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ABSTRACT

Selecting the rootstock in pistachio orchards is one of the most critical decisions, mainly in conditions
of water scarcity. However, there are a few works that report the response of pistachio to water stress
according to rootstock. Nowadays, UCB-I is one of the most important rootstock around the world. How-
ever, its commercial availability and high prices favour the selection of Pistacia terebinthus L. or Pistacia
atlantica Desf. in some regions. The aim of this work is to study the water relations of these three root-
stocks using cv Kerman as scion. Thirty pots, in the second year after budding, were subjected to a 28-days
water stress period in outdoor conditions. Irrigation was stopped in the water stress treatments during
all the 28 days period. The vegetative response was characterised at the end of the experiment. The
diameter of the rootstock and scion, number of leaves and the percentage of leaves, trunk and root were
measured. Along the experiment water relations parameters such as midday water potential and midday
leaf conductance was measured. In order to compare the effect of rootstock and water stress pressure-
volume curves were measured before and after the water stress period. Data of vegetative growth suggest
that UCB-I was the rootstock less affected for water stress, because these data were not clearly affected.
However, water relations parameters suggest that P. atlantica was the most resistant to water stress
conditions, according to the results derivate from the pressure-volume curves. Possible mechanisms of

response to water stress are discussed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Pistachio trees (Pistacia vera L.) are a very drought and salinity
resistant species (Behboudian et al., 1986). Although in the main
world pistachio producing countries (USA and Iran), orchards are
irrigated, in other countries such as Spain, rainfed conditions are
not uncommon. Even in irrigated orchards, some periods of water
stress could occur due to water scarcity or deficit irrigation sched-
ules. In addition, the difficulty of pistachio species to root by cutting,
make grafting the only reliable method to propagate the trees.
Therefore, the combination of rootstock and scion could be used
to change the drought resistance capacity in the orchard, affect-
ing the irrigation water management. There are several rootstocks
widely used around the world and their selection is, sometimes,
more dependant on availability than on the actual information
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about their agronomical aptitude. Pistacia terebinthus L. is the most
common in Australia, Italy, Spain and Greece (Couceiro et al., 2013).
These regions are characterized for having new orchards, probably
with a limitation in plant availability, such as Australia and Spain,
and very local and old production, such as Italy and Greece. P. tere-
binthus is considered one of the least vigorous yet most resistant to
cold pistachio rootstocks (Ferguson et al., 2005). Pistacia atlantica
Desf. is native of North Africa and was the main rootstock in the
early orchards in California (Ferguson et al., 2005). P. atlantica is
an intermediate rootstock in terms of vigour and cold resistance,
but it is very sensitive to Verticilium wilt, thus it is not used as
rootstock in USA nowadays (Ferguson et al., 2005). UCB-lis an inter-
specific hybrid with closed pollination of P. atlantica and Pistacia
integerrima Steward ex Brandis. Currently, UCB-I is one of the most
important rootstocks in the USA. UCB-I is more vigorous than P.
atlantica, which is the least susceptible to Verticillium wilt, while
showing the least tolerance to cold among these three rootstocks
(Ferguson et al., 2005).
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Fig. 1. Annual pattern of rainfall, squares, and reference evapotranspiration, trian-
gles (mm month-1) in Ciudad Real (Spain). Each point is the average of 5 years (from
2012 to 2016).

Source: Servicio de Informacién Agroclimatica para el Regadio. Spanish Agriculture,
Food and Environment Ministry (www.siar.es). Own development.

Knowledge about the influence of rootstocks in the water rela-
tions of pistachio trees is very scarce. Gijon et al. (2010), in a potted
experiment, compared the response of P. atlantica, P. terebinthus
and interspecific hybrid (P. atlantica x P. vera) to water stress. These
authors concluded that P. atlantica was the most susceptible to
water stress, although they pointed out that these results could
not be considered conclusive due to problems in the development
of the trees grafted on P. atlantica. Ferguson et al. (2002), in a salin-
ity potted experiment, compared the response of P. atlantica, UCB-I
and P. integerrima. They concluded that P. integerrima was more
sensitive to salinity than P. atlantica and UCBI, which showed a
very similar response. They also reported that the leaf conductance
of P. atlantica was not affected by the salinity stress, suggesting a
high resistance to these conditions, while it declined around 15%
in the other two rootstocks. These results disagree with the ones
obtained by Gijon et al. (2010), particularly when considering that
both experiments were performed with the same scion (cv. Ker-
man). Mehdi-Tounsi et al. (2016), using cv Mateur on P. atlantica
and P. vera, also suggested a greater salinity resistance of the former.
Rootstock trials in irrigation orchards of California, reported that
cv Kerman is more productive on UCB-I than P. atlantica (Ferguson
et al., 2005). In rainfed experiments in Spain, also with cv Kerman,
P. atlantica presented a greater cumulative yield after 12 years than
P. terebinthus (Couceiro et al., 2013).

The selection of the suitable rootstock is very important,
particularly in limited water conditions, however only indirect
information about the water relations and drought resistance is
available. The aim of this work was to study the response of the
three rootstocks (UCB-I, P. atlantica and P terebinthus) commonly
used in pistachio orchards in the Mediterranean basin to water
stress.

2. Material and methods
2.1. Site description and experimental design

The experiment was conducted during the summer of 2013 at
“La Entresierra” Research Station, Ciudad Real, Spain (3° 56’ W, 39°
0’ N; altitude 640 m) in outdoor conditions. Ciudad Real is a city
located in the center of Spain. Climate is semiarid, values of ref-
erence evapotranspiration (ETo) are higher than rainfall during 9
months in the year (Fig. 1). Rainfalls occur mainly during autumn

and winter with dry summer, the average annual rainfall is around
400 mm (Fig. 1). ETo is very high in summer with values around
200 mm month~! in June, July and August. Thirty potted pistachio
plants with two-year of age (Pistacia vera L. cv Kerman) were bud-
ded onto three different rootstocks, Pistacia atlantica Desf., Pistacia
terebinthus L.and UCB-IL. Trees grew in 50 L pots filled with a mixture
of gravel, sand and peat (5, 80, and 15% respectively). The experi-
ment took place from day of the year (DOY) 178 until DOY 246 and
consisted in the implementation of 28 days of water stress to half
of the pots (from DOY 200 to DOY 228). Each pot had 4 drippers
(4Lh~1) and was irrigated until slight drainage occurred. During
the period of irrigation treatment (from DOY 200-228), stress trees
were no irrigated. The experimental design was a split-plot with 5
replicates. The main factor was the rootstock and the secondary
factor was irrigation. The different combination of the two factors
will be named as follows: P. atlantica-control (ATL-C); P. atlantica-
stress (ATL-S); P. terebinthus-control (TER-C); P. terebinthus-stress
(TER-S); UCB-I-control (UCB-I-C); UCB-I-stress (UCB-I-S).

2.2. Water relations

The water relations were measured using midday stem water
potential, leaf conductance and pressure-volume curves. The stem
water potential was measured weekly between 12:00 and 02:00
p.m. in leaves covered with aluminium foil for at least 1 h before
their removal. Measurements were made for one leaf per tree using
apressure chamber (Soil Moisture Equip., Santa Barbara, CA, U.S.A.).
As pistachio leaves exude turpentine, a piece of blotting paper was
used to determine the end point; turpentine cannot moisten blot-
ting paper but the xylem contents can. The abaxial leaf conductance
(gl) was measured with a steady-state porometer (Model LICOR-
1600, U.K.) between 12:00-02:00 p.m. at the central foliole of three
sunlit leaves the same dates than water potential measured was
performed.

Pressure-volume curves (PV curves) were prepared before and
at the end of the stress period. Three leaves per treatment were
collected at predawn, placed immediately in plastic bags and taken
to the laboratory. There, they were rehydrated for 1 h by covering
the leaf and placing the cut end of the petiole under water. A pres-
sure chamber was used to measure the leaf water potential. Before
placing them in the pressure chamber, each leaf was wrapped in
moist cheesecloth, placed in a black plastic bag and weighed (Hsiao,
1990). The actual fresh weight of each water potential determi-
nation was assumed to be the leaf weight measured immediately
before the insertion of the leaf in the pressure chamber. Periodic
measurements of fresh weight and water potential were taken until
the water potential value reached close to —3.5 MPa. Then leaves
were dried. Pressure-volume curves were generated by the free
transpiration method (Hinckley et al., 1980) and 1/water potential
was plotted versus relative water content (RWC). RWC was calcu-
lated as the ratio between the differences of actual fresh weight
and dry weight vs full rehydrated and dry weight. The zero turgor
point was determined using a graphical analysis, considering the
lineal portion of the curve. It was calculated with the experimental
points that resulted in the maximum determination coefficient (R?)
of the lineal regression. The parameters derived from each curve
were: osmotic potential at full turgor (PSlf), osmotic potential at
zero turgor (PSly), relative water content at zero turgor (RWCy) and
percentage of the symplastic water content (R) and tissue elasticity
(Eo).

Data from the PV curves were used to obtain the relationship
between the natural logarithms of osmotic potential (indepen-
dent variable) and the RWC. This relationship provided the osmotic
adjustment index (OA index) and the breaking point (BP) (Turner,
2006). The OA index is 1 minus the slope of the lineal relationship.
The OA index varies between 0 and 1, and it is an estimation of the
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Fig. 2. Pattern of midday stem water potential during the experiment. Each point is the average of 5 data. Vertical bars represent the standard deviation. Vertical lines
indicate the period of water stress. Empty symbols are fully irrigated trees. Full symbols are stressed trees. Triangles, squares and circles are P. atlantica, P. terebinthus and

UCB-I rootstocks, respectively.
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Fig. 3. Pattern of leaf conductance during the experiment. Each point is the average of 10 data. Vertical bars represent the standard deviation. Vertical lines indicate the period
of water stress. Empty symbols are fully irrigated trees. Full symbols are stressed trees. Triangles, squares and circles are P. atlantica, P. terebinthus and UCB-I rootstocks,

respectively.

degree of osmotic adjustment. The second parameter derived by
Turner (2006) is the breaking point (BP). The relationship between
the natural logarithms of osmotic potential and the RWC may be
constant with no decrease in RWC until a threshold value (BP) is
reached, from which that relationship becomes linear. Lower values
of BP mean higher capacity of drought resistance.

2.3. Additional measurements

The number of leaves was counted at the beginning and at the
end of the experiment. In order to eliminate the variability between
trees, the relative increment of the number of the leaves was con-
sidered. The initial value was 100%.

The diameter of the rootstock and the scion was measured just
before the beginning of the water stress period, at the end of the
water stress period and at the end of the experiment.

At the end of the experiment, the trees were removed of the
pot and the root system was cleaned. Each tree was separated into
roots, trunk and leaves. These three parts were weighed fresh and
dried until constant weight at 70°C. Data were considered as a
percentage of the total fresh or dry weight.

2.4. Statistical analysis

Statistical analyses of variance and Tukey test (SX 8.0, Analytical
software) were performed for treatment comparison. Percentage
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Fig. 4. Percentage of the number leaves at the end of the experiment. 100% represents the number at the beginning of the experiment. Each bar is the average of 5
measurements. Vertical lines represent the standard deviation. ATL, P. atlantica; TER, P. terebinthus; UCB, UCB-I. Significant differences are explained in the text.

data were transformed using the arcsin function. Treatment differ-
ences were considered statistically significant at P<0.05.

3. Results

Irrigation and rootstock treatments affected the water poten-
tial. Fig. 2 shows the midday stem water potential throughout the
experiment. The rootstock factor was significant in different dates
of the experiment: on day of the year (DOY) 200, 221, 232 and 239.
In these four dates, Pistacia terebinthus (TER) were significantly the
lowest, while UCB-I and Pistacia atlantica (ATL) were usually no dif-
ferent (only on DOY 200, UCB-I was significantly higher than ATL).
The irrigation factor was also significant only during the period of
water stress conditions on DOY 210, 214, 221, 228. Significant dif-
ferences between control and trees subjected to stress were found
after 10 days of the beginning of the irrigation restriction, but these
differences disappeared four days after rehydration, on the first
date of measurement. During the period of water stress, the mid-
day stem water potential varied from —1.0 MPa to values slightly
lower than —3.0 MPa. The interaction irrigation*rootstock was not
significant on any of the dates.

The leaf conductance was also affected by the irrigation and the
rootstock (Fig. 3). The effect of the rootstock was more limited than
in water potential data and it only was significant on DOY 200 and
246, for the entire water stress period. On both dates, the UCB-
I was significantly higher than the ATL, but only higher than the
TER on the last date. The irrigation treatments were significantly
different for the same period as water potential, on DOY 210, 214,
221 and 228. The leaf conductance presented a higher variability
than the water potential. Maximum values were measured at the
end of the water stress period (around 400 mmol m~2s~1) while
the minimum ones were around 40 mmol m~2 s~!. The interaction
irrigation*rootstock was significant only on DOY 221. But the TER
tended to present a more severe stomatal closure in comparison to
the other two rootstocks throughout the water stress period.

The final number of leaves is presented as percentage of the total
number at the beginning of the experiment (Fig. 4). These data were
not affected significantly by the rootstock factor. The variability was
very high and there were no clear trends. However, the effect of
irrigation was significant. In stressed trees, all the rootstocks pre-
sented values around 100%, therefore the increase in the number of

leaves was almost low, while in control trees, the number of leaves
increased from 30 to 80%. The interaction irrigation*rootstock was
not significant, likely due to the great variability. However, there
was a clear trend towards a greater increase in control UCB-1 than
in control TER.

Fig. 5 shows the diameter growth rate for the rootstock and the
scion in the three periods of the experiment (two of irrigation and
one of water stress). The rootstock growth (Fig. 5a) was not sig-
nificantly affected by the type of rootstock in any of the periods
considered and this was likely due to the great variability between
trees. In the periods with no water stress, ATL tended to show rates
higher than UCB-I. The irrigation had a significant effect during the
period of water stress. In this period, the growth rate decreased
sharply in stress trees for all the rootstocks. Although the interac-
tion irrigation*rootstock was not significant, there was a clear trend
towards a greater reduction of the growth rate in TER and, espe-
cially, UCB-Irootstocks in comparison with ATL during the period of
water stress. Similar results were obtained when the scion growth
rate was considered (Fig. 5b). The scion growth was higher than
the rootstock growth (Figs. 5b vs 4a). The rootstock had no signifi-
cant effects on this parameter in any of the periods. However, the
irrigation had a considerable impact, albeit only during the period
of water stress. The scion growth decreased in all the rootstocks.
The interaction irrigation*rootstock was not significant and, in this
case, there were no clear trends.

The distribution of assimilates at the end of the experiment in
leaves, trunk and roots was affected by the rootstock and the irri-
gation treatment (Fig. 6). In all the treatments, both in fresh and
dry weight, the trunk represents more than 50% of the total weight
(Fig. 6). The rootstock effect on the fresh weight (Fig. 6a) was signif-
icant and ATL presented the greatest percentage in leaves (31%) and
trunk (58%), while the lowest was shown in roots (11%). UCB-I and
TER rootstocks were not substantially different, with around 20%
in leaves, 50% in trunk and 30% in roots. The irrigation treatment
was also important in leaves and roots, but not in the trunk. Water
stress conditions reduced the weight of leaves but increased that of
roots in all the rootstocks. Although the trunk percentage was not
statistically affected, there was a slightly trend towards a reduc-
tion in all rootstocks in conditions of water stress. The interaction
irrigation*rootstock was not significant. However, there were clear
trends of a greater decrease of leaves and increase of roots in ATL
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Table 1

Parameters of the PV curves during the period with no stress conditions for the six different treatments. Relative water content at turgor loss point (RWCy, %), Osmotic water
potential at turgor loss point (PSlp, MPa), Osmotic potential at full turgor point (PSIg, MPa), Elastic modulus (MPa), Symplastic water content (%), Osmotic adjustment index
(OA), Breaking point (BP, MPa). Each figure is the average + standard deviation of three measurements. Sig. effect shows the significant effect in each variable: R, rootstock,

ns” no significant. Between brackets the average separation.

RWCo PSlo PSI; Eo R 0A BP
ATL-C 852+ 1.1 ~2.8+0.2 —24+03 122+ 6.4 352+17.3 0.4+0.2 ~2.0+0.2
ATL-S 84.7+1.1 —29+404 —24+04 1214133 341+19.3 04402 —22+403
TER-C 87.8+0.1 —24+406 -1.9+406 14.1+14.7 48.1+152 0.6+0.2 -1.8+0.7
TER-S 87.6+13 —2.7+0.1 ~1.8+0.1 6.8+ 5.9 63.0+ 6.9 0.7+0.1 ~1.8+0.1
UCB-I-C 87.3+13 —2.7+0.1 —22+402 143+3.7 30.9+16.9 02403 —2.3+403
UCB-I-S 92.4+4.0 -23+404 -2.0+02 13.7+3.2 453+14.0 0.4+0.1 —22+03
Sig effect R (aabb) ns ns ns ns ns ns
0.10 trends of greater decrease of leaves and increase in roots in ATL and
a . .
B Control TER than in UCB-I, which was almost constant.
o [ Stress Ratio between shoots and roots dry weight at the end of the
g 0081 experiment are presented at Fig. 7. Shoots is the sum of leaves and
g trunk weight. The effect of rootstock, irrigation treatment and the
Py interaction between them was significant. Rootstock ATL presented
5§ °®71  geroresTrEss STRESS AFTER STRESS a significant greater ratio than the other two. Water stress condi-
g tionsreduced the ratio in all rootstocks significantly. Such reduction
< was greater in ATL than in the other two rootstocks. ATL reduced
© 0041 around 50% this ratio, while UCB and TER presented a similar reduc-
3 tion with only 24% and 30% respectively.
B .
£ oo Data of the pressure-volume curves (PV curves) obtained dur-
k) ing the period of no stress are presented at Table 1. Differences
1 were only considerable in the relative water content at the turgor
505 I loss point (RWCq) and only due to the rootstock effect. The ATL
ATL TER UCB ATL TER UCB ATL TER UCB rootstock presented a substantially lower RWCy than UCB-I, while
TER was similar for both rootstocks. ATL presented a RWCy of 85%,
0.10 while UCB-I was 90%. There were no major differences in the rest of
B Control b parameters, although some trends could be considered. The water
[ Stress STRESS potential at turgor loss point (PSIy) tended towards lower values in
008 {  BEFORE STRESS T T ATL, —2.85 MPa, than the other two rootstocks, around —2.50 MPa.

AFTER STRESS

0.06 4 T

0.04
0.02
0.00 -

ATL TER UCB ATL TER UCB ATL TER UCB

Scion growth rate (mm day™)

Fig. 5. Diameter growth rate of the rootstock (a) and the scion (b) during the three
periods in which the experiment was divided. Each bar is the average of 5 data.
Vertical lines represent the standard deviation. ATL, P. atlantica; TER, P. terebinthus;
UCB, UCB-I. Significant differences are explained in the text.

and TER than in UCB-I, which remained almost constant. The results
in dry weight were similar (Fig. 6b). The effect of rootstocks was
important only in the percentage of leaves and roots. ATL presented
a percentage of dry weight greater in leaves and lower in roots
than TER and UCB-I, which were similar. UCB-I tended towards a
slightly lower percentage in leaves and higher in roots than TER.
The rootstock did not have a major impact on the percentage of
trunk dry weight, although ATL tended towards higher values than
the rest. Additionally, the irrigation was important only in the per-
centage of leaves and roots dry weight. Water stress reduced the
percentage of leaves dry weight and increased that of roots, with
no impact on the percentage of trunk dry weight. The interaction
irrigation*rootstock was not significant. However, there were clear

Also, the osmotic water potential at full turgor (PSIf) was clearly
lower in ATL than in the rest (-2.4 MPa vs values slightly higher than
—2.0 MPa). No clear trends could be identified in elastic modulus
(Ep) and symplastic water (R). The osmotic adjustment index (OA)
and the breaking point (BP) were both slightly higher in TER than
in ATL and UCB-I, suggesting a faster and more intensive osmotic
adjustment.

Data of PV curves during water stress period are presented in
Table 2. The effect of rootstock was not substantial in this period,
but that of the irrigation treatment was. The relative water content
at turgor loss point (RWCy), the osmotic potential at full turgor
(PSIf) and at turgor loss point (PSIy) and the breaking point (BP)
were lower in stress trees than in control trees for all rootstocks.
The interaction rootstock*irrigation was not major, but there were
clear trends suggesting a different response to stress according to
the rootstocks. The PSly decreased more clearly in TER than in ATL
or UCB-I, while the reduction in PSls, OA index and BP was slightly
higherin ATL than in the other two. On the other hand, UCB-I tended
towards higher values of RWCy, PSly, PSIf and BP than TER and ATL.
No clear results were obtained for the E, and R data.

4. Discussion

The response of pistachio trees to water stress during the exper-
iment consisted of a great reduction in the water potential and leaf
conductance, with a severe level of dehydration (Figs. 2 and 3).
Such level of dehydration reduced the vegetative growth, with a
very low increase in the number leaves (Fig. 4) and the diame-
ter growth (Fig. 5) during the water stress. But this affection of
the vegetative growth promoted the increase of the root weight
(Fig. 6). Pistachio is considered very resistant to water stress and
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Table 2

Parameters of the PV curves during the period with water stress conditions for the six different treatments. Relative water content at turgor loss point (RWCp, %), Osmotic
water potential at turgor loss point (PSlp, MPa), Osmotic potential at full turgor point (PSI¢, MPa), Elastic modulus (MPa), Symplastic water content (%), Osmotic adjustment
index (OA), Breaking point (BP, MPa). Each figure is the average + standard deviation of three measurements. Sig. effect show the significant effect of each factor: S, stress
treatment, “ns” no significant differences.

RWCy PSlp PS¢ Eo R OA BP

ATL-C 84.5+1.9 —-2.7+0.1 —-2.0+£0.2 79+7.1 35.0+£2.7 0.4+0.0 —-2.0+0.2
ATL-S 78.84+5.0 -33+04 -2.44+0.1 48+5.1 20.7+4.9 0.3+0.0 -24+0.1
TER-C 88.8+0.0 -23+0.2 -2.0+0.2 27.0+12.2 17.2+8.1 02+0.1 -2.0+£0.2
TER-S 78.8+8.8 -33+1.0 —-22+0.2 17.5+15.6 24.0+18.1 02+04 -23+04
UCB-I-C 89.6+0.8 —-2.2+0.1 —-1.7+0.1 9.7+4.2 48.8+21.3 0.6+0.2 —-1.7+£0.1
UCB-I-S 829420 -2.7+0.2 -2.0+0.1 53+3.8 36.7+14.2 05+0.2 -1.9+0.2
Sig effect S S S ns ns ns S

60 1 | s control
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40 4

20 -
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Fig. 6. Percentage of the total weight of leaves, trunk and roots in fresh (a) and dry (b) weight. Each bar is the average of 5 trees. Vertical lines represent the standard deviation.
ATL, P. atlantica; TER, P. terebinthus; UCB, UCB-I. Significant differences are explained in the text.

salinity conditions, and very high levels of dehydration have been The rehydration capacity is also very important in this species and
reported (Behboudian et al., 1986). The growth is known to be a the water potential and leaf conductance were quickly recovered
process very sensitive to wager stress conditions (Hsiao, 1990). (Figs. 2 and 3).
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The data for vegetative growth and water relations suggest that
there are different mechanisms of response to water stress based on
the rootstock. During the water stress period, TER tended towards
higher levels of dehydration and reduction of leaf conductance than
ATL and UCB-I (Figs. 2 and 3). The differences in the number of
leaves was also greater in TER (Fig. 4) but the maximum reduction
in the rootstock diameter occurred in UCB-I (Fig. 5a), with no differ-
ential effects measured in the scion diameter (Fig. 5b). According
to these results, UCB-I would be the most tolerance to water stress,
because the vegetative growth of the scion (number of leaves and
diameter) was almost constant for this rootstock, even when the
water stress level was the same than other rootstocks. TER would
be the most sensitive due to the greatest reduction in leaf conduc-
tance and number of leaves. Memmi et al. (2016a,b) suggested that
TER is more sensitive than ATL, but Gijon et al. (2010) reported the
opposite. The work produced by Gijon et al. (2010) was carried out
with pots and they reported that the ATL size was smaller than
TER, which could affect the conclusions. Potted experiments could
limit in their conclusions because of limited space for root growth,
which could affect to water relations. In addition, the speed and
level of water stress would be also higher than in field conditions
which could change the trees physiological response and, therefore,
the rootstock effect. Couceiro et al. (2013) in rainfed field condi-
tions reported a higher average and cumulative yield in ATL than
TER for mature trees. Ferguson et al. (2005) reported that UCB-I
was less tolerant to salinity but more productive than ATL in irri-
gated conditions. Although salinity and water stress are similar,
the response of the trees could be different to each stress and not
directly comparable.

These variations in water stress response are likely related with
different adaptations. According to the PV curves (Tables 1 and 2),
ATL were the most resistant rootstocks (significantly lower RWCy,
trends to lower PSly and PSIf in no water stress conditions). The
PV curves also suggest that TER presented a more efficient osmotic
adjustment than the rest of the rootstocks because, in conditions of
no stress, the OA index and the BP tended towards slightly higher
values than UCB-I or ATL (Table 1), such result is confirmed by
the lower PSlp in water stress conditions (Table 2). The osmotic
adjustment is a process that delays the effect of water stress in
the plant physiology, but it is not imply higher levels of resistance.
Therefore, these data suggest two different ways for water stress

tolerance mechanisms. ATL was more resistant than TER as their PV
curves showed though the percentage of root weight was clearly
lower. Probably, the absorption capacity of the roots in ATL was
higher than in TER. In addition, in water stress conditions, ATL
increased the root weight greatly and, even though the root weight
was still slightly lower than in TER (Fig. 6), the reduction in water
potential, leaf conductance and number of leaves in TER was higher
(Figs. 2-4). The greater capacity of osmotic adjustment of TER over
ATL could only offset the low level of water stress. None of the
PV curves indicators analysed suggested that UCB-I was the most
resistant, although according to the vegetative response, it could
be. Only the percentage of root weight was clearly higher in UCB-I
than in the rest. UCB-I is an interspecific closed hybrid of Pistacia
atlantica and Pistacia integerrima Steward ex Brandis. Because Pista-
cia atlantica is one of the parents of UCB-I, this hybrid could have
also a greater root absorption capacity than TER.

5. Conclusions

Pistachio is a very drought resistant tree that tolerates high lev-
els of tissue dehydration with a quick capacity of rehydration. The
data suggest two main mechanisms for this drought resistance. The
osmotic adjustment was identified in all the rootstocks, but in TER
it happened earlier and with more intensity than in ATL and UCB-L
ATL was apparently the most drought resistant according to param-
eter of the PV curves and this could be linked to a greater activity of
the roots. However, the response of the vegetative growth (number
of leaves, diameter of the scion) suggest that UCB-I was even more
resistant than ATL. As UCB-I is an interspecific closed hybrid of ATL,
and the percentage of root weight was the greatest, a high capacity
of water uptake was associated with this conclusion.
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