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A B S T R A C T

The resistance mechanisms (stress avoidance and stress tolerance) developed by persimmon plants (Diospyros
kaki L. f. grafted on Diospyros lotus L.) in response to mild water stress and the sensitivity of continuously (on a
whole-day basis) and discretely (at predawn and midday) measured indicators of the plant water status were
investigated in 3-year old ‘Rojo Brillante’ persimmon plants. Control (T0) plants were drip irrigated in order to
maintain soil water content at levels slightly above soil field capacity (102.3% of soil field capacity) and T1
plants were drip irrigated for 33 days in order to maintain the soil water content at around 80% of soil field
capacity. The results indicated persimmon plants confront a mild water stress situation by gradually developing
stomata control (stress avoidance mechanism) and exhibiting some xeromorphic characteristic such as high leaf
relative apoplastic water content, which could contribute to the retention of water at low leaf water potentials.
In addition, sap flow measurements made by the heat-pulse technique were seen to be the most suitable method
for estimating persimmon water status, because it provided the highest signal intensity (actual value/reference
value):noise (coefficient of variation) ratio in almost all intervals of time considered and provides continuous
and automated registers of the persimmon water status in real time.

1. Introduction

The decrease in the profitability of some Mediterranean fruit tree
industries in recent years has led to the search for other fruit trees as
alternatives. This situation has provided very important collateral ad-
vantages, including such as the enrichment of biodiversity, which is
fundamental for ecosystem functioning, more sustainable agricultural
production and increased food and nutritional security (Thrupp, 2000;
Toledo and Burlingame, 2006; Chappell and LaValle, 2011). In this
sense, persimmon (Diospyros kaki L. f.) tree culture in the Spanish
Mediterranean basin is steadily increasing, aided by its excellent
adaptation to temperate warm climates, high yields, high commercial
value of the fruit, and excellent post-harvest storage life. Persimmon is

native to the mountains of central China and Japan (Mowat and George,
1994; Llácer and Badenes, 2002; George et al., 1997) and is included in
the list of so-called underutilized or minor fruit crop species.

Badal et al. (2010) suggested that the irrigation water requirements
of persimmon are quite large. So, besides genetic factors, water deficit
is considered as the main environmental factor affecting unstable per-
simmon fruit production (physiological fruit drop and biennial bearing)
(Suzuki et al., 1988; Yamamura et al., 1989; Yakushiji et al., 2013). As a
consequence, irrigation may be the main limiting factor for persimmon
culture in Mediterranean agrosystems due to the persistent shortage of
water resources. For this reason, persimmon irrigation will need to be
based on the use of very precise deficit irrigation management strate-
gies that are able to significantly reduce the amount of irrigation water
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neccesary with minimum effects on yield and fruit quality.
Under deficit irrigation conditions, the continuous and precise

control of tree water status is crucial in order to prevent a potentially
beneficial water stress from becoming too severe and ending in a re-
duction in the yield or fruit quality (Johnson and Handley, 2000). In
this sense, the use of plant-based water status indicators may be con-
sidered as an ideal tool for precise deficit irrigation scheduling in fruit
trees, as has been reported by Naor (2000); Lampinen et al. (2001);
García-Orellana et al. (2007); Ortuño et al. (2009a, b), Ortuño et al.
(2010) and Conejero et al. (2011). A suitable plant-based water stress
indicator for use in irrigation scheduling practices has to be sufficiently
sensitive, consistent and reliable for detecting minimum changes in the
plant water status. Moreover, it is important to consider that the
magnitude of any plant-based water status indicator, even in a well-
watered tree, is not constant over a period of days with different en-
vironmental conditions. Therefore, the absolute values of these in-
dicators, registered without considering the evaporative demand, might
be meaningless. For this reason, for irrigation scheduling it is better to
use the concept of signal intensity (SI), normalizing the absolute values
with respect to values in non-limiting soil water conditions (Fernandez
and Cuevas, 2010; Ortuño et al., 2010).

The irrigation protocol for trees using plant-based water status in-
dicators consists of maintaining the plant-based water status indicator
SI at around a threshold value, decreasing the irrigation rate when the
SI does not exceed the threshold value, and increasing the irrigation
rate when the SI exceeds the threshold value. When fruit trees are
grown with high frequency irrigation the irrigation water amounts to be
applied are usually estimated daily (Conejero et al., 2011), every three
days (Conejero et al., 2007) or weekly (Velez et al., 2007).

The discrete measurement of predawn or midday leaf water po-
tential (Ψpd or Ψmd) and midday (12 h solar time) stem water potential
(Ψstem) are the most widely used approaches for evaluating plant water
status (McCutchan and Shackel, 1992; Naor, 2000). However, in recent
years the possibility of obtaining real time, continuous and automated
registers of the plant water status, avoiding frequent trips to the field
and a significant input of manpower, has led to the increased use of
alternative indices using plant sensors such as sap flow (SF) and max-
imum daily trunk shrinkage (MDS), a single parameter obtained from
trunk diameter monitoring, which can be used for full and deficit irri-
gation scheduling in fruit trees (García-Orellana et al., 2007; Ortuño
et al., 2009a, b; Conejero et al., 2011; Moriana et al., 2013)

To the best of our knowledge, research on the response, at plant
water relations level, of persimmon plants to drought is very scarce.
Nevertheless, Yakushiji et al. (2013) showed that predawn leaf turgor
potential (Ψppd) began to decrease when Ψpd fell below ca. - 0.7 to -
0.8MPa, and that the response of fruit water status to drought clearly
depends on the fruit growth stage. Yamamura et al. (1989) indicated
that even a moderate water deficit (leaf water potential (Ψleaf) values
around - 1.8MPa) increased fruit drop. Also, Badal et al. (2010) as-
sessed the usefulness of the MDS, as a persimmon water deficit in-
dicator.

Bearing the above in mind, the purpose of the present study was (i)
to evaluate the sensitivity of continuous and discretely measured in-
dicators of the plant water status to use in irrigation scheduling in
persimmon trees, and (ii) to analyze leaf water relations in order to
clarify the response mechanisms (stress avoidance and stress tolerance)
developed by persimmon plants in response to mild water stress.

2. Materials and methods

2.1. Experimental conditions, plant material and treatments

The experiment was carried out during the summer of 2016 at a
farm located near the city of Murcia (Spain) (38°1′N, -1°3′W). The soil is
a Calcaric fluvisol with clay texture. Soil volumetric water contents (θv)

at saturation, field capacity and permanent wilting point were 0.48,
0.42 and 0.28m3m– 3, respectively. The irrigation water had an elec-
trical conductivity of between 1.2 and 1.4 dS/m and a Cl− concentra-
tion ranging from 20 to 35mg l-1.

The climate of the area is typically Mediterranean, with mild win-
ters, low annual rainfall, and hot dry summers. During the experimental
period, average daily maximum and minimum air temperatures were
32 and 19 °C, respectively, the mean daily air vapour pressure deficit
(VPDm) (Allen et al., 1998) ranged from 0.89 to 2.64 kPa, and reference
crop evapotranspiration (ETo, Allen et al., 1998) was 171mm. No
rainfall was recorded during the experimental period.

The plant material consisted of 3-year old persimmon trees
(Diospyros kaki L. f. cv. ‘Rojo Brillante’ grafted on Diospyros lotus L.).
Tree spacing followed a 3m x 5m pattern. Pest control and fertilization
practices were those normally used by the growers, and no weeds were
allowed to develop within the orchard.

Two irrigation treatments were considered, in which irrigation was
carried out daily and during night time using a drip irrigation system
with one lateral pipe per tree row. From day of the year (DOY)
218–251, in order to guarantee non-limiting soil water conditions,
control plants (treatment T0) were irrigated using six emitters (each
delivering 4 l h−1) per plant in order to maintain soil water content in
the 0–60 cm soil depth at levels near constant and slightly above soil
field capacity. In the T1 treatment water was applied at 70% of control
trees.

2.1.1. Measurements
θv was measured with a portable FDR sensor (HH2, ΔT, U.K.) pre-

viously calibrated. The measurements were made in four plots per
treatment. The access tubes for the FDR sensor were placed in the ir-
rigation line at about 30 cm from an emitter. The data were obtained at
0.10, 0.20, 0.30, 0.40 and 0.60m depth. Ψleaf was measured on the
south facing side and the middle third of the trees, in two fully devel-
oped leaves per tree of each replicate, using a pressure chamber (PMS
600-EXP, PMS Instruments Company, Albany, USA), as recommended
by Turner (1988). After measuring Ψleaf, the leaves were frozen in li-
quid nitrogen and the osmotic potential was measured after thawing the
samples and expressing sap, using a vapour pressure osmometer
(Wescor 5600, Logan, USA). Leaf turgor potential (Ψp) values were
derived as the difference between osmotic and water potentials. The
Ψstem was measured in a similar number and type of leaves as used for
Ψleaf, enclosing leaves in a small black plastic bag covered with alu-
minium foil for at least 2 h before measurements in the pressure
chamber. Leaf conductance (gleaf) in attached leaves was measured with
a porometer (Delta T AP4, Delta-T Devices, Cambridge, UK) on the
abaxial surface of the leaves and in a similar number and type of leaves
as used for the Ψleaf measurements.

At the end of the experimental period, two pressure-volume (PV)
curves were performed per replicate in order to determine values of leaf
osmotic potential at full turgor (Ψos), leaf water potential at the turgor
loss point (Ψtlp), leaf bulk modulus of elasticity (Є), relative water
content at the turgor loss point (RWCtlp) and relative apoplastic water
content (RWCa) (Tyree and Hammel, 1972; Tyree and Richter, 1981,
1982; Savé et al., 1993). For this, leaves were excised at predawn and
resaturated by dipping the petioles in distilled water for 24 h in dark-
ness at 4 °C. The resaturated leaves were weighed using an analytical
balance (± 0.1mg precision), placed in the pressure chamber (lined
with damp filter paper) and slowly pressurized (0.025MPa s−1) until
the balance pressure was reached (when the leaf sap appeared through
the cut petiole protruding from the chamber). Once depressurized, the
leaf was allowed to transpire outside the pressure chamber on the la-
boratory bench at room temperature (22 ± 2 °C). Leaves were re-
peatedly weighed and their balance pressures were determined over the
full range of the pressure gauge (Kikuta and Richter, 1986). Data for
initial saturated weight, intermediate fresh weight (corresponding to
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values for Ψleaf), and final dry weight (at 80 °C for 48 h) were used to
calculate the relative water content (RWC) (Barrs and Weatherley,
1962).

The curves were drawn using a type II transformation (Tyree and
Richter, 1982). The reciprocal of Ψleaf was plotted against RWC, and the
resultant relationships displayed both linear and non-linear regions.
Extrapolation on the straight portion of the curve obtained for a value
of RWC=1 gave the reciprocal of the Ψos and extrapolation to the
abscissa gave RWCa. The Ψtlp and RWCtlp were estimated as the inter-
section between the linear and curvilinear portions of the PV curve. The
Є of leaf tissue at 100% RWC (RWCo) was estimated according to
Patakas and Noitsakis (1999) as Є (MPa) = (Ψos - Ψstlp) (100 – RWCa)/
(100 – RWCtlp), where Ψstlp is the osmotic potential at the turgor loss
point and Ψos values correspond to those obtained from the analysis of
the PV curves.

The micrometric trunk diameter fluctuations (TDF) were measured
throughout the experimental period on four trees per treatment, using a
set of linear variable displacement transducers (LVDT) (model
DF ± 2.5mm, accuracy±10 μm, Solartron Metrology, Bognor Regis,
UK) attached to the trunk, with a special bracket made of Invar, an alloy
of Ni and Fe with a thermal expansion coefficient close to zero (Katerji
et al., 1994), and aluminium. Sensors were placed on the north side,
10 cm above the graft point of each tree, and were covered with silver
thermoprotected foil to prevent heating and wetting of the device.
Measurements were taken every 10 s and the datalogger (model CR10X,
Campbell Scientific, Logan, UT, USA) was programmed to report 15min
means. MDS was calculated as the difference between maximum and
minimum daily trunk diameter.

SF was measured using the compensation heat-pulse technique
(Swanson and Whitfield, 1981) in the same trees used for TDF mea-
surements throughout the experimental period. One set of heat pulse
probes was located above the LVDT sensors on each tree. Each set
consisted of a heater needle of 1.8mm diameter and two temperature
probes also of 1.8 mm diameter installed in parallel holes drilled ra-
dially in the trunks at 10mm downstream and 5mm upstream. Each
heat-pulse probe had three thermocouple sensors to monitor the sap
velocity at a radial depth of 5, 12 and 21mm below the cambium. Sap
velocity was measured following the procedure of Green et al. (2003),
using the theoretical calibrations of Swanson and Whitfield (1981) to
account for the probe-induced effects of wounding. The volume frac-
tions of wood and water determined by López-Bernal et al. (2014) were
used. The temperature signals and the corresponding heat-pulse velo-
cities were recorded at 30min intervals using heat-pulse instrumenta-
tion controlled by a datalogger (CR10X, Campbell Scientific Ltd.,
Logan, Utah)

2.1.2. Statistical design and analysis
The design of the experiment was completely randomized with four

replications, each replication consisting of three adjacent tree rows,
each with seven trees. Measurements were taken on the inner tree of the
central row of each replicate, which were very similar in appearance
(leaf area, trunk cross sectional area, height, ground shaded area, etc.),
whereas the other trees served as border trees. Statistical analysis was
performed by an analysis of variance using the general linear model
(GLM) of SPSS (SPPS, 2002). Values for each replicate were averaged
before the mean and the standard error of each treatment were calcu-
lated.

3. Results

In the T0 treatment, θv between 0 and 0.60m in depth was nearly
constant and slightly above field capacity (102.3% of θv values at field
capacity) (Fig. 1). In the T1 treatment, θv values decreased achieving
constant values of around 81% of soil field capacity from DOY 222–251.

Ψpd values in T0 plants were very high and fairly constant
throughout the experimental period, while in T1 plants Ψpd values were

significantly lower than in T0 plants, being characterized by a slight
decrease from the beginning of the experiment to DOY 222, when
minimum values were reached (Fig. 2A). Ψmd values in T0 plants
during the experimental period were fairly constant and higher than
those in T1 plants, whereas in T1 plants the Ψmd values gradually de-
creased, achieving minimum values on DOY 231 and increasing slightly
thereafter (Fig. 2B). Ψppd and leaf turgor potential at midday (Ψpmd)
values in both irrigation treatments were always above zero, indicating
that turgor was maintained during the experimental period. However,
both parameters showed differences in the response to irrigation
treatments (Figs. 2C and 2D). The Ψppd values in both treatments were
high and showed some tendency to fluctuate (Fig. 2C). Furthermore,
Ψppd values in T1 plants were always lower than in T0 plants. Ψpmd

values in T1 plants were also lower than those in T0 plants, even though
Ψpmd values in T1 plants showed a gradual but clear tendency to de-
crease during the experimental period, reaching minimum values of
0.36MPa at the end of the experiment on DOY 251 (Fig. 2D).

Ψstem values in both irrigation treatments were higher than the
corresponding Ψmd values throughout the experimental period and
behaved somewhat similarly to Ψpd values (Figs. 3 A, 2 B and 2 A,
respectively). So, Ψstem values of T0 plants were almost constant during
the experimental period while in T1 plants they showed a tendency to
decrease, almost all the time with lower values than those observed in
T0. The glmd values in T0 plants were nearly constant during the ex-
perimental period, whereas glmd values in T1 plants were clearly lower
than in T0 plants, gradually decreasing during the experimental period
(Fig. 3B).

During the experimental period, regardless of the treatment, Ψleaf

values exhibited a similar circadian rhythm on the five measuring dates,
reaching maximum values at predawn, decreasing rapidly in the
morning and reaching minimum values at around 14.00–17.00 h, after
which they gradually recovered (Fig. 4). Differences between the cir-
cadian Ψleaf values of the T0 and T1 varied from day-to-day. At the end
of the experimental period (DOY 251), the daily Ψleaf pattern in T1
plants was characterized by a gradual decrease, reaching minimum
values at 14.00 h and showing only a very slight recovery during the
afternoon.

At sunrise, the increase in radiation induced stomatal opening while
gleaf increased to reach maximum values between 10.00 and 14.00 h,
after which it progressively decreased (Fig. 4). T0 plants showed higher
gleaf values than those in plants under water deficit (T1) during most of
the day and but specially when daily maximum gleaf values were
achieved. Differences in gleaf values between T0 and T1 plants gradually
increased due to the response of T1 plants to the deficit irrigation,

Fig. 1. Soil volumetric water content (θv) to a depth of 0.60m (mean ± SE) in
the T0 (closed circles) and T1 (open triangles) irrigation treatments during the
experimental period. The lower horizontal line represents θv at permanent
wilting point and the upper horizontal line represents θv at field capacity.
Asterisks indicate significant differences at P≤ 0·05 (n=4).

I. Griñán, et al. Agricultural Water Management 217 (2019) 391–398

393



which gradually decreased the duration of maximum stomatal opening.
Low and near constant gleaf values were registered during most of the
day from DOY 231–251 (Fig. 4). Ψp values showed a similar circadian
rhythm on the five studied dates, characterized by maximum values at
predawn and minimum values at 12.00–17.00 h (Fig. 4). Ψp values in
T1 plants tended to be lower than in T0 plants, especially in the central
hours of the day (12.00–17.00 h).

Daily SF values in T0 plants were characterized by a more pro-
nounced fluctuation than was seen in T1 plants, where they decreased
gradually, showing differences between treatments from DOY 221 on-
wards and remaining almost constant from DOY 223 onwards (Fig. 5A).
MDS values in T1 plants were higher than in T0 plants. In addition,
differences in MDS values between treatments were significant the day
immediately after the beginning of the experiment, 2 days earlier than
the differences in SF became evident (Fig. 5A and B). In contrast with
the behaviour observed in daily SF values, no differences between
treatments were observed in MDS values from DOY 226–230, on DOY
235 and on DOY 238. The regression analysis between SF and Ψpd, Ψmd,
Ψstem and glmd, obtained by pooling data for the whole observation
period, demonstrated that decreases in SF values were associated with
decreases in Ψpd, Ψmd, Ψstem and glmd values (Fig. 6).

In order to study the sensitivity of the measured plant-based water
status indicators we considered both continuously and discretely re-
corded plant-based indicators (SF, MDS, Ψpd, Ψmd, Ψstem and, glmd)

during increasing intervals of time from the beginning to the end of the
experimental period (Table 1). The SI values increased in all plant-
based water stress indicators considered in response to water deficit.
However, during the experimental period different behaviours were
observed. So, at the beginning of the deficit irrigation period the MDS SI
(T1/T0) and Ψpd SI (T1/T0) increased more sharply than SI of the other
indicators. After DOY 222, SF SI (T0/T1) values tended to be higher
than the SI values of other indicators. Nevertheless, from DOY 218–226
and 218–231, Ψpd SI (T1/T0) values were similar to those observed in
the SF SI. When the mean SI values were considered in relation to their
noise for all the plant-based water stress indicators (Table 1), the de-
scribed behaviours changed. The data indicated that Ψmd mean noise
was very low, leading it to show the highest Ψmd signal:noise ratio at
the beginning of the experimental period (DOY 218–222 and 218–226).
However, from DOY 226 to the end of the experiment, the substantial
increase in the SF SI led to a higher signal:noise ratio for all the fol-
lowing intervals of time considered, even though Ψmd signal:noise ra-
tios were close to those of the SF signal:noise ratio.

At the end of the experimental period (DOY 251), no significant
differences in Ψos, Ψtlp, Є, RWCtlp or RWCa values were found between
T0 and T1 plants (Table 2). Nevertheless, it is important to point out
that RWCa values were very high in both treatments.

Fig. 2. Predawn leaf water potential (Ψpd, A), midday leaf water potential (Ψmd, B), predawn leaf turgor potential (Ψppd, C) and midday leaf turgor potential (Ψpmd,
D) values for persimmon plants in T0 and T1 treatments during the experimental period. Symbols as in Fig. 1.

Fig. 3. Midday stem water potential (Ψstem, A) and midday leaf conductance (glmd, B) values for persimmon plants in T0 and T1 treatments during the experimental
period. Symbols as in Fig. 1.
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4. Discussion

Throughout the experimental period and based on the fact that (i) θv
values in T0 treatment were slightly above field capacity (Fig. 1), (ii)
Ψpd, Ψmd and Ψstem values (Figs. 2A, 2 B and 3 A) were nearly constant
and very high in relation to the values already reported for other au-
thors for full irrigated persimmon plants (Badal et al., 2010; Buesa
et al., 2013), and (iii) Ψpd values depend mainly on soil moisture levels
(Elfving et al., 1972; Torrecillas et al., 1988; Sellin, 1996), we conclude
that T0 plants were under non-limiting soil water conditions. Moreover,
considering that the tree water relations under flooding conditions are
characterized by a substantial decrease in leaf conductance and leaf
water potential as a consequence of the effects of chemical signals from
roots and an increase in the resistance to water flowing through the
plant (Ruiz-Sánchez et al., 1997; Dell’Amico et al., 2001), the water
relations of T0 plants indicated the absence of any waterlogging

because leaf turgor was maintained (Ψppd and Ψpmd>0), and high and
near constant values of Ψpd, Ψmd, Ψstem, SF and glmd were observed
(Figs. 2A, B, 3 A, B and 5 A).

Regarding the T1 treatment, the fact that minimum θv values were
around 81% of field capacity and minimum Ψpd, Ψmd, Ψstem and glmd
values were around - 0.50MPa, - 1.17MPa, - 0.87MPa and 99.66mmol
m−2 s-1, respectively, indicated that T1 plants were under a mild degree
of water deficit during the experimental period (Figs. 2A, 2 B, 3 A and 3
B) (Cruz et al., 2012; Rodríguez et al., 2012; Torrecillas et al., 2018). In
addition, the rate of development of water stress in T1 plants was very
low because the Ψpd, Ψstem and Ψmd values decreased by only around
0.01, 0.02 and 0.01MPa per day basis (2A, 3A and 2B, respectively)
(Hale and Orcutt, 1987).

The progressive decrease in glmd in T1 plants, and the tendency to
shorten the duration of maximum stomatal opening in its circadian
rhythm as stress progressed (Figs. 3B and 4) indicated that stomata

Fig. 4. Diurnal course of leaf water potential (Ψleaf), leaf conductance (gleaf) and leaf turgor potential (Ψp) values for persimmon plants in T0 and T1 treatments at
five different times during the stress period (DOY 222, 231, 237, 244 and 251). Symbols as in Fig. 1.
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regulation is a key mechanism in controlling leaf water status because
leaf turgor was maintained in T1 plants (Fig. 2C and D) and persimmon
plants did not develop any other stress tolerance mechanism such as
elastic adjustment (Є decrease) or active osmotic adjustment (Ψos de-
crease) in our experimental conditions (Table 2). The decrease in glmd
values of woody crop leaves in response to water deficit has been re-
ported as a stress avoidance mechanism in response to water deficit,
which improves water use efficiency (Rieger and Duemmel, 1992;
Girona et al., 1993).

The behaviour of Є, Ψos, Ψtlp and RWCtlp values, which did not
change as a result of water deficit in T1 plants (Table 2), was similar to
the results obtained by other authors (Sánchez-Blanco et al., 1991; Savé
et al., 1995; Torrecillas et al., 1996) suggesting that the Є and Ψos affect
the RWCtlp and Ψtlp values, respectively. RWCa values in persimmon
plants (around 58%) (Table 2) were similar to those found for grapes

(51–63%) (Rodrigues et al., 1993), to the lower limit of the range found
for Pinus ponderosa (57–81 %) (Hardegree, 1989). and to the higher
limit found for pomegranate (42–58%) (Rodríguez et al., 2012) and
almond (42–59%) (Torrecillas et al., 1996). On the other hand, per-
simmon RWCa values were high compared with other tree species such
as apricot (27–42%) (Torrecillas et al., 1999), peach (29–44%)
(Mellisho et al., 2011), Eucalyptus globulus (14–27%) (Correia et al.,
1989) and Quercus alba (26–31%) (Parker and Pallardi, 1987). High
RWCa values represent a xeromorphic characteristic (Cutler et al.,
1977), and are a consequence of thicker cell walls or differences in cell
wall structure (Hellkvist et al., 1974), which could contribute to the

Fig. 5. Daily sap flow (SF) (A) and maximum daily trunk diameter shrinkage
(MDS) (B) in T0 and T1 plants during the experimental period. Symbols as in
Fig. 1.

Fig. 6. Relationships between sap flow (SF) and predawn leaf water potential (Ψpd, A), midday leaf water potential (Ψmd, B), midday stem water potential (Ψstem,
C) and midday leaf conductance (glmd, D) values for persimmon plants in T0 and T1 treatments during the measurement period. Symbols as in Fig. 1.

Table 1
Mean signal intensity (actual value/reference value or reference value/actual
value), mean noise (coefficient of variation), and signal:noise ratio of maximum
daily trunk shrinkage (MDS), sap flow (SF), predawn (Ψpd), midday stem
(Ψstem) and midday (Ψmd) water potentials and midday leaf conductance (glmd)
at different intervals of the experimental period. For each interval, mean signal
or mean noise values that do not have a common letter are significantly dif-
ferent according to Duncan’s multiple range test (P≤0.05).

DOY Mean signal Mean noise Signal:noise

218-222 MDS 1.65a 0.31bc 5.33
SF 1.40bc 0.24cd 5.95
Ψpd 1.60ab 0.53a 3.01
Ψstem 1.20cd 0.24cd 5.03
Ψmd 1.12d 0.15d 7.37
glmd 1.33cd 0.35b 3.76

218-226 MDS 1.54c 0.26b 5.82
SF 1.85a 0.32ab 5.71
Ψpd 1.78ab 0.40a 4.50
Ψstem 1.37cd 0.26b 5.30
Ψmd 1.16d 0.12c 9.88
glmd 1.56bc 0.34ab 4.57

218-231 MDS 1.40bc 0.27abc 5.24
SF 2.04a 0.27abc 7.56
Ψpd 1.88a 0.33a 5.62
Ψstem 1.43bc 0.22bc 6.46
Ψmd 1.24c 0.18c 7.00
glmd 1.63b 0.29ab 5.62

218-237 MDS 1.34c 0.24abc 5.49
SF 2.16a 0.23abc 9.40
Ψpd 1.86b 0.30a 6.28
Ψstem 1.42c 0.19abc 7.40
Ψmd 1.27c 0.16c 8.05
glmd 1.73b 0.28ab 6.26

218-244 MDS 1.30c 0.22ab 5.85
SF 2.25a 0.20ab 11.13
Ψpd 1.94b 0.28a 6.92
Ψstem 1.47c 0.20ab 7.24
Ψmd 1.27c 0.15b 8.65
glmd 1.89b 0.30a 6.18

218-251 MDS 1.29c 0.20bc 6.37
SF 2.29a 0.18bc 12.55
Ψpd 2.03b 0.28ab 7.36
Ψstem 1.48c 0.19bc 7.96
Ψmd 1.25c 0.14c 8.84
glmd 2.01b 0.32a 6.35
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retention of water when water potential decreases (Torrecillas et al.,
1996).

SF, Ψpd, Ψmd, Ψstem and glmd encompass different time scales, be-
cause the last four are point measurements, taken at predawn or at
midday, and are considered as indicators of the minimum (Ψpd) and
maximum (Ψmd, Ψstem and glmd) daily plant water deficit, whereas SF is
an integrative indicator, which reflects the continuous sap flow records
on a diurnal basis. Despite these facts, the relationships between SF and
Ψpd, Ψmd, Ψstem and glmd (Fig. 6) were high and constant, indicating
that SF can be used to indicate the water status of young persimmon
trees.

Assuming that any comparison of the sensitivities of different plant-
based water status indicators for diagnosing water deficit must consider
the strength of each indicator in the context of its variability
(Goldhamer and Fereres, 2001; Naor and Cohen, 2003), it can be ob-
served that Ψmd was the most suitable indicator for persimmon irriga-
tion scheduling when short periods of time are considered, because it
showed the highest signal:noise ratio during the first 4 or 8 days of the
experimental period (DOY 218–222 and 218–226) (Table 1). However,
as the interval of time considered grew (DOY 218–231, 218–237,
218–244 and 218–251) SF SI sharply increased and SF noise was
maintained, leading it to show the highest signal:noise ratio for these
intervals of time (Table 1). Moreover, taking into consideration that
during the two first periods of time considered (DOY 218–222 and
218–226) the SF signal:noise ratio, despite being lower than that
showed by Ψmd was relatively high, it could be concluded that SF is a
more suitable indicator than Ψmd for irrigation scheduling because it
can provide continuous and automated registers of the plant water
status in real time, avoiding frequent trips to the field and a significant
input of manpower since frequent Ψmd readings are needed.

In this respect, Ortuño et al. (2004) indicated that in young trees
continuously measured plant water status indicators were more im-
mediate and sensitive than discretely measured indicators for detecting
water stress. Also, other authors indicated that MDS and SF revealed
significant differences between irrigation treatments even in the ab-
sence of differences in Ψstem (Goldhamer et al., 1999; Remorini and
Massai, 2003). By contrast, in persimmon plants, Badal et al. (2010)
assessed the feasibility of using MDS, Ψstem, glmd and fruit diameter
variations and concluded that although MDS can be successfully used as
continuous plant water stress indicator, Ψstem was the most sensitive
plant water stress indicator.

The above results indicated that persimmon plants exposed to mild
water stress are able to gradually develop stomata control (a stress
avoidance mechanism). Also, under water stress the high relative
apoplastic water content could contribute to the retention of water. So,
both drought resistance characteristics could have contributed to the
leaf turgor maintenance observed during the experimental period. In
addition, the discrete and continuously recorded plant-based indicators
showed different degrees of sensitivity for diagnosing persimmon tree
water status. Overall, SF measurements made by the heat-pulse tech-
nique are the most suitable method for estimating persimmon water

status, because it showed the highest signal:noise ratio in almost all
intervals of time considered, while providing continuous and auto-
mated registers of the persimmon water status in real time.
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