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Abstract: Advances in electromagnetic sensor technologies in recent years have made automated
irrigation scheduling a reality through the use of state-of-the-art soil moisture sensing devices.
However, correct sensor positioning and interpretation of the measurements are key to the successful
implementation of these management systems. The aim of this study is to establish guidelines for soil
moisture sensor placement to support irrigation scheduling, taking into account the physiological
response of the plant. The experimental work was carried out in Vegas Bajas del Guadiana
(Extremadura, Spain) on a drip-irrigated experimental orchard of the early-maturing Japanese plum
cultivar “Red Beaut”. Two irrigation treatments were established: control and drying. The control
treatment was scheduled to cover crop water needs. In the drying treatment, the fruit trees were
irrigated as in control, except in certain periods (preharvest and postharvest) in which irrigation was
suspended (drying cycles). Over 3 years (2015–2017), a series of plant parameters were analyzed in
relation to the measurements provided by a battery of frequency domain reflectometry probes installed
in different positions with respect to tree and dripper: midday stem water potential (Ψstem), sap flow,
leaf stomatal conductance, net leaf photosynthesis and daily fraction of intercepted photosynthetically
active radiation. After making a comparison of these measurements as indicators of plant water status,
Ψstem was found to be the physiological parameter that detected water stress earliest. The drying
cycles were very useful to select the probe positions that provided the best information for irrigation
management and to establish a threshold in the different phases of the crop below which detrimental
effects could be caused to the crop. With respect to the probes located closest to the drippers, a drop in
the relative soil water content (RSWC) below 0.2 would not be advisable for “non-stress” scheduling
in the preharvest period. When no deficit irrigation strategies are applied in the postharvest period,
the criteria are similar to those of preharvest. However, the probes located between the dripper at
0.15 and 0.30 m depth provide information on moderate water stress if the RSWC values falls below
0.2. The severe tree water stress was detected below 0.1 RSWC in probes located at 60 cm depth from
this same position.

Keywords: midday stem water potential; sap flow; photosynthesis; stomatal conductance; FDR probes
and daily fraction of intercepted photosynthetically active radiation

1. Introduction

The amount of water available for irrigation is limited [1], especially in the face of the increasing
demand of a constantly growing world population which is predicted to rise to about 9.8 billion in
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2050 [2]. Problems derived from a lack of water will likely increase if long-term global climate change
predictions are correct. It has been reported that global mean land and ocean surface temperatures
increased by 0.8 ◦C between 1888 and 2012 [3,4] and the worldwide average surface temperature
has been predicted to increase by 1.4 to 5.8 ◦C by 2100 [3]. Furthermore, increases in evaporation
and reductions in precipitation rates are expected [4], which will entail a reduction of the available
water resources for the twenty-first century [5]. In this context, the adoption of efficient irrigation
systems can help to decrease agricultural water consumption, improve farm profitability and reduce
environmental impacts.

Despite constant advances in agriculture, it remains difficult to obtain accurate predictions of
the crop water requirements of fruit trees in field conditions [6]. Nowadays, three methods can be
used in this respect for proper irrigation scheduling: the water balance-based method, the method
based on monitoring soil water content or potential and the method which uses plant water status
as the reference for irrigation scheduling [1,7]. While each of these methods has its advantages
and disadvantages, the water balance method is the most commonly applied. Soil water content
monitoring does not always provide information about plant water status, as this depends on the
complex relationship between soil, plant and atmosphere, and in addition, the uncertainty caused by
the heterogeneous distribution of water in the soil needs to be taken into account. Despite this, the use
of soil and plant measurements for irrigation scheduling assessment is a very attractive approach
because they allow adaptation to specific plot and crop conditions. However, such an approach also
entails greater complexity in terms of the collection, processing and interpretation of information.
Today, through the use of state-of-the-art sensors and information and communications technologies,
it is possible to integrate different scheduling methods and develop intelligent systems for irrigation
automation or decision support for technicians and farmers [8–10].

Among the methods available for measuring soil water content (SWC), both gravimetry and
neutron probe measurements are considered to be the most accurate. In both cases, measurements are
time consuming and laborious. Moreover, neutron probes tend to be expensive, a radiation hazard,
display insensitivity near the soil surface, give readings that vary due to changes in soil density [11],
and require a trained operator due to the use of the radioactive source as well as extensive soil specific
calibrations [12]. However, sensors are widely available that provide measurements with the desired
frequency, have low maintenance needs and costs and are easily automatable. These include sensors
based on frequency domain reflectometry (FDR), a technique to determine SWC which is based on
the dielectric properties of the soil [13]. These probes require soil-specific calibration for accurate
results [12], and are sensitive to air gaps, soil salinity, temperature, bulk density and clay content [14,15].
The proper positioning of the probes in the soil plays a key role in the quality of the information
provided by them since each probe has a limited zone of influence. Due to the heterogeneity of
environmental factors, SWC can also vary spatially [16,17]. In irrigated crops, SWC patterns in the
root zone are dynamic and conditioned by numerous parameters including soil hydraulic properties,
spatial heterogeneity, and the characteristics of the crop (e.g., rooting patterns) and the irrigation
system that is employed (e.g., drip line spacing, emitter flow rate, irrigation dose) [18]. In drip
irrigation systems, the spatial variability of the SWC formed under the emitters is higher due to the
local application of irrigation water [19]. Consequently, the correct positioning and placement of the
soil moisture probes are even more relevant in the case of drip irrigation systems [20].

When the SWC becomes limiting for the plant, it triggers a series of mechanisms that modify the
plant’s physiological processes in response to water stress. The physiological response of plants to
water deficits depends on the severity as well as the duration of the stress. Only the most sensitive
processes are altered by very mild stress, but as the water stress increases the changes intensify,
and additional processes become affected in accordance with their relative sensitivity to the stress [21].
Water stress affects almost all plant functions, including photosynthesis and respiration, as well as
having an impact on crop yield [22]. The extent of the effects depends on the interaction between
SWC, the evaporative demand of the atmosphere and the sensitivity of each process to water stress.
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Growth is one of the first physiological processes to be affected by water stress through a decline
in tree canopy development. It is important to have reliable indicators of the water status of the
crop for proper irrigation programming and irrigation strategy management. For various decades,
the midday stem water potential (Ψstem) has been widely used to determine the water status of plants
in many species [23], but especially in woody crops like the Japanese plum [24], as it is directly related
to climatic and soil conditions. Stomatal conductance (Gs) is linked to the degree of the opening of
the stomata. Usually, stomatal closure takes place during periods of drought to limit water loss by
evapotranspiration, thus acting as an early physiological mechanism to reduce dehydration damage to
water transport tissues [25,26]. Several works have also demonstrated the potential of Ψstem as a water
status reference [27,28], mainly in species of anisohydric behavior as is the case of the Japanese plum
cv. “Angeleno” [29]. Water stress can also affect the photosynthetic rate (Fn) of leaves, either through
stomatic opening [30] or by intrinsically altering the photosynthesis process [31], and can also be
considered a physiological water status indicator. Under mild to severe drought conditions, the basic
plant organization structure could be damaged, giving rise to the inhibition of carbon assimilation and
damaging photosynthetic apparatus [32]. The fraction of intercepted photosynthetically active radiation
(FIPAR) determines the production of photosynthates, which influence plant growth, productivity and
fruit quality [33]. One response of plants to water stress is to reduce the amount of intercepted
radiation by reducing the rate of growth, modifying the leaf angle or accelerating the senescence of
older leaves. However, using FIPAR as a reference for water status has its limitations as changes in the
canopy can be slow or subtle, and so precise determinations are necessary and not always automatable.
Casadesus et al. [34] observed that an automated irrigation system based on measurements of light
interception by the canopy had slight deviations from actual irrigation requirements, but that these
could be corrected through the use of additional measurements of, for example, air temperature or vapor
pressure deficit. Sap flow (SF) is a continuous measurement related to daily transpiration, reaching its
maximum value at solar midday and its minimum value during the night, coinciding with stomatal
closure. Transpiration has an important role in physiology, the hydrological cycle and the global energy
balance of crops in arid and semiarid regions [35–37]. Transpiration is controlled by the response
of stomata to environmental factors such as solar radiation, vapor pressure deficit, air temperature,
soil water availability and precipitation [36,38]. A progressive decrease in transpiration rates for a
given crop and demand is indicative of a water stress situation [39]. Most of the aforementioned
plant-based water stress indicators have different dimensions. For this reason, it is better to use the
concept of signal intensity (SI), normalizing the absolute values of the indicator with respect to values in
non-limiting soil water conditions [40]. The SI of the plant water indicator is a dimensionless variable,
in which values above unity indicate that there is deficit irrigation and values equal to unity indicate
that there is a lack of water stress [6]. In addition, the main characteristic that an indicator should have
is sensitivity to water stress. Goldhamer and Fereres [41] defined the term sensitivity (S) as the ratio
between the SI and the noise (coefficient of variation measurements for each indicator measured, CV).

Drought stress can cause serious damages in most crop plants including plum trees, but water
excess can lead to root asphyxia, phytopathological problems, lower water use efficiency or unjustified
increases in production costs. Due to the increasing water shortage worldwide, management of
available soil water based on drought stress plant signals is becoming a crucial tool [42]. In the present
study, we evaluate the relationship between the response of different plant physiological parameters
to the dynamics of soil moisture in the face of increasing water stress and subsequent recovery in
an early-maturing Japanese plum cultivar. The objective is to provide the necessary information
to establish guidelines for the location and interpretation of soil moisture probes in automated or
semi-automated irrigation scheduling systems, considering the possibility of using regulated deficit
irrigation strategies. The aim of this work is to contribute to improving the usefulness of capacitance
probes for the continuous measurement of SWC, as a reference or support for irrigation scheduling in
fruit orchards. To do so, two key aspects are emphasized: (i) the selection of the most suitable points
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for the installation of the probes; and (ii) the interpretation of the measurements in relation to the
physiological behavior of the tree in order to provide information for the decision-making process.

2. Materials and Methods

2.1. Experimental Plot Description and Climate

This work was carried out over three years (2015–2017) in a 1 ha orchard planted with
early-maturing Japanese plum (Prunus salicina Lindl.) of the variety “Red Beaut”. The plot was
located in an experimental farm of Badajoz, in southwestern Spain (latitude 38◦51′19.06” N,
longitude 6◦40′18.90” W, datum WGS8), property of the Centre for Scientific and Technological
Research of Extremadura (Regional Government of Extremadura). Plum trees were planted in the
spring of 2005 with a 6 × 4 m spacing and in an east–west row orientation (5◦ toward the north).
The soil of the plot is classified as an Anfisols according to the Soil Taxonomy [43], with slightly acidic
pH values, low organic matter content (0.62%), high apparent density (
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a = 1.41 g cm−3) and low cation
exchange capacity (9.41 meq/100 g). Soil texture is loam, with an average 19.4% clay content, 40.2% silt
content and 40.4% sand content. The soil was kept untilled and free of weeds through the application
of herbicide treatments. Fertilization as well as control of pests or diseases were those commonly used
in commercial orchard techniques.

The climate of the area is Mediterranean with a mild Atlantic influence, with a dry season from
June to September (summer) and a wet season from October to May (winter) in which 80% of total
precipitation falls. Average values in the area of reference evapotranspiration (ETo) and precipitation (P)
were 1296 mm and 473 mm, respectively, for the 2007–2017 period. For that period, average maximum
and minimum air temperatures were 23.38 ◦C and 9.42 ◦C, respectively. The hottest months are July
and August. Maximum temperatures over 40 ◦C are recorded nearly every year, with peak values
rarely over 45 ◦C. The coolest months are December and January. Temperatures below 0 ◦C are recorded
every year, with minimum values rarely below −6 ◦C.

Sprouting was on 5 March 2015, 26 February 2016 and 2 March 2017. 31 October was considered
the date of leaf fall in the three years.

2.2. Irrigation System, Irrigation Treatments and Experimental Design

Trees were irrigated daily using a drip system with a single lateral line per tree row located close
to the base of the tree, with pressure-compensating drippers spaced at 1 m and with 4 l h−1 discharge
rates (16 l/h/tree). The treatments were: control (CON) and drying (D). The experimental design of the
plot was a completely randomized blocks with four replicates per treatment. Each experimental plot
consisted of four adjacent rows, with each row containing four trees (16 trees/block). Data collection
was carried out for the four central trees, with the other trees acting as guard trees including the four
corner trees which were of a different cultivar (Figure 1a). In CON, trees were irrigated to cover crop
water needs throughout the crop cycle. The irrigation dose applied was evapotranspiration (ETc) minus
effective rainfall. The ETc was calculated following the procedure of Allen et al. [44], multiplying the
reference evapotranspiration (ETo) by the crop coefficient (Kc). ETo was determined according to the
Penman–Monteith method (ETo-PM) using the data obtained from a weather station located 200 m
from the study plot (REDAREX), and the Kc was adjusted to the crop and local climatic conditions [45].
In the D treatments, fruit trees were irrigated as CON except in certain periods (preharvest and
postharvest) in which irrigation was detained (drying) to induce a mild and severe water deficit in
preharvest and postharvest, respectively (Table 1). The volume of applied water in each treatment was
measured with a multi-jet meter with pulse output for remote reading (MTK, Zenner, Madrid, Spain)
on a daily basis.
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Table 1. Dates of the irrigation events.

2015 2016 2017

ISD 1 14 April 2015 (104) 19 April 2016 (109) 05 April 2017 (95)

IED 2 15 October 2015 (288) 20 October 2016 (293) 08 November 2017 (312)

Drying-Pre 29 April 2016–14 June 2016 24 April 2017–31 May 2017
(119–165) (114–151)

First Drying-Post 02 July 2015–27 July 2015 15 July 2016–27 July 2016 06 July 2017–01 August 2017
(183–208) (196–208) (187–213)

Second Drying-Post 12 August 2016–10
September 2016

(224–253)
1 Date when the irrigation season starts; 2 Date when the irrigation season ends; in brackets the day of the year.

2.3. Soil Water Content Probes

2.3.1. FDR Probes

In the D treatment, three trees in one block were selected to continuously monitor SWC. Nine 10HS
capacitance probes (Decagon Devices Inc., Pullman, WA, USA) per tree were installed at different
positions (position A, position B and position C) in relation to the dripper located under the tree
canopy (Figure 1). Position A was located 0.15 m from the dripper to the alley, position B at 0.50 m
from the dripper to the alley and position C between two drippers. In each position, the probes were
installed at three depths: 0.15, 0.30 and 0.60 m. All probes used the general calibration for mineral soils
proposed by the manufacturer and were connected to a datalogger (CR1000, Campbell Scientific Inc.,
Logan, UT, USA) which stored the data once every 5 min. The values obtained with each of the soil
moisture probes were normalized every year calculating the RSWC. For this purpose, an interpolation
was made to assign the value 1 to the highest value reached with each of them and the lowest value
was assigned a 0.

2.3.2. Neutron Probes

Three other trees were selected in the D treatment to take the measurements with neutron probes
(CPN 503DR Hydroprobe, CPN International Inc., Port Chicago Highway, CA, USA). Three access
tubes (2.1 m long) were installed for each tree in the same position with respect to the dripper where the
FDR probes were installed (Figure 1b). Soil water content (SWC) was monitored weekly throughout
the irrigation season from a depth of 0.30 m to 1.8 m at intervals of 0.30 m. The neutron probe readings
were calibrated according to the experimental equation:

Θ = 0.00015 × N/SC − 0.488 (R2 = 0.97; p < 0.0001) (1)

where Θ is the volumetric soil water content (m3m−3), N is the neutron probe count reading and SC is
the standard count reading.

2.4. Plant Measurements

2.4.1. Plant Water Status

The Ψstem was measured from two to three times a week from the beginning of the irrigation
campaign to the end, between 13:00 and 15:00 h solar time, with a pressure chamber (Model 3005,
Soil Moisture Equipment, Santa Barbara, CA, USA) during the drought periods, and once a week
outside of these periods. Determinations were carried out on four trees per single plot: two mature
and shaded leaves per tree were selected close to the base of the trunk and covered with aluminum foil
at least 2 h before measurements started [23].
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2.4.2. Photosynthesis and Leaf Stomatal Conductance

The Gs and Fn measurements were taken from just before the drought period until recovery from
the drought period using an LI-6400XT device (Licor Inc., Lincoln, NE, USA) at midday (11:30 ± 13:30 h
local solar time) every 2–3 days and on the same days as for Ψstem. Measurements were carried out on
eight trees per treatment on four fully-developed young green leaves per tree on clear days, making a
total of thirty-two replicated measurements per treatment. The device was calibrated before use on
each occasion using factory calibration. In 2016, the LI-6400XT device broke down and Gs and Fn
measurements could not be taken throughout the entire irrigation season.

2.4.3. Sap Flow

Sap flow was measured continuously using the compensation heat pulse method [46] combined
with the calibrated average gradient technique [47] when sap velocities were low. Sap flow probes
were installed on four trees of each treatment. The probes used were designed and produced at
the Instituto de Agricultura Sostenible (CSIC, Córdoba, Spain). Each probe measures the heat pulse
velocity at four depths in the xylem, spaced 10 mm apart, so that heat-pulse velocities were obtained
at 5, 15, 25 and 35 mm below the cambium [47]. The probes were installed at 50 cm height from the
soil, and measurements were taken continuously (every 30 min) from the date of installation in 2015
until the end of 2017. The system was controlled by a datalogger (CR1000, Campbell Scientific Inc.,
Logan, UT, USA). Due to variability in sap velocity and the thickness of conductive xylem around the
perimeter of the tree [48], some uncertainty arises when the transpiration of each tree is calculated
by azimuth integration of sap flow measurements obtained from a low number of probes. In order
to solve this problem in treatment CON, the soil water balance method was applied in a dry period
(8 days during spring) in which there was no rainfall to calibrate each sap flow probe.

ET = P + I − SR − DP ± ∆S − Es (2)

∆S =
∑

(θi − θi−1). Z (3)

where ET is crop evapotranspiration, P is rainfall (mm), I is applied irrigation (mm), SR is surface
runoff (mm), DP is deep percolation (mm), ∆S is the difference in soil-stored water at the beginning
and end of a period, Es is soil evaporation, θ is soil water content (mm) and Z is the upper 1800 mm
of the soil. The values of SR were considered negligible as the surface was flat and no runoff was
observed. DP was considered null at the maximum observed depth (1.8 m). The values of θ were
obtained from neutron probe measurements performed once a week throughout the irrigation period.

In order to estimate the soil evaporation coefficient (Ke) value, it was necessary to calculate a
daily balance of the water present in the surface layer of the soil in order to determine the accumulated
evaporation or depletion sheet.

De,I = De,i − 1 − Pi + SRi − Ii/fw + Esi/few + Tew,i + DPi (4)

Esi = ke.ETo (5)

where De,i is accumulated evaporation (exhaustion) after complete wetting at the end of day i [mm],
De,i − 1 is accumulated evaporation (depletion), after complete wetting, originating from the exposed
and wetted upper soil fraction at the end of day i − 1 (mm), fw is the fraction of the soil surface
moistened through irrigation, Esi is evaporation on day i (mm), few is the exposed and wetted soil
fraction, and Tew is transpiration that occurs in the exposed fraction and moistened from the surface
layer of the soil on day i (mm). De,i and De,i − 1 were considered null because the topsoil was close to
field capacity after irrigation. The value of fw was taken as 0.3 since a drip irrigation system was used.
The value of few was taken as 0.3, and Tew was ignored as the crop in question was considered to be
one with roots deeper than 0.6 m after a trial-pit had been dug and root depth visualized.
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Assuming that transpiration (Ep) is practically equal to the ET, an estimate of total water transpired
between day i and day f was obtained:

α = Ep × (i-f)/SF(i-f) (6)

where SF is total sap flow accumulated between days i and f, Ep is transpiration and α is a constant that
serves to calculate the calibrated transpiration on any day of the year through the following equation:

Ep = SF × α (7)

The time evolution of sap flow allowed assessment of the transpiration coefficient (KT) calculated
as the ratio of transpiration to ETo. The relative transpiration (RT) was determined as follows:

RT = Kt,d/Kt,con (8)

where Kt is the transpiration coefficient for the irrigation drying (D) and control (CON) treatments in
the year of measurement.

The normalized values of RT provided us with a datum against which our observations of sap
flow could be referenced. This datum also allowed us to interpret changes either in relation to a
plant-induced behavioral modification, or a response due to changes in the environment of the soil.

2.4.4. The Canopy Photosynthetically Active Radiation Interception

The fraction of photosynthetically active radiation intercepted at solar noon by the canopy was
measured weekly before the beginning of the drought period, during the drought periods and in the
recovery from the drought period between 12:00 and 13:00 solar time with a linear ceptometer (probe
length 80 cm; Accupar Linear PAR, Decagon Devices, Pullman, WA, USA). For 1 tree per treatment,
the mean Fipar (Fiparm) was taken as the average of 40 measurements taken at fixed positions by the
ceptometer placed at soil level. The daily Fipar (Fipard) was calculated using the following linear
relationship [49]:

Fipard = 0.9427 Fiparm + 0.0562 (R2 = 0.99; p < 0.0001) (9)

2.5. Signal Intensity, Noise and Sensitivity

Signal intensity (SI) was calculated as the ratio between the values (V) of the D and CON treatments.
SI = VD × VCON

−1 in the case of Ψstem and Fipard, and SI = VCON × VD
−1 in the case of Fn, Gs and

SF. To determine the noise, the coefficient of variation (CV) of the measurements for each indicator
was used.

The sensitivity of the indicators was determined using two algorithms:

• Traditional method (S), as proposed by Goldhamer et al. [50]: S is always higher than 0, and the
higher its value the greater the sensitivity.

S = SI/CV (10)

• Corrected sensitivity (S*), as proposed by De la Rosa et al. [6]: The interpretation of the values
obtained with this algorithm is as follows:

S* = SI−1/CV (11)

(a). S* > 1: indicates sensitivity to water deficit.
(b). 1 > S* > 0: The noise is greater than the increase in signal intensity. Therefore, there are no

differences between treatments.
(c). S* = 0: no differences between treatments, not sensitive to water deficit.



Agronomy 2020, 10, 1757 9 of 25

(d). S* < 0: anomalous behavior.

2.6. Statistical Analysis

A means comparison with t-tests for independent samples was used for the statistical analysis of the
data using the statistical package IBM SPSS version 24.0 for Windows (IBM Corp. Armonk, NY, USA).

3. Results

3.1. Climatic Conditions and Water Applied

In Table 2, it can be observed that the driest year from sprouting to leaf fall was 2017, which had
the lowest rainfall and mean relative humidity and the highest annual ETo. The rainfall for this period
was between 108 mm and 309 mm and during the pre-sprouting period (from leaf fall to sprouting)
ranged from 158 to 438 mm. In 2016, pre-sprouting rainfall was high in relation to the average for
the area. The highest mean temperature (Tmean) values were reached during the postharvest period
coinciding with the summer months. Spring 2016 had a colder Tmean in the preharvest period and the
Tmean was similar in the three years of study in the postharvest periods. The annual ETo-PM was
similar in the three study years, with higher values in the postharvest period. The amount of water
applied in the C treatment was 814 mm in 2017, which was notably higher than in the other years.
The reduction of water applied in the D treatment compared to the CON treatment was 6%, 45% and
37% for 2015, 2016 and 2017, respectively.

Table 2. Mean temperature (Tmean), mean relative humidity (RHmean), accumulated rainfall,
accumulated evapotranspiration (ETo) and irrigation applied in pre- and post-harvest periods
and annually.

Year Phases Tmean RHmean ETo-PM Irrigation (mm) Rainfall (mm)

(◦C) (%) (mm) CON D LF-S 4 S-LF 3

Pre 1 19.6 56 276 168 172 158 272

2015 Post 2 23.1 57 720 534 489

Annual 16.5 68 1310 702 661 370

Pre 1 17.8 68 186 33 4 438 291

2016 Post 2 23.7 54 730 570 327

Annual 16.4 71 1247 603 331 519.5

Pre 1 19.7 56 346 245 66 214 108

2017 Post 2 23.1 52 805 569 452

Annual 17.0 64 1383 814 519 284

RH is relative humidity; ETo-PM is reference evapotranspiration calculated through the Penman-Monteith equation;
CON is control treatment; D is drying treatment; 1 from the beginning of the irrigation season to harvest of the
current year; 2 from harvest to the end of irrigation season of the current year. LF = leaf fall; S = sprouting;
3 period from the previous year’s leaf fall to sprouting; 4 period from sprouting of current year to leaf fall.

3.2. Signal Intensity, Noise and Sensitivity

To compare the different responses to water deprivation in both continuously recorded plant-based
measurement (SF) and discretely measured plant-based measurements (Ψstem, Fn, Gs and Fipard)
were calculated: signal intensity (SI), the signal noise evaluated as the coefficient of variation (CV),
sensitivity (S) as SI/CV and corrected sensitivity (S*) as SI−1/CV during the irrigation season (Tables 3–5).



Agronomy 2020, 10, 1757 10 of 25

Table 3. Mean values of each parameter in the CON and D treatments, signal intensity, coefficient of
variation and sensitivity determined according to the traditional (S) and corrected (S*) methods in 2015.

Parameters
2015

A
(182DOY)

SPost1
(208DOY)

RPost1
(288DOY) Average

SI 1.38 1.53 1.19 1.37
Ψstem CV 0.18 0.19 0.15 0.17

S 7.80 9.99 8.22 8.67
S* 4.10 4.63 5.91 4.88

SI 0.83 0.96 0.91 0.90
SF CV 0.31 0.29 0.28 0.29

S 2.67 3.34 3.24 3.08
S* 3.86 3.61 3.89 3.79

SI 0.95 1.24 1.36 1.18
Fn CV 0.25 0.29 0.39 0.31

S 3.77 4.82 3.4 4.00
S* 15.67 17.99 6.64 13.43

SI 0.91 1.67 1.28 1.29
Gs CV 0.36 0.54 0.63 0.53

S 2.50 3.31 2.72 2.84
S* 1.10 0.63 0.62 0.78

SI 1.04 1.02 1.00 1.02
Fipard CV 1.21 1.25 1.09 1.18

S 0.86 0.81 0.94 0.87
S* 0.96 0.98 0.99 0.98

A is the period previous to irrigation cut-off; SPost1 is the first period without irrigation in postharvest; RPost1 is the
first recovery period in postharvest; Ψstem is midday stem water potential; SF is sap flow; Fn is net photosynthesis;
Gs is stomatal conductance; Fipard is the fraction of daily photosynthetically active radiation canopy interception;
DOY is day of the year.

Table 4. Mean values of each parameter in the CON and D treatments, signal intensity, coefficient of
variation and sensitivity determined according to the traditional (S) and corrected (S*) method in 2016.

Parameters
2016

A
(118)

SPre
(165)

RPre
(195)

SPost1
(208)

RPost1
(210)

SPost2
(253)

RPost2
(293) Average

SI 0.83 1.07 0.99 1.34 1.03 1.38 1.09 1.10
Ψstem CV 0.25 0.23 0.19 0.17 0.46 0.16 0.19 0.24

S 3.37 5.72 5.04 7.96 2.91 14.71 9.03 6.96
S* 4.89 4.65 5.25 4.47 2.35 8.08 7.6 5.33

SI 0.82 0.74 0.75 0.64 0.87 0.86 0.8 0.78
SF CV 0.50 0.44 0.6 0.62 0.55 0.47 0.5 0.53

S 1.64 1.69 1.24 1.03 1.59 1.88 1.61 1.53
S* 1.28 3.29 2.23 2.49 2.15 2.56 2.53 2.36

SI 0.98 1.06 1.04 1.03 1.07 1,00 0.94 1.02
Fipard CV 0.88 0.87 0.85 0.87 0.89 0.96 1.25 0.94

S 1.11 1.21 1.22 1.19 1.19 1.05 0.79 1.11
S* 1.02 0.95 0.96 0.97 0.94 0.99 1.07 0.99

A is the period previous to irrigation cut-off; SPre is the period without irrigation in preharvest; RPre is the recovery
period in preharvest; SPost1 is the first period previous to irrigation cut-off in postharvest; RPost1 is the first recovery
period in postharvest; SPost2 is the second period previous to irrigation cut-off in postharvest; RPost2 is the second
recovery in postharvest; day of the year in brackets. Ψstem is midday stem water potential; SF is sap flow; Fn is
net photosynthesis; Gs is stomatal conductance; Fipard is the fraction of daily photosynthetically active radiation
canopy interception.
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Table 5. Mean values of each parameter in the CON and D treatments, signal intensity, coefficient of
variation and sensitivity determined according to the traditional (S) and corrected (S*) method in 2017.

Parameters
2017

A
(113)

SPre
(151)

RPre
(186)

SPost1
(213)

RPost1
(312) Average

SI 0.98 1.24 1.12 1.68 1.13 1.23
Ψstem CV 0.23 0.17 0.16 0.18 0.16 0.18

S 4.61 7.69 7.68 9.23 7.44 7.33
S* 4.69 5.18 6.24 3.78 5.62 5.10

SI 0.65 0.79 0.76 1.07 0.87 0.828
SF CV 0.47 0.35 0.37 0.39 0.36 0.388

S 1.45 2.29 2.1 2.74 2.49 2.21
S* 3.51 3.66 3.54 2.5 3.23 3.29

SI 0.96 1.16 0.95 1.22 1.18 1.09
Fn CV 0.41 0.32 0.26 0.23 0.32 0.31

S 2.34 3.95 3.76 5.24 3.74 3.81
S* 2.54 2.93 4.13 3.59 2.75 3.19

SI 0.94 1.5 1.01 1.7 1.53 1.34
Gs CV 0.46 0.46 0.76 0.63 0.57 0.58

S 2.06 3.34 1.45 2.88 2.69 2.48
S* 2.29 1.8 1.42 1.49 1.35 1.67

SI 0.99 0.97 0.97 0.91 0.96
Fipard CV 1.07 0.9 0.8 0.83 0.90

S 0.92 1.08 1.21 1.1 1.08
S* 1.01 1.04 1.03 1.09 1.04

A is the period previous to irrigation cut-off; SPre is the period without irrigation in preharvest; RPre is the recovery
period in preharvest; SPost1 is the first period previous to irrigation cut-off in postharvest; RPost1 is the first recovery
period in postharvest; day of the year in brackets. Ψstem is midday stem water potential; SF is sap flow; Fn is
net photosynthesis; Gs is stomatal conductance; Fipard is the fraction of daily photosynthetically active radiation
canopy interception.

In 2015, the SI of all parameters, except Fipard, increased as water stress progressed and responded
in the opposite direction when irrigation was restored. During the drying cycle, the highest SI values
were 1.53 and 1.67, reached by Ψstem and Gs respectively. The lowest CV values were measured
in Ψstem (between 0.15 and 0.19), while the rest of the plant parameters (Fn, SF, Gs and Fipard)
had values between 0.25 and 1.25. When sensitivity was calculated with the traditional method (S),
Ψstem presented the highest values followed by Fn, SF, Gs and Fipard. When corrected sensitivity (S*)
was used, Fn had the highest values followed by Ψstem, SF, Fipard and Gs.

In 2016, the SI of SF decreased in the three drying cycles, whereas Fipard only decreased in the
second and third drying cycles. In contrast, the SI of Ψstem increased in the three drying cycles,
presenting the highest values in the third drying cycle. Once irrigation was restored again, the SI of
Ψstem decreased. The lowest average CV value was obtained in Ψstem. The results obtained with S
and S* were the same, with Ψstem presenting the highest values followed by SF and Fipard.

In 2017, the SI of all the measurements increased in the first and second drying cycles, except for
Fipard. The highest values of SI were reached by Gs during the drying cycles. The lowest average CV
value was measured in Ψstem (0.18), while the other plant water parameters (Fn, SF, Gs and Fipard)
presented the highest values (between 0.31 and 0.90). With respect to S, Ψstem presented the highest
values followed by Fn, Gs, SF and Fipard. When S* was used Ψstem also presented the highest values
followed by SF, Fn, Gs and Fipard.
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3.3. Seasonal Dynamics

3.3.1. Stem Water Potential and Gas Exchange

In the three years of the experiment, the average Ψstem of the CON treatment was −0.80 MPa,
with values higher than −0.90 MPa for most of the crop cycle. In 2015, the Ψstem values in both
treatments were similar and lower during the preharvest period than in 2016 and 2017 and increased
after the harvest. This was the year with the lowest pre-sprouting rainfall (LF-S). In 2016 and
2017, the initial (pre-irrigation) Ψstem of the trees was around −0.62 MPa with a declining trend
as the crop season advanced, which was more pronounced in 2017 because of lower rainfall in the
postharvest period.

In 2015 (Figure 2a), Ψstem for the CON treatment decreased from an initial value of −0.92 MPa at
the start of the irrigation campaign to a final value of −0.81 MPa. The D treatment responded to the
suppression of irrigation with a decrease in Ψstem to a minimum value of −1.32 MPa at 18 days after
irrigation cut-off. Once irrigation was restored, Ψstem recovered to the CON values after 21 days.

In 2016 (Figure 2b), the Ψstem for the CON treatment fell from an initial value of −0.73 MPa
to a final value of −0.94 MPa. With respect to the D treatment, Ψstem fell from initial values of
−0.57 MPa to minimum values of −0.92 MPa 43 days after the first suppression of irrigation. In the
second drought period, the minimum value reached was −1.19 MPa after 11 days without irrigation.
In the third drought period, there followed a pronounced fall in Ψstem values, reaching a minimum
value of −1.58 MPa after 21 days without irrigation. After irrigation was restored in the D treatment,
the Ψstem recovered to the CON values at 8 days after the first and 14 days after the second and third
drought period.

In 2017 (Figure 2c), the CON treatment had the highest Ψstem at the start of the season on DOY 95
(05 April 2017) and the lowest water status before the end of the season on DOY 225 (02 October 2017).
In the preharvest drying cycle, the D treatment had the minimum Ψstem value just before rewatering
(Figure 2c). The Ψstem fell from initial values of −0.61 MPa to minimum values of −1.06 MPa 36 days
after the irrigation cut-off in preharvest. In the first postharvest drying cycle, Ψstem decreased sharply
from −0.66 MPa to a minimum value of −1.60 MPa after 22 days without irrigation. These differences
between the first and second drying-cycles were due to the spring rains that occurred in the second
cycle and the higher evaporative demand. Once irrigation was restored again in the D treatment,
Ψstem values recovered to the CON values at 13 days after the first drought period and 83 days after
the second drought period.

For the 3 years of the evaluation, fluctuations in VPD consistently affected Ψstem values.
The values of Fn and Gs during the drying cycles are presented in Figure 3. In 2015, Fn and

Gs values varied in the CON treatment, presenting a tendency to increase as the irrigation season
progressed (Figure 3a,b). In this treatment, Fn and Gs values averaged 19.51 (µmolm−2s−1) and
0.25 (mmolm−2s−1), respectively. In the initial phase of the drying cycle, the suppression of irrigation
in D caused a reduction in Fn and Gs values in relation to CON. The slight differences in Fn were
not significant until DOY 196. In contrast, significant differences were found in Gs from DOY 191,
reflecting an important degree of water use efficiency at leaf level. After restarting irrigation in D,
Fn and Gs recovered to the CON values at 21 days on DOY 229.

Figure 2 shows the seasonal evolution of Ψstem and vapor pressure deficit (VPD) for each
study year.

In 2017, the Fn and Gs values also varied over time. The two gas exchange parameters presented
a similar seasonal pattern, with significant differences between treatments from DOY 128 in the
preharvest drying cycle and from DOY 195 in the postharvest drying cycle. An increasing trend
of Fn and Gs can be seen as the irrigation season advanced in the CON treatment, from an initial
value of 10.90 (µmolm−2s−1) to a final value of 16.90 (µmolm−2s−1) for Fn and from an initial value
of 0.11 (mmolm−2s−1) to a final value of 0.26 (mmolm−2s−1) for Gs. The D treatment responded
to irrigation cut-off with a decrease in Fn and Gs to a minimum value of 9.58 (µmolm−2s−1) and
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0.07 (mmolm−2s−1) at 14 days after the start of the preharvest drying cycle. In the postharvest drying
cycle, the minimum value reached was 11.4 (µmolm−2s−1) on DOY 212 for Fn and 0.06 (mmolm−2s−1)
for Gs after 25 days without irrigation.Agronomy 2020, 10, x FOR PEER REVIEW 13 of 26 

 

 

 
Figure 2. Seasonal patterns of vapor pressure deficit (VPD) and midday stem water potential (Ѱstem) 
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(a), 2016 (b), and 2017 (c). Each value is the mean of 32 measurements ± standard error. An asterisk 
(*) indicates statistically significant differences between treatments at p < 0.05. The vertical black 
dashed line indicates the start and end of the drying period. DOY is day of the year. The vertical violet 
dashed line indicates when harvest took place. The horizontal violet dashed line indicates the thresh-
old established for each crop phase recommended by Samperio et al. [24]. Pre is the period from fruit 
set to harvest of the current year. Post is the period from harvest to the onset of leaf fall of the current 
year. 

Figure 2. Seasonal patterns of vapor pressure deficit (VPD) and midday stem water potential (Ψstem)
corresponding to the control (CON) and drying (D) treatments in “Red Beaut” plum trees during
2015 (a), 2016 (b), and 2017 (c). Each value is the mean of 32 measurements ± standard error. An asterisk
(*) indicates statistically significant differences between treatments at p < 0.05. The vertical black
dashed line indicates the start and end of the drying period. DOY is day of the year. The vertical violet
dashed line indicates when harvest took place. The horizontal violet dashed line indicates the threshold
established for each crop phase recommended by Samperio et al. [24]. Pre is the period from fruit set to
harvest of the current year. Post is the period from harvest to the onset of leaf fall of the current year.
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Figure 3. Seasonal pattern of: (a) net photosynthetic rate (Fn); (b) stomatal conductance (Gs) in 2015;
(c) net photosynthetic rate (Fn) and (d) stomatal conductance (Gs) in 2017. Each value is the mean of
32 measurements ± standard error. An asterisk (*) indicates statistically significant differences between
treatments at p < 0.05. The vertical black dashed line marks the start and end of the drying period.
DOY is day of the year.

Table 6 shows the days that elapsed between irrigation cut-off and the existence of significant
differences in Ψstem, Fn and Gs between the treatments in each drying cycle, and the days necessary for
them to be equal again after restoring irrigation. In all drying cycles the first significant differences were
always found in Ψstem after irrigation cut-off and ranged from 1 to 8 days. However, recovery after
irrigation was restored was faster for Fn and Gs, ranging from 2 to 21 days. In 2017, it took 83 days of
recovery for the Ψstem of D to equal that of CON.

Table 6. Period of time that elapses since each parameter detects water stress in each drying cycle and
time that the D treatment takes to recover.

Parameters Year T_SPre
(days)

T_RPre
(days)

T_SPost1
(days)

T_RPost1
(days)

T_SPost2
(days)

T_RPost2
(days)

2015 4 21
Ψstem 2016 5 8 1 14 5 14

2017 8 13 4 83
Fn 2015 13 21

2017 14 2 8 15
Gs 2015 8 21

2017 14 5 8 15

T_SPre, T_SPost1 and T_SPost2 are the number of days that passed between the suppression of irrigation in the first,
second and third drying cycles, respectively, and the detection of water stress; T_RPre, T_RPost1 and T_RPost2 are
the number of days between the end of the first, second and third drying cycles, respectively, and the recovery of
treatment D to the values of treatment CON.

3.3.2. Sap Flow

The relative transpiration (RT) for the 3 years of study is presented in Figure 4. Due to a failure in
the sap flow probes, the RT was not calculated during a period of fifteen days in 2015, between DOY
153 and 167 (Figure 4a). Given the calibration procedure, the average values at the beginning of the
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experiment were close to 1. Once the drought period started, RT decreased to values below 1, reaching a
minimum just before irrigation was restored. Soon after the restoration of irrigation, RT increased to
values close to or even above 1 (Figure 4a).
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In 2016 (Figure 4b), the daily values of RT fluctuated over time. Before the start of the different drying
cycles, the average RT values were close to or even above 1, and after irrigation cut-off, they reached
minimum values close to 0.6 on DOY 127, 1.44 on DOY 211 and 0.84 on DOY 252 for the first, second and
third drying cycles, respectively. At the end of the irrigation season, RT was at a value above 1.

As in the previous years, in 2017 daily RT values fluctuated (Figure 4c). When the irrigation
season began the average RT values were close to 1. Before the start of the first drying cycle, RT reached
maximum values close to 1.8. Once the first drying cycle had started, RT decreased to values below 1,
reaching a minimum just before the restoration of irrigation. In the first period of drought, RT was
highly influenced by rainfall events. Just before the start of the second drying cycle, the RT values
were close to 1. After the start of the second drying cycle, RT decreased, reaching a minimum value
close to 0.7 on DOY 200. Once irrigation was restored, the RT values increased.

Despite the fact that RT responded to irrigation cut-off, constant fluctuations were observed
throughout the vegetative cycle, indicating that other factors besides the availability of water in the
soil were influencing the transpiration of the tree.

3.3.3. Soil Water Content (FDR Probes)

The seasonal evolution of RSWC, measured with FDR probes, is presented in Figure 5 for the
D treatment in the different years of study. In Figure 5a–c, corresponding to 2015, only the period
of the drying cycle is presented. Due to the calibration procedure that was carried out, the average
values at the beginning of the drying cycle were close to 1. The probes located in position A (Figure 5a)
were very sensitive to irrigation and had a very marked amplitude response between the maximum
before the start of the drying cycle and the minimum at the end of the drying cycle. After irrigation
cut-off, the RSWC fell very quickly in an initial stage between DOY 183 and DOY 191, and then slowed
down to values close to 0 just before irrigation was restored. Soon after the restoration of irrigation,
RSWC increased to values close to or even above 1 (Figure 5a). Probes located in position C (Figure 5c)
at 0.15 and 0.30 m depth followed the same pattern as sensors located in position A, but these probes
responded later to the suppression of irrigation. Probes located at 0.6 m depth (Figure 5c) showed
a slower response to irrigation cut-off, and these probes presented a lower amplitude between the
minimum just before irrigation cut-off and the maximum after its restoration. The probes located in
position B (Figure 5b) were the last to respond to irrigation cut-off, having a progressive decrease in
RSWC. After restarting irrigation, these probes detected almost no irrigation water.

In 2016 (Figure 5d–f), the year with the highest number of rain events during the vegetative
cycle of the crop, RSWC fluctuated over time, representing the year with the highest number of rain
events during the vegetative cycle of the crop. During the preharvest drying, the probes responded
to the spring rains with an initial increase in RSWC after the suppression of irrigation (Figure 5d–f).
In position A (Figure 5d), RSWC decreased to a minimum just before the restoration of irrigation.
The RSWC values decreased slowly as depth increased. Just before the start of the first postharvest
drying cycle, the RSWC values varied between 0.40 (probes located at 0.60 m depth) and 0.67 (probes
located at 0.15 and 0.30 m depth). When the first postharvest drying cycle started, the decrease in
RSWC varied between 0.17 (probes located at 0.6 m depth) and 0.44 (probes located at 0.15 and 0.30 m
depth). In the last drying cycle, the three probes located in position A responded very fast to irrigation
cut-off in the first 9 days before stabilizing. With respect to position C (Figure 5f), the progression
of RSWC followed the same pattern as with the probes located in position A. However, only probes
located at 0.30 m depth in position B (Figure 5e) followed the same pattern as the probes located in
position A, but with less amplitude.
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Figure 5. Seasonal evolution of relative soil water content (RSWC) measured by FDR probes located in different positions in the three years of study (a–c) 2015,
(d–f) 2016 and (g–i) 2017. PA, PB and PC are positions A, B and C, respectively, where the capacitance probes were installed. The depth in meters to which the probe
was installed is shown in brackets. Values are averages of three FDR sensors. The black vertical line corresponds to the beginning and end of each drying cycle.
DOY, day of the year.
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In 2017 (Figure 5g,i), after the beginning of the irrigation season, RSWC was higher than in 2016,
the rainiest year. When the irrigation season began, the average RSWC values were close to 0.9 in both
positions A and C. Before the preharvest drying cycle, RSWC reached maximum values close to 1.
Once the first drying cycle started, RSWC decreased to values below 0, reaching a minimum just before
irrigation was restored. Right before the start of the second drying cycle, the RSWC values were even
above 1. From the start of the second drying cycle, RSWC decreased, reaching a minimum value close
to 0 on DOY 213. Once irrigation was restored, the RSWC values increased until reaching a maximum
value close to 1 on DOY 220. With respect to position B, the RSWC values of the probes located at
0.15 m depth decreased throughout the irrigation campaign from an initial value of 0.55 to a final value
of 0. The probes located at 0.30 m and 0.60 m depth presented a similar pattern with RSWC decreasing
progressively once the first and second drying cycles had started, but the probes located at 0.60 m
responded later to the restoration of irrigation.

4. Discussion

4.1. Signal Intensity, Noise and Sensitivity

Many physiological processes in the plant can be affected by reducing soil water availability.
Therefore, different plant measurements can be used as references for plant water status and to check
the response to irrigation. For this purpose, they must be able to detect changes in water availability
in short periods of time to optimize irrigation scheduling. In this work, we studied signal intensity
(SI), the noise (CV) and the signal/noise ratio (S and S*) during the irrigation season in three different
study years, both from indicators recorded continuously (SF) and from indicators recorded punctually
(Ψstem, Fn, Gs and Fipard).

The similar SI of Ψstem and Gs to soil water depletion could be attributable to the fact that
the main factor controlling Gs is xylem water potential, which determines the driving force for
water transport between the bark and the xylem vessels [51]. In Japanese plum cv. “Angeleno”,
Blanco-Cipollone et al. [29] observed an anisohydric behavior and concluded that midday Ψstem
can be a good reference for the water status of the plant in this species. De la Rosa et al. [6] studied
maximum daily trunk shrinkage (MDS), trunk growth rate (TGR), Ψstem, Gs and Fn in extra-early
nectarine trees and found that the plant indicator with the highest SI was Gs. However, in young
almond trees, MSD was the indicator that presented the highest SI [52]. Other studies have also found
that MSD had a higher SI than Ψstem in adult apple [53], young plum [54] and adult kaki [55]. In all
these cases, MSD was more variable (higher CV) than Ψstem. In the present work, the CV values
reached for Ψstem were also less variable than the other plant water indicators (Fn, SF, Gs and Fipard).
Fipard was the most variable indicator. Part of this variability may also be attributed to the fact
that the Fipard in fruit crops is influenced by planting density, the size and shape of the tree crown
(which depends on tree age and the conduction system) and the leaf area index [56]. If to the high
variability of FIPAR we add the time required to take the measurements, it turns out that this parameter
is poorly adapted to support irrigation scheduling since it has to be adjusted by using some other
measure due to deviations from the estimated water needs, as reported by Casadesus et al. [34]. The Gs
and Fn leaf-to-leaf variability could be due to the effect on leaf transpiration of microenvironmental
conditions [57], branch crop load [58], and leaf distance to fruit [59]. The SF also presented a high CV,
which is probably caused by the variability that exists in sap velocity and the thickness of conductive
xylem around the perimeter of the tree [48]. The Ψstem was the most sensitive indicator for detecting
the initiation of stress in the three-year study and was the first one that showed significant differences
between treatments, confirming that it is the most suitable indicator for early-maturing Japanese plum
irrigation scheduling. Badal et al. [55] measured Ψstem, Gs, fruit growth rate and MDS in kaki trees
and reported that Ψstem presented the highest S. Several authors have also observed that Ψstem
shows the highest sensitivity values obtained by the traditional method, including in peach [60],
pomegranate [61] and nectarine [6] trees. Tuccio et al. [62] measured the pre-dawn and midday leaf
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water potential, Ψstem, leaf temperature and Gs in one-year-old potted grapevines and identified
Ψstem as the most sensitive indicator. However, the results obtained with S* indicate that Fn was the
most sensitive indicator in 2015 and Ψstem in 2016 and 2017. The S is more influenced by the CV
values, while the S* is influenced by the SI values as well as the CV values.

4.2. Plant Response to Soil Water Content Deprivation

The trees exhibited increasing water stress when irrigation was suppressed in the D treatment.
According to Ψstem as the indicator of water status, the cut-offs of irrigation during the postharvest
period led the plants to support more severe water stress than in preharvest: the plant had already
used up rainwater reserves (outside the area of influence of the drippers), evaporative demand was
higher, the period without irrigation was longer in some cases and the tree crown was fully formed.
Samperio et al. [24] carried out previous studies on deficit irrigation strategies in an early-maturing
Japanese plum crop (Prunus salicina Lindl. cv. Red Beaut) and recommended that Ψstem values should
be above −0.7 MPa in the preharvest period and no less than −1.2 MPa in the postharvest period.
However, Millán et al. [9] indicated that trees under regulated deficit irrigation could support more
severe stress in the postharvest period, since the Ψstem values were above −1.3 MPa with no resulting
loss in yield in “Red Beaut” Japanese plum cultivar. In our study, the Ψstem values were about
−1.05 MPa in 2016 and 2017 during the drying cycles in the preharvest period in the D treatment. In the
postharvest period, the Ψstem values in the D treatment were above −1.30 MPa in 2015, supporting
more severe stress levels of around −1.60 MPa during the drying cycles in 2016 and 2017 (Figure 2).
In this work, Ψstem during the drying cycles reached values lower than those recommended for this
species and variety, both in pre- and post-harvest.

In order to efficiently use the measurements of soil water content provided by continuous
measurement probes in the adjustment of irrigation scheduling, both to cover the needs of the crop and
to establish deficit irrigation strategies, there are two key aspects: the location of the probes in relation
to the dripper and the criteria for the interpretation of the measurements in the decision making process.
Regarding the FDR probes, the driest year with the highest ETo was taken into account to establish a
protocol for placing the probes in the optimum position. Figures 6 and 7 shows the temporal trends of
soil moisture measured with FDR probes during the drying cycles of 2015 and 2017, which were the
two years with the clearest response to irrigation cut-offs. The probes clearly react to the suppression
of irrigation, with a sharp drop in RSWC immediately after each irrigation cut-off followed by a change
in slope when irrigation is restored. This pattern was similar in the two drying cycles, although the
second cycle presented a sharper fall of RSWC. The probes located furthest away from the dripper
(position C at 0.3 and 0.6 m depth) and the probes located in position B at 0.15 m depth responded to
the suppression of irrigation but with a greater delay in time than the rest of the probes. One approach
to interpreting soil probe measurements is to analyze the physiological processes that are affected
by variable water content in the soil (Tables 3–6). As can be seen in Figure 6, we identified a short
period after irrigation cut-off in which the soil moisture content recorded by the probes closest to the
dripper dropped rapidly, but no stress symptoms were detected in the tree. After that, in a second step,
despite the existence of evidence of water stress (Ψstem), it did not affect the exchange of gases in the
leaves (Gs and Fn). This period can be considered one of “low water stress level”. When Fn and Gs
are clearly affected it can be considered as “moderate stress” and below a Ψstem value of −1.2 MPa
(Samperio et al., 2015) as “severe stress”.

Now using 2017 as a reference, Figure 6 shows the evolution of RSWC in the different positions
and the times when significant differences were detected between treatments in Ψstem, Fn and Gs.
According to Samperio et al. [24], water stress should be avoided in this variety during the preharvest
period (Ψstem = −0.7 MPa), which happened on DOY 128, and so it would not be advisable to allow a
drop of RSWC below 0.2 in the probes located in position A in the preharvest period. In the postharvest
period, the Ψstem detected significant differences between the two treatments 4 days before starting
the second drying cycle on DOY 191. In the second drought period, significant differences between the
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two treatments were detected on DOY 195. For unstressed postharvest scheduling, the criteria would
be similar to preharvest. Following the regulated deficit irrigation recommendations for this variety,
Ψstem should not fall below −1.2 MPa in the postharvest period [24]. However, this happened on
DOY 198 and RSWC fell to 0.1 according to the probes located in position C at 0.6 m.Agronomy 2020, 10, x FOR PEER REVIEW 21 of 26 
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located in different positions. The black vertical line corresponds to the beginning and end of each
drying cycle. The black horizontal lines correspond to the limits below which the RSWC value should
not fall. DOY is day of the year; Ψstem is stem water potential; Fn is photosynthetic rate; Gs is stomatal
conductance; Ψsa is the Ψstem recommended by Samperio et al. [24]. The arrows mark the soil moisture
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Ψsa is reached. PA, PB and PC are positions A, B and C, respectively, where the capacitance probes
were installed. The depth in meters to which the probe was installed is shown in brackets. Values are
averages of three FDR sensors.
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Figure 7. Temporal trends of soil moisture during the drying cycle in 2015 measured by FDR probes
located in different positions. The black vertical lines correspond to the beginning and end of the
drying cycle. The black horizontal lines correspond to the limits below which the RSWC value should
not fall. DOY is day of the year; Ψstem is the stem water potential; Fn is the photosynthetic rate; Gs is
stomatal conductance; Ψsa is the Ψstem recommended by Samperio et al. [24]. The arrows mark the
soil moisture value when significant differences with the indicated physiological parameter are found
or when the Ψsa is reached. PC is position C where the capacitance probes were installed. The depth in
meters to which the probe was installed is shown in brackets. Values are averages of three FDR sensors.
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In light of these results, the probes placed in the position between drippers (C) provide enough
information to establish the irrigation levels: at 15 and 30 cm deep for non-stress situations (0.2 RSWC)
and at 0.6 m deep for the lower limit recommended in postharvest (0.1 RSWC).

Figure 7 applies this criterion to the 2015 drying cycle: the limit of 0.2 applied to the two probes
closest to the surface would mean a delay of 2 days in relation to the detection of stress by Ψstem;
and the level of 0.2 for the deepest probe would anticipate by 1 day the minimum recommended level.

Many hypotheses have been proposed to explain the causes of variation in soil water extraction
patterns by plants. For example, Atkinson [63] affirmed that the distribution of thin roots reflects the
water extraction potential of a crop, and Nnyamah and Black [64] suggested that the water extraction
pattern of a crop was similar to the distribution of thin roots when the soil water was not limiting.
However, Clothier and Green [65] observed that root water uptake was more dependent on soil
water availability than on thin roots distribution. Other studies suggest that soil water extraction
by plants also depends on other factors such as the diameter of lateral roots [66], soil heterogeneity,
root system structure, and the availability and partitioning of carbon in the roots [67], differences in
xylem maturation and in the number and diameter of xylem vessels, as well as differences in the
formation of endodermis and exodermis with the development of roots [68–71]. In this experiment,
the fastest water extraction occurred in the areas closest to the dripper, repeating a similar extraction
pattern, but displaced in time in more distant positions.

Several authors have used a mathematical model that simulates soil water dynamics for drip
irrigation to identify the time stable representative positions (TSRPs) of the moisture sensors. It has
been shown that in the case of uniform soil profiles, a single sensor can provide representative readings
throughout the duration of the irrigation cycle. The optimum common TSRP is located 28 cm below
the soil surface and 11 cm from the drip line [72]. Soulis and Elmaloglou [18] reported that, in soils
with different layers, at least one sensor in each soil layer is required in order to provide representative
readings. Furthermore, the optimum TSRPs are located 11, 15 and 19 cm below the soil surface and
10 and 16 cm from the dripline. Silva et al. [73] monitored time domain reflectometry probes inside
the drainage lysimeter on different soil profiles and demonstrated that the optimum sensor position
varied according to the development stage of the banana crop. However, this is the first time that an
attempt has been made to establish guidelines for soil moisture sensor placement taking into account
the physiological response of the plant. Although it is expected that the results obtained for these
specific conditions may differ in other plantations, we propose the study of the dynamics recorded by
soil moisture probes, and the relation to a sensitive measure of the tree water status as a criterion for
the adjustment of irrigation schedules.

It should also be noted that while the neutron probe is considered the most effective method of
measuring SWC, it was difficult in this study to establish a protocol to locate the tubes in an ideal position
taking into account physiological plant measurements, since, with these probes, targeted measurements
were obtained with a measurement interval of 7 days (data not presented).

5. Conclusions

This document addressed two fundamental issues: selecting a reliable indicator of the water
status of the Japanese plum and, secondly, establishing a procedure for positioning and interpreting the
soil moisture probe readings to support irrigation scheduling. The first of the points is a preliminary
step for the second, since it is proposed that the water status of the tree be the evaluation criterion used
for the installation and guidance of FDR probes.

The most sensitive parameter for detecting the initiation of stress was Ψstem with a lower
CV, making it the most suitable indicator for early-maturing Japanese plum irrigation scheduling.
However gaseous exchange recovered more quickly after irrigation was restored. Gs had a higher SI,
close to that of Ψstem but with a higher CV. In this case, both parameters are appropriate when it is
necessary to quantify the SI of the water stress supported. Fn, SF and Fipard had lower sensitivity and
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greater difficulty in processing and interpreting these measures, been less recommendable as a support
for irrigation scheduling.

The results of this study indicate the existence of high variability in soil water extraction by the
plum crop in different locations of the soil profile. The drying cycles allowed the selection of the
positions that best respond to the extraction of water by the tree. Additionally, they helped to establish
a threshold in the different phases of the crop below which detrimental effects to the crop can be caused.
We propose that this threshold be established through the physiological measures of Ψstem, Fn and Gs.
In this experimental orchard, the positions closest to the drippers were the most suitable for monitoring
“non-stress” schedules, while for “medium” and “severe” stress references are preferable positions
further away from the drippers.
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