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Abstract. The sensitivity of water stress indicators to changing moisture availability, and 
their variability, determine the number of measurements that should be taken in order 
to represent properly plant water status in a certain orchard. In the present study we 
examined the sensitivity and variability of maximum daily trunk shrinkage, midday stem 
water potential, and daily transpiration rate in their responses to withholding irrigation 
from field-grown drip-irrigated ‘Golden delicious apple trees in a commercial orchard. 
Irrigation was withheld from the stressed trees for 17 days starting in mid-July, and the 
control trees were irrigated daily at 100% of the “Class A” pan evaporation rate. The 
courses of daily transpiration rate, maximum trunk shrinkage, and midday stem water 
potential before and 10 days after the drying period were similar in the control and the 
stressed trees. Highly significant differences between the stressed and the control trees 
in their midday stem water potentials were apparent from the early stages of the stress 
period. Daily transpiration rate and maximum daily shrinkage were more variable than 
midday stem water potential, and differences between treatments became significant only 
after measurements were expressed relative to the initial values before irrigation was 
witheld. Differences between treatments (as percentages of the values obtained for the 
control trees) increased after irrigation stopped where these differences were greatest for 
maximum daily shrinkage, which reached 90%; moderate for stem water potential (60%); 
and least for daily transpiration rate, for which the differences remained below 20%. Our 
data show that the choice of a certain water stress indicator should be based on both the 
sensitivity to changing moisture availability and the degree of variability. Possible reasons 
for the different sensitivity to moisture availability and the different variability between 
the water stress indicators under study are discussed. 

Worldwide the amount of fresh water 
available for irrigation is decreasing, and the 
decrease is greater in semi-arid zones, where 
drinking water resources are limited. Therefore, 
there is a constant need to improve water use 
efficiency, and accurate irrigation scheduling is 
one of the major tools that growers can utilize 
to achieve this goal. Irrigation scheduling has 
been studied in detail for decades, and signifi -
cant progress has been achieved over the years 
in the understanding of water transport through 
the soil–plant–atmosphere continuum (Itier and 
Brunet, 1996). However, it is still impossible 
to obtain accurate predictions of the crop water 
requirement for field conditions in perennial 
fruit tree orchards. In modern irrigation sched-

uling, the basic irrigation rate is calculated by 
multiplying the daily evapotranspiration of a 
reference crop, or the daily evaporation from 
a standard pan, by a specific crop coefficient
(Howell, 1996). The calculated irrigation 
rate should be corrected for actual canopy 
size (Johnson et al., 2000), actual crop load 
(Naor et al., 2001), and site-specific irrigation 
efficiency, i.e., the proportion of the irrigation 
water that remains in the rooting zone, which 
is not easy to determine. The adjustment of 
the crop coefficient is being done by the aid 
of soil and/or plant water status.

Soil water status sensors are the most 
popular water stress indicators for irrigation 
scheduling (Howell, 1996; Phene et al., 1990), 
including in perennial trees. In general, they are 
easy to use and most of them provide analog 
outputs that allow continuous monitoring. 
The root zone of perennial trees is irregular 
and usually occupies a large non-uniform soil 
volume, which exceeds the irrigated volume; 
therefore, the choice of locations in which to 
monitor the soil water status is problematic. 

In addition, the soil water content is spatially 
variable within an orchard; therefore, one 
would need dozens of measurements in order 
to represent the soil water status properly 
(e.g., Russo and Bresler, 1982; Warrick and 
Nielsen, 1980). The problems of transforming 
these measurements into an estimate of soil 
water availability and of setting a threshold 
for irrigation scheduling would still remain 
unsolved. In spite of the above limitations, 
growers make wide use of soil water status 
sensors, and set their own irrigation scheduling 
thresholds empirically.

Plant water status indicators have been 
used mainly in research on environmental 
physiology and irrigation, and their practi-
cal application for irrigation scheduling has 
been limited. Predawn and midday leaf water 
potentials have been the most popular plant 
water status parameters proposed for irriga-
tion scheduling in orchards. Research in the 
past decade suggests that midday stem water 
potential is a significant and reliable plant water 
status indicator for scheduling the irrigation 
of many fruit trees (Naor, 1999; Shackel et 
al., 1997); these include almond (Gurusinghe 
and Shackel, 1995), apple (Naor et al., 1995; 
1997), nectarine (Naor et al., 1999, 2001), pear 
(Marsal et al., 2002; Naor et al., 2000; Ramos 
et al., 1994), prune (Lampinen et al., 1995; 
McCutchaan and Shackel, 1992; Shackel et al., 
2000), grapevines (Chone et al., 2001), and litchi 
(Stern et al., 1998). The main disadvantage of 
midday stem water potential is the relatively 
cumbersome measurement procedure. Dixon 
and Tyree (1984) developed a plant dewpoint 
hygrometer that reduces measurement errors by 
minimizing temperature gradients and allows 
a continuous reading of trunk water potential, 
but to date none are commercially available 
for field tests.

Diurnal stem diameter contraction was 
proposed in the past (Klepper, 1968; Klepper 
et al., 1971) as an indicator of plant water status 
and it has been shown to be indirectly related to 
leaf water potential (Molz and Klepper, 1973). 
The use of measurements of diurnal changes in 
stem diameter for irrigation scheduling has at-
tracted renewed attention because of improve-
ments in LVDT robustness (Cohen et al, 2001; 
Goldhamer et al., 1999a, 1999b; Huguet et al., 
1992), and maximum daily trunk shrinkage 
(MDS) was proposed as a plant water stress 
indicator for irrigation scheduling because it 
was found highly responsive (sensitive) to 
changing soil moisture availability (Cohen et 
al., 2001; Goldhamer et al., 1999a, 1999b).

Sensitivity to changing moisture avail-
ability should be a predominant factor in the 
choice of a water stress indicator. However, 
variability should also be taken into account, 
as both sensitivity and variability will deter-
mine how many measurements are needed to 
represent properly the plant water status in a 
certain orchard. The objective of the present 
project was to compare both the sensitivity 
and the variability of maximum daily trunk 
shrinkage, midday stem water potential, and 
tree transpiration rate in response to a cycle 
of withholding and resuming irrigation of 
apple trees. 
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Materials and Methods

Climatic conditions. The experimental 
site was located in the Golan Heights, 
Israel (33°N, 36°E), 1000 m above mean 
sea level, where there is a semi-arid climate 
with rainless summers. Average precipitation 
(October–April) is 800 mm. Average maxi-
mum daily temperature and vapor pressure 
deficit in the experimental plot during July 
and Aug. 1999 were 27.9 °C and 1.9 kPa, 
respectively. 

Experimental plot. The experimental plot 
consisted of a 13-year-old drip-irrigated com-
mercial orchard of ‘Golden Delicious apple
(Malus ×domestica Borkh.) grafted on local 
(Hashabi) rootstock, with 2 × 4 m spacing. 
Tree height was about 3.5 m and the rows were 
planted in a north–south orientation. The ir-
rigation system consisted of one lateral line 
per row with 3.5-L h–1 pressure-compensated
inline drippers spaced 0.70 m apart. The ex-
perimental plot was irrigated daily during the 
course of the experiment. 

Treatments.The control treatment was irri-
gated at 100% of the “Class A” pan evaporation 
rate throughout the course of the experiment. 
Irrigation in the stressed treatment was the same 
as for the control treatment until 20 July 1999, 
after which irrigation was withheld for 17 d. 
Irrigation was then resumed at 150% of the 
pan evaporation rate for 3 d to recharge the 
soil profile, followed by irrigation at 100% of 
pan evaporation thereafter. 

Trunk radius measurements. The radius 
of the tree trunk was measured continuously 
with electronic (LVDT) dendrometers (DF/
2.5, Solartron, U.K.). One dendrometer was 
installed on each tree, 20–40 cm aboveground, 
below the first branch. The dendrometers were 
connected to a CR10 data logger (Campbell 
Scientific, Logan, Utah). Measurements were 
taken every 5 s, and the average was recorded 
every 10 min. The maximum daily shrinkage 
(MDS) was calculated by subtracting the mini-
mum (afternoon readings) from the maximum 
(morning readings) radius. 

Transpiration rate measurements. Tran-
spiration rate was measured by the heat pulse 
technique according to Cohen et al. (1981), 
with sap flow sensors and an apparatus made 
in our laboratory. With this technique, sap flow
is measured simultaneously at six depths in 
the xylem by monitoring the time taken for a 
short heat pulse to move 15 mm in the trunk. 
Heat pulse probes were installed in each tree, 
20–40 cm aboveground, below the first branch, 
and measurements were taken every hour. Pa-
rameters for wood properties were taken from 
Jones et al. (1988).

Stem water potential measurements. Mid-
day stem water potential was measured several 
times during the course of the experiment. Two 
leaves per tree were selected from the inner 
part of the canopy, close to the trunk; they were 
enclosed, while still attached, in “Zip-Loc” 
plastic bags covered with aluminum foil. The 
leaves remained covered in the bags for at least 
90 min to allow equilibration with the stem 
water potential; they were then detached and 
their water potential was measured in a pres-

Fig. 1. (A) Midday stem water potential, (B) maximum daily trunk shrinkage, and (C) daily transpiration 
rate  of the control and stressed apple trees during a cycle of withholding and resumption of irrigation. 
The bold horizontal bar indicates the dates when water was withheld from the stressed trees. Vertical 
bars indicate standard error.

Calendar day
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sure chamber (Ari-Mad, Kfar Charuv, Israel) 
(Scholander et al., 1965). 

Statistical design and analysis. The experi-
ment was conducted on three adjacent rows. 
Each experimental plot consisted of three rows, 
each with four trees. Measurements were taken 
in the two inner trees of the central row of each 
experimental plot; the other trees served as 
border trees. The treatments were replicated 
three times along the three rows, in a complete 
randomized block design. MDS, daily transpi-
ration rates, and midday stem water potential 
values for each day in each plot (i.e., two trees) 
were averaged before the mean and standard 
errors of each treatment were calculated.

Results

The midday stem water potentials of the 
control treatment ranged from –0.8 to –1.0 
MPa throughout the course of the experiment, 
and similar midday stem water potentials were 
observed in the trees designated for stressing 
before irrigation was withheld (Fig. 1A). The 
midday stem water potential of the stressed 
trees decreased after irrigation was stopped, and 
reached a minimum of –1.5 MPa. Ten days after 
the resumption of irrigation, the midday stem 
water potential of the stressed trees recovered to 
the same level as that in the control trees. Dif-
ferences between the two irrigation treatments 
were highly significant from the early stages 
of the drying period (Fig. 1A). The midday 
stem water potential of the stressed treatment 
was more variable (i.e., it exhibited a larger 
variance) than that of the control treatment. 
The MDS of the stressed trees increased after 
irrigation was stopped and decreased after it 
was resumed (Fig. 1B). The daily transpiration 
rate of the stressed trees was 6 mm before 
irrigation was stopped and decreased to 3.5 mm 
during the drying period (Fig. 1C). However, 
transpiration rate was highly variable in both 
the control and the stressed treatments (Fig. 
1C) and the differences between the treatments 
were nonsignificant, even at the end of the 
drying period. 

The higher variability of the MDS (Fig. 
1B) and daily transpiration (Fig. 1C) vs. that 
of midday stem water potential is related in 
part to their higher initial variability before 
irrigation was withheld (Fig. 1A). In order to 
eliminate the initial variability, each MDS and 
daily transpiration value was expressed rela-
tive to its initial value before irrigation was 
withheld. The MDS of each tree relative to 
its initial value was much less variable (Fig. 
2A) than its absolute value (Fig. 1B), and the 
differences between treatments, in relative 
values, were significant (Fig. 2A). Similarly, 
the daily transpiration in each tree relative to 
its initial value was much less variable (Fig. 
2B) than its absolute value (Fig. 1C), and the 
differences between the two irrigation treat-
ments, in relative values, were significant (Fig. 
2B). The MDS and daily transpiration rate of 
the stressed treatment were more variable than 
those of the control treatment (Fig. 2A–B).

The dimensions of the three water stress 
indicators under study are different, MPa, µm,
and mm day–1, for the stem water potential, 

MDS and daily transpiration, respectively; 
therefore, the comparison of the absolute values 
of these water stress indicators is meaningless. 
In order to allow a meaningfull comparison of 
the sensitivity of the three water stress indica-
tors, the differences between the stressed trees 
and the control trees were expressed relative 
to the readings of the control trees (Fig. 3). 
Differences between treatments (as percent-
ages of the control tree values) increased after 
irrigation stopped (Fig. 3). These differences 
were greatest for MDS, for which they reached 
90%; moderate for midday stem water potential 
(60%); and least for daily transpiration rate, for 
which the differences did not exceed 20%.

Discussion

Sensitivity of the measured parameters to 
changing moisture availability. Both MDS 
and midday stem water potential were more 

responsive to changes in soil moisture avail-
ability than the daily transpiration rate (Fig. 
3). MDS and midday stem water potential are 
indicators of the maximum daily plant water 
stress, whereas the daily transpiration rate is 
integrated through the day. Therefore, it seems 
that integrative indicators, such as daily tran-
spiration, are less sensitive to soil moisture 
availability because they respond to the aver-
age water stress during the day and not to the 
maximum daily water stress. Consequently, 
integrative water stress indicators might not be 
good enough for irrigation scheduling.

It is well established that the main fac-
tor controlling MDS is leaf water potential 
(Molz and Klepper, 1973), which determines 
the driving force for water transport between 
the bark and the xylem vessels. Therefore, the 
sensitivity of stem water potential to changes 
in moisture availability was expected to be at 
least similar to that of MDS. However, the MDS 

Fig. 2. Maximum daily trunk shrinkage (A) and daily transpiration rate (B), relative to the initial values in 
each tree (%) in the stressed and the control apple trees, during a cycle of withholding and resumption 
of irrigation. The bold horizontal bar indicates the dates when water was withheld from the stressed 
trees. Vertical bars indicate standard error.

Calendar day
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was found to be more responsive to changes 
in soil moisture availability than the midday 
stem water potential, both in the present study 
(Fig. 3) and in previous investigations (Cohen 
et al., 2001; Fereres et al., 1999; Goldhamer 
et al., 1999a, 1999b). This could result from 
non-linearity of the relationship between the 
stem water potential and the trunk diameter 
(water retention curve). 

Variability and water stress. All measured 
parameters had higher variances in stressed 
than in control trees (Figs. 1A, 2A–B), a phe-
nomenon that has been reported previously 
for fruit trees, e.g., apple (Naor et al., 1995) 
and litchi (Stern et al., 1998). Based on this 
phenomenon, it has been suggested that vari-
ability in itself might serve as a water stress 
indicator (Aston and van Bavel, 1972; Fuchs, 
1990), but it did not reach the stage of practi-
cal application. The higher variability of the 
stressed treatment is due to the increase in the 
variability of soil moisture on the field scale, 
when soil moisture decreases (Russo et al., 
1994). Variability in plant water stress indi-
cators becomes more pronounced when soil 
moisture becomes a limiting factor. 

Variability of the measured parameters.
MDS and daily transpiration rates were much 
more variable than the midday stem water 
potential (Fig. 1). The similar stem water 
potential in the two treatments prior to with-
holding irrigation, indicates that the selected 
trees for the experiment were quite uniform; 
it may also suggest that the initial differences 
in MDS and daily transpiration rate, and the 
high variance in those water stress indicators is 
related solely to the measurement techniques. 
The variability of both MDS and daily transpi-
ration decreased dramatically when the data 
were expressed relative to their initial values 
prior to withholding irrigation (Fig. 2A–B); 

this revealed their sensitivity to soil moisture 
changes, and the differences between treat-
ments became significant. However, such data 
manipulation cannot be applied in a practical 
irrigation scheduling process because the 
reference (non-stressed) conditions do not 
always exist.

Variability in transpiration rates could 
result from differences among the measured 
trees in their canopy sizes, irrespective of 
plant water status. The larger variability in 
MDS than in midday stem water potential 
was probably related to the fact that MDS is 
a measure of length and not of water potential. 
Thus, the variability of MDS could be attributed 
to differences in size of the shrinking tissue 
and to differences in the conductance of water 
between the bark and the xylem vessels; these 
sources of variability are independent of plant 
water status.

The present data suggest that determina-
tion of the water status of a particular orchard 
would require more measurements of MDS 
than of midday stem water potential (Fig. 
1A–B). Furthermore, setting a threshold for 
irrigation scheduling on the basis of MDS mea-
surements is likely to be more complicated, 
because thresholds might change from one 
commercial plot to another due to changes in 
parameters that affect the thickness of the trunk 
bark, such as tree age and rootstock.

Our data show that the choice of a particular 
water stress indicator is related to a few param-
eters where sensitivity to changes in moisture 
availability around the threshold for irrigation 
would be a predominant factor. Nevertheless, 
variability should not be ignored, as the combi-
nation of the sensitivity and variability would 
determine how many measurements would be 
needed to determine properly the plant water 
status in a certain orchard.
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