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Abstract

In recent decades, plant-based sensors have been increasingly used to monitor plant water status, detecting water stress and
improving irrigation scheduling. Among these sensors, microtensiometer (MT) continuously measures trunk water potential
(TWP) supporting real-time monitoring of TWP and in turn plant water need assessment. However, MT response to envi-
ronmental stimuli as mediated by plant has not yet fully elucidated. This study reports on a two-year experiment modelling
the response of MT-based TWP to changing soil water content (SWC) and air vapor pressure deficit (VPD). During summer
time, at a commercial kiwifruit vineyard, vines (n=63) were differentially irrigated (100%, 50%, 25% of full irrigation need)
for ~ 52 days and grouped in CTRL, Mild and Severe, respectively. In two vines per group, the TWP was monitored using MT
(20-min interval). Parallel VPD and SWC (x3 FDR probes) were also recorded. During the experiments drought stressed
vines were recovered. Across treatments, soil moisture ranged from approx. 40% to 18%, and the corresponding TWP from
approx. — 0.01 to — 1.1 MPa. Results show that a piecewise linear regression model explains the relationship between MT-
based TWP and the pressure chamber-based stem water potential (SWP) (R*>=0.78) showing different slopes when SWP
drops below — 1.6 MPa. The response of TWP to changing VPD and SWC was analyzed at daily scale and throughout the
season. A model accounting for time-lag between TWP and VPD and for the hysteresis of TWP shows that the diurnal TWP
is mostly driven by VPD (R*=0.74) in well-irrigated vines. To explain TWP response in Mild and Severe irrigation treat-
ment, the model also included the SWC term achieving R>=0.66. Potential application of MT for irrigation management
along with some limitations (e.g., long-term durability) are also discussed.

Introduction

Mediterranean regions are expected to experience and cope
with significant increases in temperature and evapotranspira-
tion combined with reduced rainfall, exacerbated by climate
change, limiting water availability for crop irrigation and
leading to more frequent water stress conditions (Moriondo
and Bindi 2007; del Pozo et al. 2019). Various water-saving
strategies have been developed to improve water use effi-
ciency in agriculture (Naor 2006). In recent years, many
approaches to irrigation scheduling have been proposed
based on the measurement of variables related to soil and
plant water status (Jones 2004; Lépez-Bernal et al. 2024).
Soil sensors measuring volumetric soil water content provide
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real-time feedback on actual soil moisture (Segovia-Cardozo
et al. 2022), allowing the adjustment of irrigation water vol-
umes to real field conditions (Vera et al. 2019; Mininni et al.
2022), and providing information on when to irrigate and
how much water to apply (Lopez-Bernal et al. 2024). On
the other hand, several methods based on the measurement
of plant variables (e.g., maximum daily shrinkage, plant
water potential, trunk growth rate) have been considered
to identify plant water stress indicators and improve irri-
gation scheduling (Intrigliolo and Castel 2004; Fernandez
2017). However, their practical application is still hindered
by the sensitivity of plant water stress indicators to atmos-
pheric demand (L6pez-Bernal et al. 2024) and by limited
availability of successful commercial probes (Jones 2004).
Measuring plant water status and identifying the threshold
of water stress at which plant growth and yield are severely
affected, and beyond which irrigation is required (i.e. when
to irrigate), has been reported to be crucial for implementing
accurate irrigation scheduling (Fernandes-Silva et al. 2018;
Ahumada-Orellana et al. 2019). Among the parameters of
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plant water status, those measuring plant water potential are
more rigorous and generally applied (Jones 2004). In par-
ticular, leaf water potential (LWP) has been widely recog-
nized as a reliable plant water status indicator (Hsiao 1990)
mainly because values measured before dawn are considered
the result of the continuous equilibrium achieved overnight
between leaves and water content of the soil (Améglio et al.
1999; Santesteban et al. 2019). However, LWP varies rapidly
and is extremely environmentally sensitive, so it does not
provide an adequate long-term signal of stress (Jones 2007).
The water potential of non-transpiring leaves (i.e. stem water
potential, SWP) is less affected by evaporative water demand
and is therefore a more useful and robust indicator of plant
water status (McCutchan and Shackel 1992). SWP, espe-
cially that measured at midday, has been reported to be a
practical tool for determining the level of water stress expe-
rienced by the plant (Intrigliolo and Castel 2006; Shackel
2007). Hence, this might support understanding the physi-
ological response of the plant to limited water conditions
(Shackel 2007), and guiding irrigation decisions on a site-
specific basis (Shackel et al. 1997; De Swaef et al. 2009;
Blanco et al. 2018). However, the same SWP can be exhib-
ited by a plant under wet soil conditions at high vapor pres-
sure deficit (VPD) and by a plant under dry soil conditions at
low VPD. A baseline SWP has previously been reported to
serve as a plant-based reference for non-limiting soil water
conditions, where irrigation is not required (McCutchan
and Shackel 1992; Shackel et al. 2021). “Target” SWP has
been previously established for plum (Lampinen et al. 2001),
almond (Stewart et al. 2011) and grapevine (Williams and
Baeza 2007) which need to be considered as the normal
range of variation in SWP associated with VPD conditions.
Although measurements of SWP and LWP have been per-
formed using the Scholander pressure chamber for years,
several limitations for modern precision irrigation emerged.
These include the inability to continuously monitor plant
water status and various technical limitations, such as the
leaf selection process and acclimatization to nullify tran-
spiration, as well as the experience of the technician (Noun
et al. 2022). Fulton et al. (2001) proposed modified proce-
dures for measuring SWP to make it a more convenient and
practical tool for irrigation management (e.g., equilibration
period of 10 min for routine SWP monitoring and irrigation
scheduling, sample size of about 10 leaves, and measurement
of SWP under midday conditions). However, the capacity
to automate plant measurements is valuable for irrigation
scheduling (Jones 2007), and microtensiometer (MT) sen-
sors in particular can overcome the limitations of automating
direct measurements of plant water status. MT embedded
directly in the stem and in contact with the xylem vessels
continuously measure the trunk water potential (TWP), pro-
viding information on plant water status during the irrigation
season (Pagay et al. 2014). Numerous experimental trials
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have been conducted in pot and field to continuously monitor
TWP and validate this technology in various tree species,
such as nectarines (Conesa et al. 2023), grapevines (Pagay
2022), apples (Lakso and Intrigliolo 2022; Nieto et al. 2023),
pears (Blanco and Kalcsits 2023) and almonds (Lakso et al.
2022a, b).

Several studies provided correlative information linking
the TWP measured by MT to midday SWP measured by
pressure chamber (Blanco and Kalcsits 2021, 2023) sup-
porting MT as a reliable sensor for continuous measure-
ment of SWP. Hence, the TWP is expected to be driven by
environmental variables such as soil moisture and VPD. In
line with this, a series of studies analyzed the response of
MT to environmental driver(s) such soil moisture (Blanco
and Kalcsits 2023), or soil matric potential (Conesa et al.
2023). The relationship between TWP and VPD has been
focused on well irrigated trees, showing variable results
according to species and cultivars studied (Pagay 2021,
Blanco and Kalcsits 2023). Moreover, the VPD has been
employed as a driver of plant physiological traits (e.g.,
transpiration, sap flux) inducing, on a diurnal basis, a typi-
cal hysteresis pattern (Zeppel et al. 2004; Bai et al. 2017,
Wang et al. 2023). That hysteretic pattern is associated
with the time lag existing between VPD and the physiolog-
ical trait (e.g., Wang et al. 2023). Hence, in order to elu-
cidate the response of TWP to VPD that hysteresis should
be accounted for by considering separately its ascending
and descending harm (e.g., Amato et al. 2021).

Kiwifruit is known to have high water requirements
(Chartzoulakis et al. 1993) and susceptibility to decreas-
ing soil water content (Chartzoulakis et al. 1993; Mon-
tanaro et al. 2007; Pratima et al. 2016), both of which
can be exacerbated in Mediterranean regions, highlighting
the importance of irrigation management. In this scenario,
MT can help to detect plant water stress, even temporary,
which easily occurs during the hottest hours of the day and
is responsible for the midday depression in physiological
parameters such as net assimilation rate (Montanaro et al.
2009). Given the lack of studies evaluating the reliability
and effectiveness of MT in kiwifruit, the present research
evaluated both the functionality and limitations of MT
in yellow-fleshed kiwifruit grown under Mediterranean
conditions. Therefore, the main objectives of this study
were: (a) to investigate MT responses to SWC and VPD
variables; (b) to examine the relationship between TWP
and SWP.
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Materials and methods
Experimental site

The experimental trial was carried out in a commercial and
mature kiwifruit vineyard planted in 2014 in Metaponto
(South Italy, 40°24'N 16°46'E) during two growing seasons
(2021 and 2023). A yellow-fleshed kiwifruit cultivar (A.
chinensis var. chinensis cv. ‘Zesy 002’) was grafted onto
D1 rootstock (A. chinensis var. deliciosa) and the vines were
trained to pergola system at 5 X 2 m planting distance (1000
vines ha™!). The vines were covered with neutral transpir-
ing polyethylene anti-hail netting (monofilaments 0.3 mm
in diameter, rectangular hole size of 2.2 X 2.6 mm, approxi-
mately 8% shade). The soil consisted of a uniform sandy clay
loam texture and its hydrological characteristics, determined
through the soil-water retention curve, showed field capacity
(FC) at 39.48% (v v1), wilting point (WP) at 18.49% (v v~
and the resulting fraction of available water (AW) equal to
20.99% (v v7h).

Experimental design

The experimental plot consisted of 63 plants grouped into
three irrigation blocks. During 2021, all vines were well-
watered (CTRL) receiving 100% of full irrigation vol-
ume (IV), with daily irrigation volumes of approx. 50-60
m’ ha~l.

During the 2023 irrigation season (June-mid-October),
starting from the end of July, two irrigation treatments (21
vines each) were imposed to reach different levels of water
deficit (Mild and Severe), distributing reduced irrigation vol-
umes relative to CTRL (21 vines) (Fig. S1). The adoption
of restricted irrigation covered several days of the experi-
mental period, during which CTRL received daily irrigation
volumes of about 60 m?® ha™' (100% IV), while Mild and
Severe treatments received 30—45 m> ha~! and 0-15 m> ha™',
respectively (Table 1). In particular, the Severe treatment

underwent two stress periods (DOY 220-DOY 237 and DOY
244-DOY 255) with recovery periods (DOY 238-DOY 243
and DOY 256-DOY 266) during which the Severe treatment
received 100% IV.

Further details on timing and fraction of irrigation vol-
umes supplied are reported in Table 1.

Irrigation management

Vines were irrigated by a sprinkler system consisting of a
single auto-compensating micro-sprinkler per vine spaced
1 m from the trunk, with a flow rate of 40 L h™! and a wet-
ting radius of 0.90 m. The three irrigation blocks were
equipped with independent valves (solenoid valves with flow
rates from 0.23 to 6.8 m> h™! and pressures from 1 to 10 bar).
An analog and a digital (10-100 L electric pulse—1) flow
meters were used to record the irrigation volumes dis-
tributed, and an automatic irrigation controller for remote
control of water supply (“Irrifarm” system, Pan. Agri s.r.l.,
Basilicata, Italy).

Irrigation volumes were calculated through a simplified
water balance method using the following equation (Mininni
et al. 2022):

IV = [(ET, — ER)/ime| X 10 (m’ha™") (1)

where: IV was the irrigation volume (m>ha™h); ET, was the
crop evapotranspiration (mm); ER was the effective rainfall
(mm), ime was the irrigation method efficiency (0.95). The
ER was calculated by considering daily rainfall <5 mm as
ineffective (Dastane 1974). The crop coefficient K, consid-
ered specific for kiwifruit, ranging from 0.5 to 1.1 along
the season, was reported in FAO Irrigation and Drainage
paper Nr. 66 (Xiloyannis et al. 2012). Irrigation volumes
were then adjusted weekly considering the fluctuations of
soil moisture at different depths (FDR probes, see below)
(Mininni et al. 2022). Soil moisture measurements in the soil
volume wetted by irrigation were used to maintain soil water
content at values within the readily available water (RAW)

Table 1 Timeline of the theoretical (fraction of the full irrigation) and real irrigation volumes (m> ha™") supplied to the kiwifruit vineyard in
each irrigation treatment (CTRL, Mild and Severe) during the 2023 experimental period

DOY intervals 214-219 220-226 227-232 233-237 238-243 244-255 256-266 Total
Treatments Irrigation volume
CTRL Theoretical (%) 100% 100% 100% 100% 100% 100% 100%

Real (m* ha™!) 315 345 315 300 315 555 570 2,715
Mild Theoretical (%) 100% 100% 75% 50% 100% 100% 100%

Real (m® ha™!) 315 330 210 180 315 555 570 2,475
Severe Theoretical (%) 100% 0% 25% 25% 100% 0% 100%

Real (m* ha™!) 315 0 105 135 315 0 570 1,440

DOY day of the year
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defined according to Calabritto et al. (2024). Details on the
theoretical (Eq. 1) and real (applied) irrigation volumes are
reported in Table 1.

During the 2021, irrigation was managed to ensure non-
limiting soil water conditions, maintaining the soil moisture
close to FC throughout the day. That volume was split into
three/four interventions per day throughout the irrigation
season from May to October.

During the 2023 season, all irrigation treatments were
irrigated with 100% IV until the beginning of the experi-
mental trial, with daily irrigation volumes of approx. 45-60
m?> ha™!, defined according to the vine’s water needs and soil
water content monitoring, split in three/four interventions.
During the experimental period, the daily irrigation volumes
were split in three/four interventions, except from DOY 220
to DOY 237, from DOY 233 to DOY 237, and from DOY
227 to DOY 237, when irrigation volumes were supplied in
only one or two events per day (early in the morning and late
in the afternoon) in the CTRL, Mild, and Severe irrigation
treatments, respectively. This was done to reduce the effect
of daily irrigation volume splitting on plant water status
(Puértolas et al. 2020).

Weather variables and soil moisture monitoring

Environmental parameters, such as rainfall, air temperature,
and relative humidity were recorded daily and/or hourly by
a meteorological station (SKU-6253, Davis Instruments,
USA) connected to a wireless data-logger system (Winet
S.r.l. Cesena, Italy). These sensors were installed near the
experimental orchard block and mounted above the kiwifruit
canopy, outside the hail net protection, at about 5 m from
the ground. Hourly air vapor pressure deficit (VPD, kPa)
was computed using air temperature and relative humidity
(Goudriaan and van Laar 1994). The FAO Penman—Mon-
teith equation was used to quantify reference evapotranspi-
ration (ET;), mm d™!) based on the hourly available climatic
data from a regional weather station located at about 1 km
from the field. The environmental water deficit refers to the
precipitation deficit, which was calculated as the difference
between the cumulative monthly values of ET,, and rainfall
during both 2021 and 2023 seasons. This deficit compares
the amount of water provided by rainfall with the potential
water demand (potential evapotranspiration). As a result,
values can also be used to characterize the environment and
its exposure to drought stress. Frequency Domain Reflec-
tometry (FDR) 90 cm multi-profile soil moisture probes with
sensors every 10 cm (SENS-STk90 Drill & Drop, Sentek
Sensor Technologies Stepney, Australia) were used to con-
tinuously monitor the volumetric soil water content (SWC)
throughout the soil vertical profile, detecting instantane-
ous oscillations in each soil layer every 30 min. The probes
were installed on the row at a distance of 0.50 m from the
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vine stem and approximately in the center of the volume of
wet soil. One multi-profile FDR probe per treatment was
installed to monitor soil moisture. A soil layer of 0-60 cm
was considered in the present study according to Xiloyannis
et al. (2023) and Calabritto et al. (2024) based on soil char-
acteristics and root development and uptake activity. SWC
values were averaged according to the soil layer considered
(sensors at 5, 15 and 25 cm of each probe for the 0-30 cm
layer; sensors at 35, 45 and 55 cm of each probe for the
30-60 cm layer). The SWC values were calibrated against
gravimetric samples (n =3) collected across soil moisture
range covering that from FC to WP.

Trunk and stem water potential

The TWP of kiwifruit vines was continuously monitored
using MT (FloraPulse, Davis, CA, USA) embedded directly
in the trunk of kiwifruit vines at 140 cm from ground and
inserted at 2 cm depth, ensuring the direct contact with the
xylem (Lakso et al. 2022b). The sensors were installed at
predawn, when transpiration, xylem flux and VPD are min-
imal (Améglio et al. 1999; Phillips et al. 1999) ensuring
trunk tissues not drying during installation procedure. Sen-
sors were then allowed to equilibrate with the vine xylem
within a few days from installation (Pagay 2022). Values of
TWP were recorded at 20 min intervals. The sensor unit was
connected to a dedicated solar powered wireless data logger.
The data were stored in a memory card inserted into the log-
ger and uploaded to a cloud repository accessible through a
user interface on the FloraPulse website (FloraPulse Davis,
CA, USA). In the 2021 irrigation season, a total of two MT
was installed in the field on two vines to monitor TWP when
irrigation scheduling was managed to maintain soil moisture
close to FC and to preliminarily evaluate MT installation and
response in kiwifruit.

In the 2023 irrigation season, six MT were installed in the
field on six vines (one sensor per vine), allowing the moni-
toring of two vines per irrigation treatment (CTRL, Mild
and Severe). The TWP values were averaged and referred to
the pertaining treatment. The daily maximum oscillation of
TWP (ATWP) was determined as the difference between the
value recorded at pre-dawn (around 3 AM, solar time) when
the plant water potential was in equilibrium with soil and the
minimum value reached during the day (usually between 1
and 3 PM).

Plant water status was also monitored through the stem
water potential (SWP) measured on the same vines equipped
with MT in 2023. The SWP was measured on five fully
developed, expanded and not-exposed leaves per treatment
(one or two leaves per vine) chosen from the middle part of
the canopy layer. The selected leaves were wrapped in a thin
aluminum foil for about half an hour prior of the measure-
ment, and then excised for immediate SWP measurement
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with a Scholander pressure chamber (Model 1000, PMS
Instrument Company, Corvallis, OR, USA) pressurized
with nitrogen according to the procedure recommended by
McCutchan and Shackel (1992). The acclimatization time of
the leaf was previously defined by evaluating SWP values of
various leaves (n= 8) acclimated for different times, defin-
ing 30 min as the time needed for stabilizing the stem water
potential value (Table S1). Diurnal SWP was measured for
13 days (DOY 224, 226, 229, 233, 234, 235, 236, 237, 240,
244,254, 255, 262) during the 2023 experiment at approx.
three-hour interval (7:00, 10:00, 13:00, 15:00, and 17:00 h,
solar time).

Leaf gas exchange parameters

Photosynthetic (A), stomatal conductance (gsw) and transpi-
ration (E) rates were measured at approx. three-hour interval
(7:00, 10:00, 13:00, 15:00, and 17:00 h, solar time) at DOY
237 during 2023 using a portable photosynthesis system
Li-Cor 6400 (Li-Cor, Inc., Lincoln, NE, USA). During leaf
gas exchange measurements air temperature, reference CO,
concentration and radiation (Photosynthetic Photon Flux
Density, PPFD) were maintained at the prevailing external
environmental conditions. Four vines per treatment were
chosen for gas exchange measurements by selecting one
mature and fully expanded leaf per vine in the outer layer
from the middle region of the canopy, with non-exposed
leaves from the same region used for SWP measurements.

Modelling trunk water potential and statistical
analysis

All paired soil moisture, air VPD (outside the hail net) and
TWP data from CTRL, Mild and Severe vines were pooled
in a single dataset. In order to account for the diurnal hys-
teresis response of TWP to VPD (Fig. S2), the dataset was
filtered by extracting the raw data occurring within 3 AM
and the time corresponding to the lowest TWP in each day.
The present modelling analysis also considered the time lag
between TWP and VPD (Fig. S3) (Pagay 2022). Hence, the
TWP series was shifted backward by 4 h according to the
correlation method reported in Wan et al. (2023). Following
this, the dataset (n= 1282) was randomly split into test-
ing (30%) and training (70%) fractions. The signal of the MT
(TWP, MPa) was modeled as a response variable of a linear
model using soil moisture and air VPD as unique driving
factors (i.e., Y~VPD, Y ~ SWC). The additive (Y ~VPD +
SWCQC) and interaction (Y ~VPD+ SWC + VPD*SWC)
linear models were also examined as nested models of the
Y ~ VPD one. Note that the interaction model labeling was
simplified as Y ~ VPD*SWC.

The accuracy of each model was assessed through the
coefficient of determination (R?), the root mean squared

error (RMSE), and the mean absolute error (MAE). The
models were then compared through AIC (Sakamoto et al.
1986). Residuals of each single model were calculated as
the difference between observed and fitted values; thereafter
their randomness and constancy of variance were evaluated
and the analysis of variance (ANOVA) was employed for
further model comparison. The models employing only VPD
or SWC as predictor were also fitted to data only referring
to well irrigated vines. Correlation between TWP and SWP
was performed using a piecewise regression model (B, +
B, Yi+ P,(Wi— Wyp)) (¥Yi= SWP; Wgp= SWP at breakpoint)
after the Davies’s test testing for the existence of a break-
point (Priulla and D’Angelo 2024). One-way ANOVA was
used to examine differences between irrigation treatments
for each physiological parameter, after testing for normal-
ity (Shapiro—Wilk's test) and equal variance (Levene's test)
hypotheses. Tukey's honest significant difference (HSD) was
used as a post-hoc test for multiple comparisons of means,
with p < 0.05 considered significant. All data analysis and
modelling were conducted in R (R Core Team 2021).

Results
Environmental conditions

The annual ET,, and rainfall were approx. 1180 mm and 477
mm for the 2021 and 1199 mm and 467 mm for the 2023,
respectively (Fig. 1). Hence, the resulting annual environ-
mental water deficit was about 703 and 732 mm in 2021 and
2023, respectively. High evapotranspiration and low rainfall
generally occurred during the summer months, contributing
to a high environmental water deficit during the irrigation
season (April-October) reaching approx. 739 and 688 mm
for the 2021 and 2023, respectively (Fig. 1).

Daily crop reference evapotranspiration (ET;), maxi-
mum air vapor pressure deficit (VPD) and maximum air
temperature (T,,,,) during the 2021 and 2023 experimen-
tal periods are shown in Fig. 2. Daily maximum air tem-
peratures were variable throughout the experimental trial,
reaching maximum values of 39.4 °C (DOY 223) and 38.5
°C (DOY 236) in the 2021 and 2023 seasons, respectively.
Air temperature exceeded 30 °C for 25 (2021) and 57 days
(2023). Noticeably, air temperature was above 35 °C during
9 and 12 days in the 2021 and 2023 seasons, respectively.
Daily maximum VPD values, equal to 4.24 and 5.02 kPa,
were achieved on DOY 225 and 236 in the 2021 and 2023,
respectively.
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Diurnal and seasonal trunk water potential patterns

The diurnal trend of TWP, together with variations in SWC
in the 0-30 cm soil layer over a period of three months dur-
ing the 2021 is shown in Fig. 3 providing a preliminary
assessment of the functionality and operability of the MT
installed on kiwifruit vines.

The diurnal values of TWP during the irrigation season
ranged from about — 0.07 MPa to about — 0.29 MPa (Fig. 3a).
A minimum value of about — 0.45 MPa was reached only
after irrigation was suspended. That is, after the end of the
irrigation season, the TWP gradually decreased from DOY
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Month

281 to DOY 308, suggesting that the low rainfall in October
was not sufficient to satisfy the water needs of the vines.
From DOY 308, TWP values increased due to the beginning
of the senescence phase (complete leaf fall) (Fig. 3a).

The SWC in the 0-30 cm soil layer remained close to FC,
also by daily splitting of the irrigation volume (DOY 225-
DOY 250). As the daily irrigation volumes were distributed
in a single intervention (from DOY 250), SWC decreased
below 31%vol, reaching a minimum value of about 28%vol
(DOY 303) after irrigation was suspended (Fig. 3b).

Seasonal TWP values for the different irrigation treat-
ments imposed in 2023 along with the corresponding SWC
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Fig.2 Daily reference evapo-
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maximum vapor pressure deficit
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considered in the 0-30 and 30-60 cm soil layers are shown
in Fig. 4.

The TWP in the CTRL vines ranged from — 0.007 MPa
to — 0.59 MPa throughout the experimental period (Fig. 4a),
with minimum values reached early in the afternoon (1-3
PM). An interannual variability of TWP in CTRL vines
was observed between the two seasons, with an average
maximum difference between minimum values of about
0.16 MPa. In the CTRL treatment, the SWC remained sta-
bly above 37.36% in the 0-30 cm soil layer, with decreases
associated with variations in irrigation volume and schedul-
ing (Fig. 4d). Low pre-dawn TWP values close to — 0.2 MPa
(Fig. 4a) were observed between DOY 247 and DOY 253,
when irrigation volumes were reduced from 60 to 45 m> ha™!
per day. The TWP increased again when daily irrigation vol-
umes were restored to 60 m*> ha=! at DOY 254 (Fig. 4a).

240

250 260 270 280

DOY

SWC decreased from 35.28 to 26.48% in the 0-30 cm soil
layer in the Mild irrigation treatment between DOY 227 and
DOY 237 (Fig. 4e). During these days, the TWP reached
pre-dawn values close to — 0.2 MPa and minimum values
close to — 0.8 MPa (Fig. 4b). TWP returned to CTRL values
when irrigation was increased on DOY 254 (Fig. 4b).

From DOY 220 to DOY 230, irrigation was suspended
and reduced in the Severe irrigation treatment, where
TWP reached approx. — 0.6 MPa and —1 MPa pre-dawn
and midday, respectively (Fig. 4c). Irrigation was restored
on DOY 237, allowing the severely stressed vines to enter
the recovery phase, which took about three days to restore
TWP at CTRL values (Fig. 4c). Irrigation was stopped
again, SWC was reduced to 18.49% (Fig. 4f) and a more
immediate decrease in TWP was observed, reaching pre-
dawn and midday values of approx. — 0.75 MPa and — 1.04
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Fig.3 Seasonal trend of a trunk water potential (TWP) measured every 20 min by MT in kiwifruit vines and b soil water content (SWC) (aver-
aged in the 0-30 cm soil layer) and daily rainfall (bars) during 2021. The SWC data measured for individual depth are shown in Fig. S4
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Fig.4 Seasonal trends of mean trunk water potential (TWP, n= 2) in
kiwifruit vines in a CTRL, b Mild and ¢ Severe irrigation treatments
and soil water content (SWC, n= 3) averaged in the 0-30 and 30-60

MPa, respectively (Fig. 4c). Irrigation was restored at DOY
256 and TWP returned to control levels within three days
(Fig. 4c).

Diurnal (DOY 237) plant water status, indicated by both
SWP and TWP, and physiological parameters such as A, gsw
and E rates in vines under CTRL, Mild and Severe irrigation
treatments are shown in Fig. 5.

The lowest values for both SWP and TWP were reached
in the early afternoon, slightly shifted from the maximum
VPD peak (Fig. 5a). The A was high early in the morning,
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cm soil layers in d CTRL, e Mild and f Severe irrigation treatments
during 2023. TWP of individual sensors are shown in Fig. S5 and
SWC data of single probes are shown in Fig. S6

and remained stable throughout the day and decreased
sharply in the late afternoon in the CTRL vines. A similar
trend was observed in Mild and Severe vines, whose photo-
synthetic activity was reduced by 47% and 64% respectively
(Fig. 5d). The E was low early in the morning and increased
as the environment became more demanding in the middle
hours of the day for all irrigation treatments. Reductions of
approx. 28% and 41% were achieved in the Mild and Severe
treatments, respectively, compared to CTRL (Fig. 5c). The
gsw increased with increasing environmental evaporative
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Fig.5 Diurnal pattern of a hourly air vapor pressure deficit (VPD)
(grey filled area), stem water potential (SWP) measured with the pres-
sure chamber (points), and trunk water potential (TWP) monitored
by MT (lines), b stomatal conductance (gsw), ¢ transpiration (E),
and d photosynthetic (A) rates in kiwifruit vines in CTRL, Mild and
Severe irrigation treatments. Data were measured on DOY 237 during

demand in CTRL vines, while it remained stable and low
throughout the day in both water-stressed vines, being
reduced by 48% and 56% in the Mild and Severe treatments,
respectively (Fig. 5b).

Soil-plant-environment interactions

ATWP was significantly correlated (Pearson’s r= 0.77,
p < 0.001) with VPD under non-limiting soil water condi-
tions (Fig. 6a). Values of TWP shifted backward 4 h were
linearly correlated with the VPD in all the irrigation treat-
ments (CTRL r=-0.98; Mild r= - 1; Severe r=—-0.99),
even the irrigation treatment influenced the slope of the
scatter (Fig. 6b).

Values of TWP differentially responded to SWC
as reported in Fig. 7. Particularly, the TWP at pre-
dawn remained above about — 0.2 MPa until SWC decline
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the 2023. Data are mean value =+standard errors (when applicable)
(TWP, n =2; SWP, n=5; A, E, gsw, n= 4). Different letters indi-
cate significant differences according to Tukey’s test (p < 0.05) within
each time of the day. Note that letters were not reported when there
were no significant differences

approached 30% vol. At SWC values below about 30%,
the TWP promptly declined and reached the lowest value
of about — 0.8 MPa corresponding to about 18% SWC
(Fig. 7).

The modelling analysis shows that in well irrigated
vines the TWP measured through MT linearly responded
to VPD (Adjusted R?>= 0.77) to the extent that the Y ~ VPD
model was able to explain 73% of the variance of meas-
ured data (Fig. 8, see Table S2 for details on model param-
eters). In contrast with this, SWC was a weak predictor of
TWP (Adjusted R?= 0.05) and the resulting model was
able to explain 13% of the measured data variance (Fig. 8).

The Fig. 9 reports the correlation between the pre-
dicted and measured TWP covering the whole TWP
range recorded across CTRL, Mild, and Severe treat-
ments. The models employing VPD or SWC as predictor
had similar R? of 0.35. In contrast with this, the additive
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and interaction models increased the goodness of fit-
ting between measured and estimated values (R* up to
0.66). Model parameters are reported in Table S2. Model
accuracy was also appraised using RMSE and MAE to
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Fig.7 Correlation between trunk water potential (TWP) and soil
water content (SWC) recorded early in the morning (3 AM) in well
irrigated (CTRL) kiwifruit vines and in vines progressively exposed
to Severe and Mild water deficit during 2023
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time corresponding to the minimum TWP in kiwifruit vines. Note
that the TWP values were shifted backward four hours to account for
the time lag between TWP and VPD

overcome the sensitivity of R? to outliers (Table 2). These
additional metrics were in the same magnitude across
the various models, however the Y ~ VPD*SWC model
showed the lowest AIC anticipating it was the most accu-
rate (Table 2).

The constancy of variance of the residuals across the
models is reported in Fig. S7 showing that the linearity
of variance degrades for the most negative TWP values
and particularly for the Y ~ SWC model. In most scenar-
ios, residuals were homogeneously distributed across the
range of fitted measurements except for those values at
about — 0.1 MPa. The kernel distribution of the models
Y ~VPD+ SWC and Y ~ VPD*SWC had a roughly nor-
mal distribution, while the remaining models showed a
bimodal (Y ~ VPD) or skewed (Y ~SWC) shape (Fig. S8).

The ANOVA conducted over the data recorded in well
irrigated vines (CTRL) and pooling the whole data from
CTRL, Mild and Severe irrigation treatments is reported in
Table 3. The ANOVA table shows that the additive model
fits significantly better than the simple Y ~ VPD one. The
ANOVA also shows that the interaction term further sig-
nificantly improved the model (Table 3).

Relationship between trunk and stem water
potential

Daily paired midday SWP and TWP trends in vines under
CTRL, Mild and Severe irrigation treatments are shown in
Fig. 10. Results indicated that the SWP values were consist-
ent with those of TWP. The lowest values of SWP and TWP
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Table2 Values of root mean squared error (RMSE), mean absolute
error (MAE) and AIC for the various linear models employed to pre-
dict the trunk water potential over the test fraction of the dataset pool-
ing the data recorded in CTRL, Mild and Severe irrigation treatments

RMSE (MPa)  MAE (MPa)  AIC
Y~SWC 1.117547 1.100254 -518.56
Y ~VPD 1.123479 1.106274 - 589.97
Y ~VPD+SWC  1.114469 1.105097 -1035.31
Y ~VPD*SWC 1.115518 1.106150 - 1050.90

Table 3 Analysis of variance of trunk water potential (TWP) deter-
mined through nested linear models explaining the TWP as response
of air vapor pressure deficit (VPD) in combination with soil water
content (SWC)

Res. DF! RSS? DF F* Pr(> F)’
Y ~VPD 887 26.625
Y ~VPD+ SWC 886 16097 1 59035 <2.2e-16 %%
Y ~VPD*SWC 885 15782 1 17.691 2.863e-05 ***

The analysis has been conducted over the whole dataset pooling the
CTRL, Mild and Severe irrigation treatments. For further information
on parameters of each model please refer to Table S2. Significance
codes: *** a=0.001; **, a=0.01; *, a= 0.05

'Residual degrees of freedom
2Residual sum of squares

3Model comparison degrees of freedom
“F-statistic

3 P-value for the F-test
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Fig. 10 Daily paired midday stem water potential (SWP, n= 5) meas-
ured with the pressure chamber and trunk water potential (TWP, n=
2) monitored by MT in kiwifruit vines in CTRL, Mild and Severe
irrigation treatments during 2023
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Fig. 11 Correlation between microtensiometer-based trunk water
potential (TWP) and pressure chamber-based stem water potential
(SWP) recorded in well irrigated (CTRL) kiwifruit vines or progres-
sively subjected to Mild, or Severe drought. Data were pooled before
fitting using a segmented linear model. The vertical dashed line indi-
cates the breakpoint at —1.6 MPa. Details on segmented linear model
are reported in Table S4. Note that R? and AIC without “seg.” prefix
refer to a linear model fitting the data with no breakpoint

were — 1.35 MPa (DOY 236) and —0.73 MPa (DOY 237) for
mildly stressed kiwifruit vines, and —2.2 MPa (DOY 255) and
—1.05 MPa (DOY 254) for severely stressed kiwifruit vines.
The relationship between TWP and SWP was examined
through a piecewise linear model over the pooled values of all
irrigation treatments (Fig. 11). That model showed a break-
point at about — 1.6 MPa, an adjusted segR” and segAIC equal
to 0.78 and — 246.95, respectively. The TWP and SWP pair-
wise were also fitted with a linear model (not shown) whose
R? and AIC were 0.76 and —231.04, respectively (Fig. 11).

Discussion

Coupling trunk water potential, VPD and soil water
content

The VPD is an environmental variable regulating plant water
relations and in turn leaf and trunk water potential by affect-
ing leaf transpiration and water transport (Mayr 2021). The
present study analyzed the environmental drivers of the
microtensiometer-based TWP through models employing
VPD and SWC. For that purpose, the dataset was filtered
accounting for the hysteresis and for the time-lag response of
TWP to VPD (see M&M section). Both hysteresis and time-
lag are recognized phenomena characterizing the response of
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plants to environmental stimuli including VPD (e.g., Amato
et al. 2021; Wan et al. 2023). However, while the time-lag
was accounted for in existing studies dealing with microten-
siometer (e.g., Pagay 2022; Blanco and Kalcsits 2023), the
hysteresis did not yet enter the discussion. Hence, this study
would also contribute to expanding current knowledge on
this specific topic.

The shading factor of net might range from 9% up to
92% (Mahmood et al. 2018). In the present study, the net
had 8% shading (hole size 2.2 X2.6 mm) hence it could
be considered minimally shaded. A similar (9%) shading
net did not influence air temperature in a banana plantation
(Mekhmandarov et al. 2015). Hence, it can be reasonably
assumed that the effect of 8% shading on microenviron-
ment was negligible, however it remains to be specifically
tested. According to the idea that VPD dominates plant
water relations, results show that VPD satisfactorily drives
the TWP (model R?= 0.74) in the range of plants under
well water conditions. This result aligns with those in well-
watered pear (Blanco and Kalcsits 2023), grapevine (Wil-
liams and Baeza 2007; Pagay 2022), olive (Shackel et al.
2021) and apple (Nieto et al. 2023). The SWC in well-irri-
gated conditions fails to drive TWP because of the stable
soil moisture along the day whilst TWP has a diurnal cycle
(Fig. 7, 8).

The models employed in the present study were also para-
metrized and fitted over a relatively large range of TWP
(from about —0.01 MPa down to about — 1.1 MPa) achieved
after the imposition of the Mild and Severe treatments.
Under these variable SWC conditions (from about 40%vol to
about 18%vol) the vine water potential changed as expected
(Mills et al. 2009; Silva and Ferreira 2014; Calabritto et al.
2024). Hence, it could be anticipated that entering the SWC
term in the model would be essential to improve the predict-
ing capability of the model based on VPD. In line with this,
results document that the additive and interaction models
significantly improved model prediction (see ANOVA in
Table 3) and that the interaction one would definitely pro-
vide the best fit. However, considering the relatively small
reduction in RSS comparing the interaction and additive
models, and that the model Y ~ VPD*SWC had the lowest
AIC, it could be concluded that the interaction model offers
the best fit. Hence, the present paper returns the information
that within a diurnal time-scale when the soil moisture is
non limiting, the VPD would act as the main driver of TWP
and that SWC down-regulates the effect of VPD when SWC
becomes limiting (< 30%vol in this study). The effect of
SWC on TWP resembles the correlation between soil mois-
ture and some plant physiological traits (e.g., leaf relative
water content, stomatal conductance) showing that SWC is
influential on these traits once it declines below a threshold
(e.g., Abrisqueta et al. 2012; Du et al. 2012). Results on the
nested models are difficult to compare because most studies

considered only the VPD as explanatory variable of MT
under stable and non-limiting soil moisture. For example,
in Blanco and Kalcsits (2023) a linear correlation is reported
between TWP measured through MT and VPD in well irri-
gated pear trees.

In the present study, the correlation between SWC and
TWP (Fig. 7) suggests a variable role of SWC on TWP
depending on the SWC level. That is, at soil moisture close
to FC the SWC term would not influence the diurnal TWP
which would be almost entirely driven by VPD. In contrast
with this, at SWC <30% the TWP responded also to SWC.
Hence, the SWC should enter the model as a non-linear term
to putatively further improve the explanation of MT depend-
encies. Incidentally, this might also improve the homogene-
ity of variance of residuals at shallow MPa values (Fig. S7).
But this remains to be specifically examined.

TWP vs SWP relationship

Nowadays there is an increasing demand for easily acces-
sible and real time proxy of plant traits monitoring the
plant response to changing environment (e.g., soil salinity,
drought, heat waves) (Briglia et al. 2020; Montanaro et al.
2024a; Velazquez-Chavez et al. 2024). In this context, the
use of MT to retrieve plant water status is being compared
with SWP, which is believed to provide the actual plant
water potential (Naor 2000; Shackel 2007, 2011). For exam-
ple, previous studies investigating the relationship between
TWP and SWP found comparable values between the two
methods (Lakso et al. 2022a; Blanco and Kalcsits 2023;
Conesa et al. 2023). However, discrepancies between TWP
and SWP were reported by Pagay (2022) in grapevines with
TWP values generally higher than SWP. Similarly, a mean
difference of 0.3 MPa was found between SWP and TWP in
nectarine trees (Conesa et al. 2023). The TWP has also been
compared against leaf water potential (LWP), showing that
TWP is about 1.8 (peach) and 1 MPa (grapevine) higher than
LWP (Pagay 2022; Conesa et al. 2023).

The present paper reports the TWP linearly corre-
lated with the SWP but with a differing slope in severely
drought stressed vines. The segmented linear regression
(Fig. 11) shows the TWP decreases slowly at SWP val-
ues below —1.6 MPa suggesting trunk and leaf differ in
water economy particularly under limited water condi-
tion. The improvements of AIC and R* achieved by the
segmented linear model suggest it would be the best one
(see Fig. 11). In addition, there are others (physiological)
arguments supporting a piecewise model. For example,
plant tissues might differently release water to transpira-
tion flow according to their capacitance (specific volu-
metric water content released per unit of declining water
potential) (Scholz et al. 2007). Leaf and trunk would con-
siderably differ in their capacitance because (i) the trunk
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has a large water storage compartment, and (ii) because
of the water potential gradient existing between canopy
and trunk. Transpiration-induced xylem pressure drops
are reduced by the release of water stored in tissue into
the transpiration stream (Meinzer et al. 2009; Scholz et al.
2011), resulting in a less pronounced drop in water poten-
tial (i.e., TWP). Based on the location of the MT measur-
ing point (between roots and canopy) and on the level of
buffering of water potential in the trunk, the TWP has been
previously reported as the most stable indicator of plant
water status (Lakso et al. 2022a; Pagay 2022). In the pre-
sent study, TWP showed higher values than SWP (Fig. 11)
consistently with the establishment of a water potential
gradient within the plant (Begg and Turner 1970; Hellkvist
et al. 1974; Sharwies and Dinneny 2019; Pagay 2022).
Lakso et al. (2022b) observed a faster response from the
outside of the canopy than from the trunk, suggesting the
involvement of trunk capacitance and the speed of water
potential gradient propagation within the plant. The tissue
capacitance might help also to explain different behavior
of MT across various species (Scholz et al. 2011) whose
wood might have different capacitance-related traits (e.g.,
density, parenchima/sapwood ratio) (Carrasco et al. 2015).

The use of tissue (trunk) water reservoir results from the
interplay between different meteorological drivers (includ-
ing VPD) through their impact on water flow and water
potential in trees (Verbeeck et al. 2007). In line with this,
it is conceivable that the diurnal hysteresis of the MT has
been triggered by the releasing water process from woody
reservoirs supporting the transpiration stream (Scholz et al.
2011). Thereafter, the refilling process likely lags behind
the transpiration and might buffer the oscillations of xylem
tension (Scholz et al. 2011). The hysteresis phenomena is
relatively common in various research fields (e.g., elec-
tronics, geophysics, human health (e.g., Morris 2012; Ross
et al. 2016; Paterson et al. 2018). Within plant science, some
physiological responses to stimuli show a hysteresis such as
the efficiency of photosynthetic apparatus triggered by light
availability (Serodio et al. 2022), the diurnal transpiration
(Amato et al. 2021), and even the seasonal changes in fruit
color (Montanaro et al. 2024b). The hysteresis phenomenon
has been also reported in field studies in cherry and olive
explaining the diurnal growth of fruit in response to VPD
(Khosravi et al. 2021; Zucchini et al. 2021).

The change in slope between TWP and SWP might also
be related to a differential stomatal regulation of water loss
occurring under well irrigation and drought. Under non-lim-
iting water conditions, kiwifruit sustains high rates of gsw,
and E (Fig. 5b, ¢), lowering the hydrostatic pressure gradient
(AP) which propagates down to the trunk. In contrast with
this, under reduced soil water availability gas exchanges are
reduced by more than 50% during the central part of the day

@ Springer

(Fig. 5b, ¢, d) (Montanaro et al. 2009), and likely slowing the
AP propagation and in turn the TWP reduction.

This result might apparently contrast with existing cor-
relation between SWP and TWP in grapevine (Pagay 2022)
and pear (Blanco and Kalcsits 2023). However, the range
of SWP reached in the present study was likely larger than
that in the above-mentioned ones unmasking the segmented
correlation. Moreover, it could be noted that values of E
and gsw across treatments where not coupled early in the
morning (high gsw in Mild vines, while E remained compa-
rable) likely because of variable boundary layer and molar
concentration of water vapor within the leaf. This might
have contributed to that nonlinearity, but this remains to be
specifically tested.

The water potential drop in the plant (i.e., that reached
at midday) depends on transpiration rate and hydraulic
transport capacity, which are determined by stomatal and
hydraulic conductance (Martinez-Vilalta and Garcia-Forner
2017), and then vary according to the plant ability to uptake
and transport upward to the canopy the water needed by the
transpiration flow. Kiwifruit is recognized to have a high
hydraulic conductivity of the stem and efficiency in water
transport, associated with anatomical features of xylem ves-
sels, which allow it to sustain high transpiration rate despite
the high leaf/stem biomass ratio (Gucci et al. 1997). Dichio
et al. (2013) confirmed a relatively high leaf-specific whole-
plant conductance in kiwifruit.

Limitations

The results obtained during two years of experimentation
confirm MT as a promising tool in kiwifruit and recognize
some limitations for the correct and long-term functioning of
the sensor in this crop. Throughout the two seasons, sensors
were able to track TWP for a relatively short period ranging
from a few weeks to a maximum of five months. The instal-
lation process and the proper contact between the sensor and
the xylem are important for the correct functioning of MT.
Once the installation was done correctly, MT rarely showed
unrealistic values. In general, it suddenly stopped working,
and even reinstalling it did not recovery the signal. For all
non-functioning sensors, the first indication of sensor failure
and malfunction was evident from the daily TWP trends,
which showed the same values for several consecutive read-
ings (Fig. 12a).

The peculiar morphology of the kiwifruit epidermal tis-
sues may contribute to the short life of the sensor, in par-
ticular the low bark hardness and tissue elasticity led to the
formation of a crack after sensor installation (Fig. 12b),
aided by an unequal growth rate of the tissues. The cracks
gradually extended along the trunk surface and penetrated
the vascular tissue, both phloem and xylem. The phloem,
which is thick (5-6 mm) (Fig. 12c), once damaged, probably
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Fig. 12 Limitations of MT in kiwifruit. a Trunk water potential trend displayed on the dashboard showing sensor malfunctioning; b parenchy-
mal and vascular tissue splits after sensor installation; ¢ phloem thickness in kiwifruit

allowed air to enter the xylem, which may result in the loss
of the tension gradient.

Conclusions and potential use of TWP
for irrigation management

In conclusion, modelling the TWP and the explanatory envi-
ronmental drivers shows the TWP differentially responded
to VPD and SWC depending on the time scale considered.
Within a diurnal scale, TWP is mainly driven by VPD and
shows a hysteresis response likely triggered by the release of
water from woody reservoirs. Under a progressive depletion
of soil moisture, TWP aligns also to SWC, even though fur-
ther improvements of modelling should consider the SWC as
a second order term. However, in the case of a steep change
in SWC (e.g. during recovery), the increase in soil moisture
allows the TWP to respond within a couple of hours.

TWP linearly correlates with the SWP, which is recog-
nized as the reference indicator for assessing plant water
status, but with a differing slope in severely drought stressed
vines. The piecewise linear regression model shows the
TWP decreases slowly at SWP values below — 1.6 MPa,
suggesting a differential release of water from plant tissues
to the transpiration stream according to their capacitance.
Considering the correlation between TWP and SWP and its
prompt response to changes in SWC, it appears that MT is
sensitive to plant, soil and environmental factors support-
ing its potential employment in irrigation management in
kiwifruit.
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