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Abstract

Water deficits affect citrus physiology, yield, fruit size and quality. Citrus can respond to drought stress conditions
through endogenous hormonal regulation of water status and leaf abscission. In this work, we assayed the effi-
ciency of an amendment to soilless media in delaying the drought stress effect in young citrus seedlings and trees.
Substrate amendment promoted plant survival of citrus seedlings subjected to several cycles of drought stress and
rehydration. In budded trees, the amendment increased substrate water content, leaf water potential, leaf number,
root biomass, CO2 assimilation and stomatal conductance over that of control plants growing in non-amended
substrates. We conclude that the substrate amendment reduced the damaging effects of drought stress in citrus
plants. The longer survival of seedlings in the amended treatment together with the reduction in leaf abscission and
the improvement of physiological parameters, can account for a higher vigour of citrus grown under water stress
conditions.

Introduction

Water stress from drought affects multiple physiologi-
cal parameters in citrus including a reduction in water
potential and stomatal conductance (Gómez-Cadenas
et al., 1996). Under severe water deprivation, stomata
close very rapidly, arresting water flux almost com-
pletely in only two hours (Tudela and Primo-Millo,
1992). Continuous water stress conditions inhibit plant
growth and reduce CO2 assimilation (Brakke and
Allen, 1995). In citrus, as in other plants, a period of
drought followed by a restoration of hydration condi-
tions favorable to growth promotes flowering (Lovatt
et al., 1988; Southwick and Davenport, 1986). In this
case, a direct relation between the general effect of
water stress on growth inhibition and the promotion of
flowering has been proposed (Monselise, 1985).

∗ FAX No: 34-964728066.
E-mail: cadenas@exp.uji.es

Citrus plants subjected to severe drought can show
leaf injuries and even wilting without leaf abscis-
sion (Tudela and Primo-Millo, 1992). However, when
water stress is relieved by rain or irrigation, leaves
recover turgor and shortly thereafter, some of them
may abscise (Gómez-Cadenas et al., 1996; Tudela
and Primo-Millo, 1992). The hormonal regulation
of this response may be related to severe water
stress conditions promoting synthesis and accumula-
tion of 1-aminocyclopropane-1-carboxylic acid (ACC,
the ethylene metabolic precursor) in roots (Tudela and
Primo-Millo, 1992). Rehydration of plants results in
ACC transport to the shoots, where it is oxidized to
ethylene and subsequently promotes leaf abscission
(Tudela and Primo-Millo, 1992). Moreover, abscisic
acid (ABA) seems to be the mediator between wa-
ter stress conditions and ethylene production. There-
fore, these plant growth regulators link water status
to a plant survival response such as leaf abscission
(Gómez-Cadenas et al., 1996).
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Not only is total production decreased by drought
stress (Reuther, 1973) but also fruit size, acid and total
soluble solid contents in juice (Sánchez et al., 1978).
Moreover, drought deprivation reduces peel thickness,
making citrus fruits more vulnerable to damage during
manipulation and shipping (Agustí, 1999).

In many countries where citrus are economically
important, commercial propagation is done in pri-
vate nurseries where rootstocks grown from seeds are
grafted with different cultivars. The whole period of
propagation lasts from one to three years. The final
transplant of the grafted tree to the orchard involves its
acclimation to new soil and environmental conditions
and, almost certainly, a stress situation. This stress will
be more intense if transplanting is preceded by root
pruning as is usual in many areas (Aubert and Vullin,
1997).

To mitigate the damage caused by water depriva-
tion, different soil conditioners have been assayed in
crops and landscape plants. The success of this tech-
nique has been erratic. In some cases, negative (Austin
and Bondari, 1992) or non-measurable (Keever et al.,
1989; Swietlik, 1989; Tripepi et al., 1991; Wang,
1989) effects were observed while in others, positive
effects were recorded (Hüttermann et al., 1999). Ben-
eficial results were obtained with a new group of soil
conditioners, known as hydrogels which are highly
cross-linked polyacrylamides with 40% of the amides
hydrolyzed to carboxylic groups (Hüttermann et al.,
1999). Citrus seedlings grown in well-watered sand
soil amended with these hydrogels showed increases
in growth, water use and nitrogen uptake while losses
of nitrogen by leaching were reduced (Syvertsen and
Dunlop, 2004).

The objective of this study was to evaluate the ef-
ficiency of a hydrogel in delaying the effect of water
deprivation in young citrus plants. We hypothesized
that hydrogel amendment would increase substrate
water content and therefore reduce or, at least, de-
lay the effects of drought stress on plant growth and
physiology.

Materials and methods

Plant material

All plants were obtained from a commercial nurs-
ery and transplanted to plastic containers, at least
one month prior to the beginning of the experiments.
Plants were cultivated in a greenhouse under the fol-
lowing conditions: day temperature, 26–32 ◦C; night

temperature, 18–20 ◦C; photoperiod, 16:8 (L:D) and
50–95% relative humidity. Maximum photosynthet-
ically active radiation (PAR): 1200 µmol m−2 s−1.
Each plant was watered three times a week with
500 mL of a half-strength modified Hoagland solution
(Gómez-Cadenas et al., 2003).

Substrate amendments and drought treatments

As a substrate conditioner treatment, the hydro-
gel Stockosorb Agro (Degussa-Hüls Ibérica, S.A.,
Barcelona, Spain) was used. This product was added
(0.2% or 0.4%) to the substrates before transplant-
ing citrus plants. Two different kind of substrates
were used: perlite and a mix of sphagnum peat and
perlite (80:20). Drought stress was imposed by elimi-
nating watering for different periods of time until leaf
wilting was apparent (14 days in the experiments con-
ducted on perlite and 21 days in those on peat/perlite).
Complete rehydration was achieved by watering to sat-
uration (when perlite was used as a substrate) or by
maintaining the pots in a bath with water for 6 h (when
the mix of peat and perlite was used as a substrate).

Description of the different experiments

Three different experiments were performed.

Experiment 1. The effect of substrate amendment on
plant survival was studied on A) four-month-old Car-
rizo citrange seedlings (Poncirus trifoliata [L.] Raf. ×
Citrus sinensis [L.] Osb.), grown in 2-L pots filled with
perlite as a substrate. B) one-year-old Cleopatra man-
darin seedlings (Citrus reshni Hort. ex Tan.) grown in
4-L containers filled with a mix of sphagnum peat and
perlite (80:20) as a substrate. Two different concen-
trations of hydrogel (0.2 and 0.4%) were assayed. Six
blocks of 16 plants were established following a ran-
domized design: Control, well-watered plants without
substrate amendment; well-watered plants with the
substrate amended with 0.2% or 0.4% hydrogel; plants
subjected to repeated drying/recovery cycles without
substrate amendment and, plants subjected to repeated
drying / recovery cycles with the substrate amended
with 0.2% or 0.4% hydrogel.

Experiment 2. The effect of substrate amendment on
water content was studied by using 4-L containers
without plants. These containers were filled with a
mix of sphagnum peat and perlite (80:20) as a sub-
strate and the hydrogel was added to achieve a final
concentration of 0.4%. Pots were watered to saturation



75

and substrate water content measured by weight loss.
Two blocks (with or without hydrogel-amendment) of
6 containers were established following a randomized
design.

Experiment 3. The effect of substrate amendment on
plant performance was studied on two-year-old plants
of ‘Clementina de Nules’ cultivar (Citrus reticulata
Blanco) grafted on Carrizo citrange rootstock grown
in 10-L containers filled with a mix of sphagnum peat
and perlite (80:20) as a substrate. Four blocks of 40
plants were established following a randomized de-
sign: Control, well-watered plants without substrate
amendment; well-watered plants with the substrate
amended with 0.4% hydrogel; plants subjected to
four repeated drying/recovery cycles without substrate
amendment and, plants subjected to four repeated dry-
ing/recovery cycles with the substrate amended with
0.4% hydrogel.

Leaf number and root biomass

The number of leaves was recorded regularly and ex-
pressed as a percentage of that present in each plant
the first day of experiment (which was considered as
a 100%). When plants grew, new leaves were counted
only when they achieved half of the fully expanded
size. Five plants per block were used for these mea-
surements. Root biomass was measured at the end of
the experiment after four repeated drying/recovery cy-
cles. The whole root system of seven plants per block
was carefully separated from the substrate, rinsed
with water, dried in a filter paper and immediately
weighted.

Leaf water potential

Leaf water potential was determined by using a pres-
sure chamber (model 3000, Soilmoisture Equipment,
Santa Barbara, CA) as described in Gómez-Cadenas
et al. (1996). Leaves in the middle of the shoot were
separated from the plant using a scalpel at the base
of the petiole. Leaves were immediately placed in
the pressure chamber cylinder with the cut end out.
The pressure was gradually increased until the first
drop of xylem fluid was observed with a magnifying
glass. Five fully expanded leaves randomly chosen
from each experimental block of plants were used for
these measurements.

Ethylene production

Ethylene was measured in mid-shoot leaves by gas
chromatography following Gómez-Cadenas et al.
(2003). Briefly, leaves were separated from plants
and enclosed in sealed tubes with the petiole sub-
merged in water. Following a rehydration period of
4 h, 1 mL of the enclosed atmosphere was injected
into a gas chromatograph (Agilent 4890D, Agilent
Technologies, Inc. Wilmington, DE, U.S.A) equipped
with an activated alumina column and a flame ion-
ization detector. Seven leaves randomly chosen from
each experimental block of plants were used for these
measurements.

Gas exchange parameters

Net photosynthetic rate and stomatal conductance
were measured with a LI-6400 portable photosyn-
thetic system (Li-Cor, Inc.) equipped with a 18 cm3

prismatic leaf chamber that carried a Gallium Ar-
senide Phosphide (GaAsP) PAR sensor. All mea-
surements were performed under a constant air-flow
rate of 500 µmol s−1, and at ambient humidity and
CO2. Photon flux density (PFD) was adjusted to
750 µmol m−2 s−1, the saturating value found after
light calibration in preliminary experiments (Iglesias
et al. 2002). Within the cuvette, average temperature
was 23.0 ± 0.5 ◦C and leaf-to-air vapour pressure
deficit was 1.6 ± 0.2 kPa.

Determinations were performed in the greenhouse
(9:00–10:00 a.m.) when temperature was 24 ± 2 ◦C.
Measurements were always carried out on mature
leaves because of the higher stability and response
of their photosynthetic rates (Iglesias et al. 2002).
The instrument used for the measurement of pho-
tosynthesis was programmed to perform continuous
determinations on a single leaf, usually about 30 re-
peated determinations until the data stored showed a
coefficient of variation lower than 1%. Once this was
reached, the average of the whole set of data was taken
as the best estimation of the photosynthetic rate of
each leaf.

Statistical analyses

In general, means were compared by using the least
significant difference (LSD) test (P ≤ 0.05). Statisti-
cal analyses were performed using StatGraphics Plus
(V. 2.1.) for Windows.
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Table 1. Plant survival (% respect to the initial number of plants) after several cycles of water stress
followed by rehydration in seedlings of 4-month-old Carrizo citrange grown on perlite and 12-month-old
Cleopatra mandarin grown on a mix of peat and perlite. Means (n ≥ 16) within each column followed by
the same letter do not differ significantly at P ≤ 0.05

Treatment Number of cycles of stress/rehydration

2 4 6

Carrizo citrange

Control 100a 100a 100a

Control +0.2% hydrogel 100a 100a 100a

Control +0.4% hydrogel 100a 100a 100a

Stress/rehydration 72c 35d 12d

Stress/rehydration +0.2% hydrogel 81b 42c 20c

Stress/rehydration +0.4% hydrogel 100a 93b 79b

Cleopatra mandarin

Control 100a 100a –

Control + 0.2% hydrogel 100a 100a –

Control +0.4% hydrogel 100a 100a –

Stress/rehydration 88b 63b –

Stress/rehydration +0.2% hydrogel 84b 67b –

Stress/rehydration +0.4% hydrogel 100a 96a –

Results

Plant performance and substrate water content

Experiment 1
In a first set of experiments, plant performance un-
der repeated cycles of water deprivation followed by
rehydration was studied. Twelve percent of the four-
month-old seedlings of the citrus rootstock, Carrizo
citrange, grown on perlite survived after 6 complete
cycles (Table 1). Substrate amendment with 0.4% hy-
drogel was effective in increasing plant survival to
79% after 6 cycles. The behavior of one-year-old
Cleopatra mandarin seedlings was comparable to Car-
rizo citrange despite differences in the duration of
the drought period and in the substrate used. After
4 complete cycles of drying/recovery, 63% of plants
survived. Addition of hydrogel (0.4%) to the substrate
had a positive effect on Cleopatra mandarin survival
although lower concentrations of hydrogel (0.2%) ren-
dered erratic results (Table 1). The hydrogel did not
affect normal growth in well-watered plants. In view
of these results, the concentration of hydrogel used for
following experiments was 0.4%.

Experiment 2
In a second group of experiments, hydrogel addition
to the substrate resulted in an increase in water content

Table 2. Substrate water content (kg) at the be-
ginning and at the end of a 21-day desiccation
period. Containers were filled with substrate and
kept in the greenhouse without plants. Means
(n ≥ 6) within each column followed by dif-
ferent letters differ significantly at P ≤ 0.05

Water content (kg)

Day 0 Day 21

Substrate amendment

Control 2.45b 1.37b

0.4% hydrogel 3.13a 2.05a

both at the beginning (128%) and at the end of a 21-
day desiccation period (150%, Table 2).

Experiment 3
For the third group of experiments, two-year-old bud-
ded trees were used (Clementina de Nules cultivar
grafted onto Carrizo citrange rootstock). Preliminary
studies indicated that more than 50% of the plants
died when six drying / recovery cycles were assayed
(data not shown). Therefore, in all subsequent stud-
ies, plants were subjected to only four cycles of
drought/rehydration and no significant mortality was
observed.
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Figure 1. Effect of four cycles of water stress/rehydration on leaf water potential. Circles represent plants grown on non-treated substrates.
Squares represent plants grown on amended substrates. White symbols represent water-stressed plants. Black symbols represent well-watered
plants. Data are means ± SE. Arrows indicate the onset of the rehydration periods.

Leaf water potential

Leaf water potential on control well-watered plants did
not show significant variation during the experimental
period (−1.0 to −1.3 MPa, Figure 1). In contrast, each
period of stress reduced leaf water potential to reach a
minimal value of −2.8 MPa, 84 days after the onset of
the experiment. Rehydration of the substrate allowed
leaf water status to recover almost to control levels
during the first three drought cycles but leaf water
potential did not recover fully after 4 cycles.

Although substrate amended with 0.4% hydrogel
did not significantly modify water status in well-
watered plants, it had an important effect on water-
stressed plants. Hence, leaf water potential in the latter
was always higher than in non-treated stressed-plants
and it did not reach values lower than −2 MPa. More-
over, in hydrogel-treated plants, rehydration resulted
in total recovery of leaf water content during the entire
experimental period.

Leaf abscission and ethylene production

Plants under regular irrigation increased leaf number
after 40 days of experiment (Figure 2). Plants on
amended substrate sprouted earlier than those on non-
treated peat (see Figure 2, days 63 and 64) although
after 84 days, relative numbers of leaves converged
for both kinds of plants. The first cycle of water deficit

did not promote leaf abscission on day 20 (Figure 2).
However, alleviation of this stress by rehydration re-
sulted in the drop of 8.5% of the leaves. Similarly,
the successive drought periods did not cause important
leaf drops but each subsequent re-watering induced
abscission of more than 10% of the leaves. Therefore,
after the 4 cycles of stress/rehydration, plants had lost
more than 40% of the leaves. Substrate amendment
with 0.4% hydrogel had a very pronounced inhibitory
effect on leaf abscission under water deprivation as
the final number of leaves was much higher in treated
plants than in non-treated ones. This was a conse-
quence of a combination of reduction in leaf abscis-
sion after each rehydration together with a moderate
leaf growth throughout the experimental period.

Leaves on well-irrigated plants (either treated
with the soil conditioner or not) always produced
small amounts of ethylene, ranging between 0.22 and
0.41 nl g−1 h−1 (Figure 3). In stressed-plants, leaf
ethylene production remained very low throughout the
subsequent water deficit periods but sharply increased
each time that stress was alleviated by watering. The
highest endogenous production of the plant hormone
was detected on day 43 when leaves showed an eth-
ylene production rate of 1.40 nl g−1 h−1, which was
about 5-fold higher than the value in well-watered
plants. Substrate amendment reduced the range of eth-
ylene variation, since the hormone production was not
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Figure 2. Effect of four cycles of water stress/rehydration on leaf percentage. Symbols as in Figure 1. Data are means ± SE.

Figure 3. Effect of four cycles of water stress/rehydration on leaf ethylene production. Symbols as in Figure 1. Data are means ± SE.

Table 3. Root fresh weight (g plant−1) after four cycles of water stress followed by rehy-
dration in plants of two-year-old ‘Clementina de Nules’ cultivar grafted on Carrizo citrange
rootstock. Row means (n ≥ 6) followed by the same letter do not differ significantly at
P ≤ 0.05

Treatments Control Control Stress/rehydration Stress/rehydration

+0.4% hydrogel +0.4% hydrogel

Root weight 58.21a 53.55a 22.22c 38.93b
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Figure 4. Effect of four cycles of water stress / rehydration on photosynthetic rate. Symbols as in Figure 1. Data are means ± SE.

only less intense after rehydration but also slightly
higher at the end of each drought period (Figure 3).

Photosynthetic rate and stomatal conductance

Well-watered plants had photosynthetic rates that var-
ied between 5.2 and 8.3 µmol m−2 s−1 throughout
the study period depending on leaf age and environ-
mental conditions (data not shown). To facilitate the
interpretation of data, gas exchange values of control
plants were always taken as 100%, and photosyn-
thetic rates were expressed as percentage of control
(Figure 4). Addition of the hydrogel to the substrate
did not modify the pattern of photosynthetic rate in
well-watered plants. The drying/recovery cycles re-
duced CO2 assimilation of leaves such that by the
end of the experimental period, photosynthetic rates
were more than 80% lower than the initial values.
Substrate amendment partially prevented plants from
the photosynthesis decline (Figure 4) although after
four drying/recovery cycles, photosynthetic rates re-
mained 50% lower than those in control plants even
after recovery.

Well-irrigated citrus plants showed variations
in stomatal conductance ranging between 90 and
230 mmol m−2 s−1 in these experiments depending
on leaf age and environmental conditions (data not
shown). After 20 days of drying, stomatal conduc-
tance had declined to levels 50% lower than those
in control plants. Despite recoveries after rehydration
treatments, the subsequent periods of water depriva-

tion led to more than 90% inhibition of gas exchange
in leaves of citrus plants. Substrate amendment did not
significantly modified stomatal conductance in well-
watered plants but it increased stomatal conductance
caused by drought (Figure 5).

Root biomass

Addition of hydrogel did not significantly modify root
weight in well-watered plants (Table 3). Water stress
reduced fibrous root biomass although root weight
decreased less in the amended treatment than in the
unamended one.

Discussion

Data presented in this work show that substrates
amended with a hydrogel can prevent or, at least, delay
the injury caused by drought in young citrus plants.

The 0.4% concentration of hydrogel increased
plant survival in seedlings of two different citrus root-
stocks subjected to several drying/recovery cycles.
The important difference in plant survival between
Carrizo citrange and Cleopatra mandarin seedlings
subjected to water deficit may have been due in part
to the different substrate used in the experiments; Car-
rizo was grown in perlite, a substrate with low water
retention potential while Cleopatra was grown on peat
which can retain higher amounts of water. Although
different age and genotypes can also contribute to the
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Figure 5. Effect of four cycles of water stress/rehydration on stomatal conductance. Symbols as in Figure 1. Data are means ± SE.

observed differences (Moya et al., 2002), we conclude
that the hydrogel treatment was beneficial in all cases.

The hydrogel also induced less drought stress of
two-year-old citrus budded trees as reflected in several
growth and physiological parameters. Leaf number
was higher in water-stressed plants in an amended sub-
strate than on water-stressed plants as a consequence
of a reduction in leaf abscission together with an in-
crease in newly formed leaves. Drought stress-induced
root loss was ameliorated by the hydrogel treatment.
CO2 assimilation and stomatal conductance were less
inhibited by water stress in plants growing in amended
substrates than in plants in non-amended substrates.

Substrate water content increased in amended sub-
strates both at the beginning and at the end of a drought
period as previously reported (Al-Darby, 1996; Hütter-
mann et al., 1999). Leaf water potential was increased
in water-stressed plants on amended substrates (Fig-
ure 1). Comparable results were observed in Pinus
halepensis grown on sandy soils amended with a sim-
ilar hydrogel (Hüttermann et al., 1999). Thus, due to
the higher water content of substrates and the subse-
quent higher leaf water potential levels, drought stress
was lower in those plants on amended substrate as
supported by the lower production of ethylene and the
higher gas exchange.

Although it is difficult to extrapolate data from
soilless media to responses in field soil, our results
suggest that hydrogels could have a role in prevent-
ing drought stress after transplanting citrus from the

nursery to the orchard. Transplant represents a stress
situation for the plant particularly if root pruning is
done to avoid future malformation (Aubert and Vullin,
1997). This work together with the recent report by
Syvertsen and Dunlop (2004) can be a basis for future
field studies to gain insights into reducing transplant
stress.

It has been previously reported (Gómez-Cadenas
et al., 1996; Tudela and Primo-Millo, 1992) that se-
vere water stress conditions block xylem flux and
1-aminocyclopropane-1-carboxylic acid (ACC) trans-
port from roots to shoots. When stress is alleviated by
watering, the ACC previously accumulated in the roots
is rapidly transported to the aerial part and oxidized
to ethylene. Ethylene has been confirmed as the hor-
mone that triggers leaf and fruit abscission in response
not only to water deprivation (Gomez-Cadenas et al.,
1996), but also to several adverse growth conditions,
such as salinity or nutritional deficiencies (Gómez-
Cadenas et al., 1998, 2000, 2003). In these experi-
ments, water stress was imposed by simply ceasing
watering and therefore, allowing a progressive des-
iccation of the substrate over 21 days compared to
24 h in previous studies (Gómez-Cadenas et al., 1996;
Tudela and Primo-Millo, 1992). Despite this important
difference, leaf abscission was observed (Figure 2) and
interestingly, it was always preceded by increases in
leaf ethylene production (Figure 3). Moreover, in both
rapid (Gómez-Cadenas et al., 1996; Tudela and Primo-
Millo, 1992) and gradual dehydration (Figures 2 and
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3), amounts of ethylene produced were always propor-
tional to the abscission observed. Thus, data presented
here extend the findings to grafted citrus plants and
water stress conditions more similar to gradual drying
under field conditions. Similarly, data confirm an often
observed behaviour of adult citrus trees where succes-
sive periods of drought alleviated by rehydration are
followed by leaf drops. At the end of each drought pe-
riod, leaf ethylene levels in stressed plants were lower
than those in control plants. This decline could be re-
lated to a xylem flux interruption (or a reduction to
very low levels) as supported by the decline in leaf
water potential and stomatal conductance.

Leaf water potential (Figure 1), CO2 assimilation
(Figure 4) and stomatal conductance (Figure 5) re-
covered to different levels after each drying/recovery
cycle. However, the process was not totally reversible
since after four cycles, values were clearly lower in
stressed plants even after the rehydration period (Fig-
ures 1, 4 and 5; day 85). This seems to indicate that
in addition to leaf abscission, the successive cycles of
stress injured or drought-hardened leaf tissues. One
of the parameters initially affected by water stress
was the photosynthetic rate, values after the first pe-
riod of stress were very low and CO2 assimilation
did not fully recover after the successive cycles of
rehydration in stressed plants. At the end of the exper-
imental period, photosynthetic rates in stressed plants
were 90% lower than in control plants. Furthermore,
although the hydrogel amendment contributed to im-
prove photosynthesis rates in stressed plants, after four
cycles of drought the photosynthetic rate was also re-
duced 50% below control values. These data support
the high sensitivity of the photosynthetic machinery
to environmental stresses in citrus as in other plant
species (Brakke and Allen, 1995; Gómez-Cadenas
et al., 2003; Popova et al., 1995; Romero-Aranda
et al., 1998).

In conclusion, hydrogel amendment to substrates
reduced the damaging effects of drought in citrus
plants. The longer survival of seedlings together with
the reduction in leaf abscission and the improvement
of photosynthesis rate, stomatal conductance, and root
growth can considerably improve the vigour of citrus
plants grown under drought stress conditions.
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