
seedlings in early morning (Table 3; F � 12.12, p � 0.01).

PWP ranged between �0.11 and �0.25 MPa for all
three species with no significant differences between treat-
ments (data not shown). At midday, a reduction in MWP
was observed (MWP of �0.77 to �0.95 MPa) for all three
species but it was insensitive to preconditioning.

Transplant shock

During the first 7 days of drought, the PWP of control and
drought-preconditioned P. lentiscus seedlings was similar
(Fig. 3). PWP decreased thereafter, and on the tenth day
control seedlings showed lower PWP than drought-
preconditioned seedlings (Fig. 3; F � 11.28, p � 0.012).
We observed the same pattern in Fv/Fm (Fig. 4; F � 3.84,
p � 0.05). Quercus coccifera showed a similar trend, but
differences were significant only on day 12 for Fv/Fm (Figs.
3 and 4; F � 7.51, p � 0.034). For J. oxycedrus, PWP in pre-
conditioned seedlings showed higher decrease than in con-
trol seedlings on day 10 (Fig. 3; F � 10.98, p � 0.011).

After day 10 in P. lentiscus and day 12 in Q. coccifera,
water potential decreased suddenly and all seedlings died
in a short period of time. Visual observations indicated that

Table 2. Foliar water capacitance at full turgor (WCft), specific leaf 
weight (SLW), and minimal transpiration (MT) in all three species 
and treatments.

WCft 
(mg/cm2)

SLW 
(mg/cm2)

MT
(g·m–2·hr–1)

P. lentiscus
C 19.5 � 0.7 a 15.9 � 0.4 a 3.12 � 0.08
DP 24.9 � 1.6 b 18.7 � 1.2 b 3.22 � 0.12

Q. coccifera
C 23.8 � 1.2 26.7 � 2.1 2.67 � 0.09
DP 23.9 � 1.0 27.5 � 1.1 2.75 � 0.07

J. oxycedrus
C 33.9 � 2.0 25.6 � 2.2 1.81 � 0.10
DP 31.6 � 1.9 27.8 � 1.2 1.39 � 0.06

Values are means � SE of n � 5. Different letters indicate statistical differ-
ences between control and drought preconditioned for a given species and
variable at p � 0.05 level.
C, control; DP, drought preconditioned.

Figure 2. Relationship between relative water content (RWC) and 
maximal PSII photochemical efficiency (Fv/Fm) in leaves from 
control (�) and drought-preconditioned (�) seedlings of P. lentiscus 
and Q. coccifera. Values are means � SE of n � 5.

Table 3. Net CO2 assimilation rate (A) and transpiration rates (TR) 
at full hydration in all three species and treatments.

A (	mol CO2·m–2·sec–1) TR (mmol·m–2·sec–1)

Morning Midday Morning Midday

P. lentiscus
C 3.7 � 0.7 0.5 � 0.1 a 0.16 � 0.05 a 0.65 � 0.15
DP 3.7 � 1.3 2.4 � 0.4 b 0.66 � 0.12 b 0.54 � 0.06

Q. coccifera
C 5.4 � 1.1 5.1 � 0.8 0.29 � 0.10 1.51 � 0.42
DP 5.3 � 2.4 4.7 � 0.7 0.24 � 0.08 1.30 � 0.07

J. oxycedrus
C 3.8 � 0.4 5.7 � 0.7 0.03 � 0.03 1.76 � 0.15
DP 4.2 � 1.1 4.1 � 0.9 0.06 � 0.05 1.47 � 0.08

Values are means � SE of n � 5. Different letters indicate statistical differences
between control and drought preconditioned for a given species and variable
at p � 0.01 level.
C, control; DP, drought preconditioned.



Suitability of Drought-Preconditioning Techniques in Mediterranean Climate

JUNE 2003 Restoration Ecology 213

P. lentiscus control seedlings died sooner than drought-
preconditioned seedlings. No differences were observed in
Q. coccifera. Control and drought-preconditioned J. oxyce-
drus seedlings did not die after 12 days of desiccation.

Discussion
A morphological evaluation of preconditioning in the
studied species was carried out in a previous work (Fon-
seca 1999). Aboveground biomass slightly increased in
preconditioned P. lentiscus, whereas it decreased in Q.
coccifera (from 10.6 to 8.0 g dry weight), and J. oxycedrus
maintained the same values in all parameters evaluated.
None of the three species showed modifications in the

root-to-shoot ratio, with values around 0.6, 1.5, and 1.1 for
P. lentiscus, Q. coccifera, and J. oxycedrus, respectively.

In terms of ecophysiological response, the benefits of
preconditioning were particularly evident for P. lentiscus.
These were not related to changes in the cell water rela-
tions, because neither P. lentiscus nor the other two spe-
cies showed significant modifications in cell wall elasticity
and osmotic adjustment. Increases in Emax and �o are fre-
quently observed in water-stressed plants (Nunes et al.
1989; Collet & Guehl 1997). They represent an increase in
the driving force for water transport, and thus they may al-
low higher water uptake under drought (Blake et al. 1991;
Michael-Gebre et al. 1998). However, several studies from
mesic to semiarid environments have failed to observe
such responses (Stewart et al. 1995; Villar et al. 1999), sug-
gesting that acclimation to drought through changes in cell
water relations may be species dependent. In this sense, sev-
eral authors (Davis & Mooney 1986; Saruwatari & Davis
1989) found that changes in osmotic potential and bulk
modulus of elasticity were due to ontogenetic effects rather
than to osmotic adjustments for turgor maintenance.

It has been reported that species with high water capaci-
tance are buffered from short-term changes in water avail-
ability (Nilsen & Orcutt 1996). Drought preconditioning
resulted in an increase in leaf capacitance in P. lentiscus.
This larger quantity of stored water in the leaves may be
particularly relevant during short-term droughts and may
allow a short-time increase in transpiration rates. This is
supported by the higher transpiration rates measured in
preconditioned P. lentiscus seedlings early in the morning.
Preconditioned seedlings of this species maintained 10%
more water in the leaves after 10 hr of intense desiccation.
This corresponds to an approximately 8-hr surplus of min-
imal transpiration under these intense drying conditions,
and thus it may represent an advantage for these seedlings.
The increase in apoplasmic water storage after drought
has been described for Picea mariana (black spruce)
(Blake et al. 1991) and Laurus nobilis (sweet bay or Gre-
cian laurel) (Lo Gullo & Salleo 1988; Salleo et al. 1997).
The latter authors suggested that apoplasmic water could
help the plant to avoid short-term water stress such as that
experienced at midday. In addition, when tension disap-
pears (e.g., during the night), apoplasmic water could con-
tribute to symplast rehydration (Dixon et al. 1984). On the
other hand, preconditioned P. lentiscus seedlings showed
somewhat higher SLW than control seedlings. This incre-
ment of mechanical tissues in the leaf may represent an
additional force for leaf rehydration (Siau 1984).

The acclimation of preconditioned seedlings to drought
in terms of photosynthetic rates and stomatal conductance
has been widely described in the literature and has been
considered an important regulatory mechanism to en-
hance better performance of seedlings (Van den Driessche
1991; Stewart et al. 1995). The Fv/Fm dynamics observed
in the present study (i.e., a sharp decline when the water
potential decreased below �4 MPa and RWC was approx-
imately 70%) are similar to those described by other

Figure 3. Changes in predawn water potential (PWP) during the 
severe drought cycle in P. lentiscus (Pl), Q. coccifera (Qc), and J. 
oxycedrus (Jo), irrigated regularly (control, C) and drought precon-
ditioned (DP). Different letters indicate a significant treatment effect 
(see text for details). Values are means � SE of n � 5.

Figure 4. Maximal PSII photochemical efficiency (Fv/Fm) during the 
severe drought cycle in P. lentiscus (Pl), Q. coccifera (Qc), and J.
oxycedrus (Jo) irrigated regularly (control, C) and drought precon-
ditioned (DP). Different letters indicate a significant treatment
effect (see text for details). Values are means � SE of n � 5.
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authors (Méthy et al. 1997). Preconditioned leaves of P.
lentiscus showed higher maximal PSII photochemical effi-
ciency for a given relative water content than control seed-
lings. Chlorophyll a fluorescence is considered a reliable
indicator of the photosynthetic electron transport in intact
leaves (Krause & Weis 1991), and decreases in Fv/Fm
have been related to photoinhibitory damages (Demmig-
Adams & Adams 1992). A higher sensitivity to photoin-
hibitory damages may result from a lower efficiency of the
repairing mechanisms in the reaction centers of damaged
PSII (Tystjärvi et al. 1992) and may promote nonphoto-
chemical dissipation of energy (Björkman & Demmig-
Adams 1995). Thus, preconditioning presumably facili-
tated more efficient mechanisms for PSII repair and for
nonphotosynthetic electron transport, particularly in P.
lentiscus seedlings. These mechanisms were reflected in
the maintenance of higher midday photosynthetic rates
with similar transpiration rates, because photoinhibitory
processes commonly hamper carbon fixation (Epron &
Dreyer 1993).

Treatment effects on water storage and loss allowed
preconditioned seedlings of P. lentiscus to maintain higher
water potential and PSII status during an intense drought
period. Neither Q. coccifera nor J. oxycedrus showed modi-
fications in chlorophyll fluorescence, leaf capacitance, cell
water relationships, transpiration rates, or transplant
shock with drought-preconditioned treatment. Precondi-
tioned J. oxycedrus seedlings showed very low values of
minimal transpiration after stomata closure. In contrast
with Q. coccifera and P. lentiscus, J. oxycedrus survived af-
ter 12 days of drought. Possibly, stomata closure at rela-
tively high water potentials and low permeability to water
losses represents an efficient water-conserving strategy in
this species.

The resistance of J. oxycedrus seedlings to the imposed
drought suggests that this species may be a good alterna-
tive for the restoration of Mediterranean semiarid areas.
Other features of this species like relative plasticity in root
growth and morphology (Fonseca 1999) make it suitable for
this purpose. In accordance with this, J. oxycedrus usually
shows relatively good survival rates when planted in the
field under semiarid conditions, that is, higher survival than
Q. coccifera but lower than P. lentiscus (Fonseca 1999).

The fact that plant species in Mediterranean areas are
well adapted to long periods of water scarcity has been
documented extensively (Tenhunen et al. 1985). Two main
mechanisms for drought resistance in nonephemeral
plants have been described: avoidance and tolerance (Lev-
itt 1980). Several works (Lo Gullo & Salleo 1988; Nardini
et al. 1999) have shown the presence of species with differ-
ent strategies in the same environment. These authors in-
dicated that species with different drought strategies could
cohabit from the point of view of physiological adapta-
tions within plant communities. In relation to drought
strategy, Q. coccifera seedlings close stomata at very nega-
tive water potentials, and the stem xylem is relatively resis-
tant to cavitation, suggesting that this species adopts a

drought-tolerant strategy (Ksontini et al. 1998; Vilagrosa
et al. 1998). In contrast, the early stomatal closure as de-
termined by pressure–volume curves and a relative stabil-
ity of Fv/Fm during transplant shock in J. oxycedrus seed-
lings are typical traits of a drought-avoider water-saver
species. This behavior has been described for other Medi-
terranean species such as Pinus halepensis (Martínez-Ferri
et al. 2000; Calamassi et al. 2001). On the other hand, P.
lentiscus is considered a drought-avoider species with
water-spender strategy (Levitt 1980), although some eco-
physiological traits such as strong resistance to xylem em-
bolism (Vilagrosa et al. 1998) are characteristics of toler-
ant species.

Moderate responses to drought preconditioning have
been described for Q. coccifera (Ksontini et al. 1998) and
Pinus halepensis (Villar et al. 1999). In contrast, Ceratonia
siliqua—a drought-avoider water-spender species accord-
ing to Lo Gullo and Salleo (1988)—and Pinus pinaster re-
spond to suboptimal irrigation with changes in cell wall
elasticity and osmotic adjustment (Nunes et al. 1989;
Fernández et al. 1999). Thus, it seems that precondition-
ing, as commonly applied, may not be suitable for highly
drought-tolerant and water-saver Mediterranean species.
However, P. lentiscus and C. siliqua, which show drought-
avoider water-spender strategy, modify some physiologi-
cal characteristics, showing similarities in acclimation and
indicating that preconditioning treatments may be of prac-
tical benefit in such species. This greater capacity of re-
sponse that these species have to preconditioning may be
due to a strategy based on avoiding drought by spending
water, thereby forcing these species to be more sensitive to
water availability in the environment (Levitt 1980). On the
contrary, drought-tolerant species (i.e., Q. coccifera) and
water-saver species (i.e., J. oxycedrus and P. halepensis)
establish their strategy to resist intense water deficits by
means of tolerance or water conserving strategies, respec-
tively, predisposing them to a lower sensitivity to the avail-
ability of water. Considering this evidence, we hypothesize
that drought-avoider water-spender species are more re-
sponsive to preconditioning than drought-tolerant or wa-
ter-saver species. If this is the case, preconditioning could
be incorporated into routine nursery practices to improve
establishment success of species with drought-avoider and
water-spender strategy.

In conclusion, preconditioning can be used to enhance
the functional traits that promote the resistance of seed-
lings of Mediterranean species to drought. But the efficacy
of this technique seems to be species dependent, and it is
probably related to species strategy to withstand drought.
In this case, the intensity, duration, and time for optimal
irrigation should be defined depending on species strategy.

Acknowledgments

We are grateful to Dr. Stephen D. Davis (Natural Science
Division, Pepperdine University, California), Dr. Ramón
Vallejo (CEAM, Valencia), and two anonymous referees



Suitability of Drought-Preconditioning Techniques in Mediterranean Climate

JUNE 2003 Restoration Ecology 215

for critical reading and helpful suggestions. We also thank
Dr. Fermín Morales (CSIC, Zaragoza) for comments and
improvements with photosynthesis measurements and
chlorophyll fluorescence. We thank Felipe Gil (Conselleria
de Medi Ambient), Santa Faz workers, Esther Rubio,
Daniel Fonseca, and Rosa Neus Caturla for their technical
assistance and Jacqueline Scheiding for English revision of
the manuscript. This work was funded by the European
Community, REDMED project (ENV4-CT97-0682), and
Conselleria de Medi Ambient (Generalitat Valenciana),
project “I�D en relación con la Restauración de la Cubi-
erta Vegetal en la Comunidad Valenciana.” CEAM is
funded by Generalitat Valenciana (Regional Government)
and Bancaja.

LITERATURE CITED
Björkman, O., and B. Demmig-Adams. 1995. Regulation of photosyn-

thetic light energy capture, conversion, and dissipation in leaves.
Pages 17–47 in E. D. Schulze and M. M. Caldwell, editors. Ecophysi-
ology of photosynthesis. Springer-Verlag, Berlin.

Blake, T. J., E. Bevilacqua, and J. J. Zwiazek. 1991. Effects of repeated
stress on turgor pressure and cell elasticity changes in black spruce
seedlings. Canadian Journal Forest Research 21:1329–1333.

Brissette, J. C., J. P. Barnett, and T. D. Landis. 1991. Container seedlings.
Pages 117–141 in M. L. Duryea and P. M. Dougherty, editors. Forest
regeneration manual. Kluwer Academic Publishers, The Netherlands.

Burdett, A. N. 1990. Physiological processes in plantation establishment
and the development of specifications for forest planting stock. Ca-
nadian Journal Forest Research 20:415–427.

Calamassi, R., G. D. Rocca, M. Falusi, E. Paoletti, and S. Strati. 2001. Re-
sistance to water stress in seedlings of eight European provenances
of Pinus halepensis Mill. Annals of Forest Science 58:663–672.

Collet, C., and J. M. Guehl. 1997. Osmotic adjustment in sessile oak seed-
lings in response to drought. Annals of Forest Science 54:389–394.

Davis, S. D., and H. A. Mooney. 1986. Tissue water relations of four co-
occurring chaparral shrubs. Oecologia 70:527–535.

Demmig-Adams, B., and W. W. Adams III. 1992. Photoprotection and
other responses of plants to high light stress. Annual Review of
Plant Physiology and Plant Molecular Biology 43:599–626.

Di Castri, F. 1973. Climatographical comparisons between Chile and the
western coast of North America. Pages 21–36 in F. Di Castri and H.
A. Mooney, editors. Mediterranean type-ecosystems. Springer-
Verlag, Berlin.

Dick-Peddie, W. A. 1991. Semiarid and arid lands: a worldwide scope.
Pages 3–32 in J. Skujins, editor. Semiarid lands and deserts. Marcel
Dekker, New York.

Dixon, M. A., J. Grace, and M. T. Tyree. 1984. Concurrent measurements
of stem density, leaf and stem water potential, stomatal conductance
and cavitation on a sapling of Thuja occidentalis L. Plant, Cell and
Environment 7:615–618.

Dregne, H. E. 1991. Activities and soil degradation. Pages 335–360 in J.
Skujins, editor. Semiarid lands and deserts. Marcel Dekker, New York.

Duryea, M. L., and K. M. McClain 1984. Altering seedling physiology to
improve reforestation success. Pages 77–114 in M. L. Duryea and
G. N. Brown, editors. Seedling physiology and reforestation success.
M. Nijhoff Publishers, The Netherlands.

Edwards, D. R., and M. A. Dixon. 1995. Mechanisms of drought response
in Thuja occidentalis L. II. Post-conditioning water stress and stress
relief. Tree Physiology 15:129–133.

Epron, D., and E. Dreyer. 1993. Photosynthesis of oaks leaves under wa-
ter stress: maintenance of high photochemical efficiency of photo-

system II and occurrence of non-uniform CO2 assimilation. Tree
Physiology 13:107–117.

Fernandez, M., L. Gil, and J. A. Pardos. 1999. Response of Pinus pinaster
Ait. provenances at early age to water supply. I. Water relation pa-
rameters. Annals of Forest Science 56:179–187.

Fernandez, M., L. Gil and J. A. Pardos. 2000. Effects of water supply on
gas exchange in Pinus pinaster Ait. provenances during their first
growing season. Annals of Forest Science 57:9–16.

Fonseca, D. 1999. Manipulacíon de las características morfo-estructurales
de plantones de especies forestales mediterráneas producidas en
vivero. Master’s thesis. CIHEAM-IAMZ, Zaragoza, Spain.

Genty, B., J. M. Briantais, and N. R. Baker. 1989. The relationship be-
tween the quantum yield of photosynthetic electron transport and
quenching of chlorophyll fluorescence. Acta Biochemistry and Bio-
physica 990:87–92.

Hsiao, T. C. 1973. Plant response to water stress. Annual Review of Plant
Physiology and Molecular Biology 24:519–570.

Johnson, J. D., and M. L. Cline. 1991. Seedling quality of southern pines.
Pages 143–159 in M. L. Duryea, and P. M. Dougherty, editors. Forest
regeneration manual. Kluwer Academic Publishers, The Netherlands.

Khan, S. R., R. Rose, D. L. Haase, and T. E. Sabin. 1996. Soil water stress:
its effects on phenology, physiology, and morphology of container-
ized Douglas-fir seedlings. New Forest 12:19–39.

Kramer, P. J. 1983. Water relations of plants. Academic Press, San Diego.
Krause, G. H., and E. Weis. 1991. Chlorophyll fluorescence and photosyn-

thesis: the basics. Annual Review of Plant Physiology and Molecular
Biology 42:313–349.

Ksontini, M., P. Louguet, D. Laffray, and M. Nejib Rejeb. 1998. Com-
paraison des effets de la contrainte hydrique sur la croissance, la con-
ductance stomatique et la photosynthèse de jenues plants de chênes
méditerranées (Quercus suber, Q. faginea, Q. coccifera) en Tunisie.
Annals of Forest Science 55:477–495.

Kubiske, M. E., and Abrams, M. D. 1991. Seasonal, diurnal and rehydra-
tion-induced variations of pressure-volume realtions in Pseudotsuga
menziesii. Physiologia Plantarum 83:107–116.

Kyriakopoulos, E., and H. Richter. 1981. Pressure-volume curves and
drought injury. Physiologia Plantarum 52:124–128.

Landhäusser, S. M., R. W. Wein, and P. Lange. 1996. Gas exchange and
growth of three arctic tree-line tree species under different soil tem-
perature and drought preconditioning regimes. Canadian Journal of
Botany 74:686–693.

Landis, T. D., R. W. Tinus, and J. P. Barnett. 1998. The container tree
nursery manual. Vol. 6. Seedling propagation. Agricultural Hand-
book 674. USDA Forest Service, Washington, D.C.

Landis, T. D., R. W. Tinus, S. E. McDonald, and J. P. Barnett. 1989. The
container tree nursery manual. Vol. 4. Seedling nutrition and irriga-
tion. Agricultural Handbook 674. USDA Forest Service, Washing-
ton, D.C.

Larcher, W. 1995. Physiological Plant Ecology. Springer-Verlag, Berlin.
Le Houérou, H. N. 1981. Impact of man and his animals on Mediterra-

nean vegetation. Pages 479–521 in F. Di Castri, D. W. Goodall, and
R. L. Specht, editors. Mediterranean-type shrublands. Elsevier Sci-
entific Publishing Company, Amsterdam.

Levitt, J. 1980. Responses of plants to environmental stresses. T. T.
Kozlowski, editor. Academic Press, New York.

Lo Gullo, M. A., and S. Salleo. 1988. Different strategies of drought resis-
tance in three Mediterranean sclerophyllous trees growing in the
same environmental conditions. New Phytologist 108:267–276.

Long, S. P., P. K. Farage, and R. L. García. 1996. Measurement of leaf and
canopy photosynthetic CO2 exchange in the field. Journal of Experi-
mental Botany 47:1629–1648.

Martínez-Ferri, E., L. Balaguer, F. Valladares, J. M. Chico, and E. Man-
rique. 2000. Energy dissipation in drought-avoiding and drought-
tolerant tree species at midday during the Mediterranean summer.
Tree Physiology 20:131–138.



Suitability of Drought-Preconditioning Techniques in Mediterranean Climate

216 Restoration Ecology JUNE 2003

McKay, H. M., and I. M. S. White. 1997. Fine root electrolyte leakage and
moisture content: indices of Sitka spruce and Douglas-fir seedling
performance after desiccation. New Forests 13:139–162.

Méthy, M., D. Gillon, and C. Houssard. 1997. Temperature-induced
changes of photosystem II activity in Quercus ilex and Pinus
halepensis. Canadian Journal of Forest Research 27:31–38.

Michael-Gebre, G., T. J. Tschaplinski, and T. L. Shirshac. 1998. Water re-
lations of several hardwood species in response to throughfall ma-
nipulation in an upland oak forest during a wet year. Tree Physiol-
ogy 18:299–305.

Mooney, H. A., A. T. Harrison, and P. A. Morrow. 1975. Environmental
limitations of photosynthesis on a California evergreen shrub. Oeco-
logia 19:293–301.

Nardini, A., M. A. Lo Gullo, and S. Salleo. 1999. Competitive strategies
for water availability in two Mediterranean Quercus species. Plant,
Cell and Environment 22:109–116.

Naveh, Z., and A. Lieberman. 1993. Landscape ecology. Springer-Verlag,
New York.

Nilsen, E. T., and D. M. Orcutt. 1996. Physiology of plants under stress.
John Wiley & Sons, New York.

Nunes, M. A., F. Catarino, and E. Pinto. 1989. Strategies for acclimation
to seasonal drought in Ceratonia siliqua leaves. Physiologia Plan-
tarum 77:150–156.

Parker, W. C., and S. G. Pallardy. 1988. Leaf and root osmotic adjustment
in drought-stressed Quercus alba, Q. macrocarpa and Q. stellata
seedlings. Canadian Journal of Forest Research 18:1–5.

Peñuelas, J. L., and L. Ocaña. 1996. Cultivo de plantas forestales en con-
tenedor. MAPA, Madrid.

Salleo, S., A. Nardini, and M. A. Lo Gullo. 1997. Is sclerophylly of Medi-
terranean evergreens an adaptation to drought? New Phytologist
135:603–612.

Saruwatari, M. W., and S. D. Davis. 1989. Tissue water relations of three
chaparral shrub species after wildfire. Oecologia 80:303–308.

Scholander, P. F., H. T. Hammel, and E. D. Bradstreet. 1965. Sap pressure
in vascular plants. Science 148:339–346.

Siau, J. F. 1984. Transport processes in wood. Springer-Verlag,
Berlin.

Slavik, B. 1974. Methods of studying plant water relations. Springer-
Verlag, Berlin.

Stewart, J. D., and P. Y. Bernier. 1995. Gas exchange and water relations
of 3 sizes of containerized Picea mariana seedlings subjected to at-
mospheric and edaphic water stress under controlled conditions.
Annals of Forest Science 52:1–9.

Stewart, J. D., A. Zine El Albidine, and P. Y. Bernier. 1995. Stomatal and
mesophyll limitations of photosynthesis in black spruce seedlings
during multiple cycles of drought. Tree Physiology 15:57–64.

Tenhunen, J. D., O. L. Lange, P. C. Harley, W. Beyschlag, and A. Meyer.
1985. Limitations due to water stress on leaf net photosynthesis of

Quercus coccifera in the Portuguese evergreen scrub. Oecologia 67:
23–30.

Tschaplinski, T. J., D. B. Stewart, and R. J. Norby. 1995. Interactions be-
tween drought and elevated CO2 on osmotic adjustment and solute
concentrations of tree seedlings. New Phytologist 131:169–177.

Turner, N. C. 1988. Measurement of plant water status by the pressure
chamber technique. Irrigation Science 9:289–308.

Tyree, M. T., and H. T. Hammel. 1972. The measurement of the turgor
pressure and the water relations of plants by the pressure-bomb
technique. Journal of Experimental Botany 23:267–282.

Tyree, M. T., and A. J. Karamanos. 1980. Water stress as an ecological factor.
Pages 237–261 in J. Grace, E. D. Ford, and P. G. Jarvis, editors. Plants and
their atmospheric environment. Blackwell Scientific Publishers, Oxford.

Tyree, M. T., and J. S. Sperry. 1988. Do woody plants operate near the
point of catastrophic xylem dysfunction caused by dynamic water
stress ? Answers from a model. Plant Physiology 88:574–580.

Tystjärvi, E., K. Ali-Yrkkö, and E. M. Aro. 1992. Slow degradation of D1
protein is related to the susceptibility of low-light-grown pumpkin
plants to photoinhibition. Plant Physiology 100:1310–1317.

United Nations Environment Programme. 1992. World atlas of desertifi-
cation. Edward Arnold, Sevenoaks, Kent, U.K.

Vallejo, V. R., I. Serrasolsas, J. Cortina, J. P. Seva, A. Valdecantos, and A.
Vilagrosa. 2000. Restoration strategies and actions in Mediterranean
degraded lands. Pages 221–233 in G. Enne, Ch. Zanolla, and D. Peter,
editors. Desertification in Europe: mitigation strategies, land-use
and planning. European Communities EUR 19390, Brussels.

van den Driessche, R. 1991. Influence of container nursery regimes on
drought resistance of seedlings following planting. II. Stomatal con-
ductance, specific leaf area, and root growth capacity. Canadian
Journal of Forest Research 21:566–572.

Vilagrosa, A., J. P. Seva, A. Valdecantos, J. Cortina, J. A. Alloza, I. Serra-
solsas, V. Diego, M. Abril, A. Ferran, J. Bellot, and V. R. Vallejo.
1997. Plantaciones para la restauración forestal en la Comunidad
Valenciana. Pages 435–548 in V. R. Vallejo, editor. La restauración
de la cubierta vegetal en la Comunidad Valenciana, Valencia.
CEAM, Valencia, Spain.

Vilagrosa, A., J. Bellot, and E. Gil. 1998. Water relations and hydraulic ar-
chitecture in Quercus coccifera and Pistacia lentiscus. Proceedings of
the Second International Workshop on Functional-Structural Tree
Models, 12–15 October 1998, Clermont-Ferrand, France.

Villar, P., L. Ocaña, J. L. Peñuelas, and I. Carrasco. 1999. Effect of water
stress conditioning on the water relations, root growth capacity, and
the nitrogen and non-structural carbohydrate concentration of Pinus
halepensis Mill. (Aleppo pine) seedlings. Annals of Forest Science
56:459–465.

von Caemmerer, S., and G. D. Farquhar. 1981. Some relations between
the biochemistry of photosynthesis and the gas exchange of leaves.
Planta 153:376–387.


