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ARTICLE INFO ABSTRACT

Keywords: A dynamic model has been developed to predict trunk water potential (¥(ynk) from soil water content (SWC) and
Capacitance air vapour pressure deficit (VPD) in field-grown kiwifruit. The model included a capacitor (trunk tissue) apart of
Hydraulic resistance soil in order to account for the time lag between transpiration and Wyyygx. Sub-models were defined from known,
ﬁ;g:mn calibrated or specifically developed relationships linking SWC or VPD to hydraulic resistances of the whole soil-

leaf path and of the storage compartment, plant leaf area and transpiration. Estimation of soil water potential
Soil water content from SWC was also included. The estimations of Wyynk (Pmodel) Were compared with in vivo measurements via
Stomatal conductance microtensiometers installed in vines under full irrigation or progressively droughted. The resulting ¥nodel values
VPD were closely related to actual ones showing a median R? up to approx. 0.95. The model revealed that the daily
water released by the compartment to the transpiration stream (up to 0.22 m® ha™') makes the orchard almost
entirely dependent on root water uptake, posing a significant challenge for irrigation management. The main
advantage of the model proposed is the limited number (two) of operational inputs variables supporting the
employment of a combination of model and sensors to enable easy, and relatively low-cost monitoring of plant

Plant-based sensor

water status and in turn irrigation management.

1. Introduction

Nowadays there is an increasing interest in soil and plant-based
sensors for continuous and real-time measuring of those traits shaping
plant response to the surrounding environment and management (e.g.,
soil moisture, sap flow, temperature, stem and leaf water potential)
(Scalisi et al., 2017; Noun et al., 2022; Restrepo-Acevedo et al., 2026).
The resulting information ecosystem would support the transition of
agriculture towards the digital domain improving the efficiency in using
natural resources (e.g., water, soil) and crop adaptation to climate
changes (Ali et al., 2025; Parra-Lopez et al., 2025).

Advantages and pitfalls of plant-based sensors for irrigation man-
agement purpose (i.e., dendrometry, fruit gauges, and other tissue water
content sensors, growth, sap flow, stomatal conductance) have been
reviewed (Jones, 2004) envisaging their pivotal role in precision irri-
gation. Recently, “plant wearable” sensors along with remote sensing
platforms (e.g., UAV) and imaging (e.g., RGB) for water status moni-
toring come to the forum (Carella et al., 2024; Velazquez-Chavez et al.,
2024; Wu S. et al., 2025). However, certain plant-based sensors might be
invasive and potentially cause physical damage to the plant (e.g., Di
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Biase et al., 2025; Wu N. et al., 2025), and possibly require accurate
calibration and data management for reliability (Green et al., 2003;
Fernandez, 2014; Villalobos et al., 2025). These limitations are likely
hampering large scale adoption of such sensors and drawing attention to
non-invasive or even contactless sensors (Walsh et al., 2024; Park et al.,
2025). Within this context modelling plant response might further assist
in data-driven agriculture.

In their review Velazquez-Chavez et al. (2024) showed that stem
water potential and trunk diameter changes are among the most used
parameters for monitoring plant water status or irrigation management.
However, implementing a 1:1 sensor/plant would be challenging in real
world. Hence, a trade-off between plant-based sensors accuracy and
practical deployment at field scale is desirable. Again, modelling of the
plant response could be supportive in gain a wide range of information
based on relatively low number of probes.

Stem water potential (Wunk) is @ plant physiological trait that ag-
gregates the response of plant to both environmental (e.g., soil moisture,
radiation, vapour pressure deficit) and management features (e.g., irri-
gation, pruning) as mediated by leaf functioning (e.g., stomatal
conductance and transpiration) (McCutchan and Shackel, 1992; Naor,
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1998; Fereres and Goldhamer, 2003; Shackel, 2011; Haberstroh et al.,
2025). Such response is also mediated by internal factors (e.g., pheno-
logical stage, leaf area, fruit load) (Marsal and Girona, 1997; Girona
et al., 2004) including the hydraulic resistance and capacitance of the
water transport pathway (Scholz et al., 2007, 2011; Meinzer et al., 2009;
Calabritto et al., 2025). Taking all this together, the drop in water po-
tential from soil to leaf is proportional to (i) the overall resistance across
the soil-plant-atmosphere path and (ii) leaf transpiration (Van den
Honert, 1948; Scharwies and Dinneny, 2019).

Transpiration rate is intimately related to vapor pressure deficit
(VPD) because of the tight response of stomatal conductance (g;) to VPD.
Although the underlying mechanisms of the dependence of g; to VPD
remain debated (Grossiord et al., 2020), the stomatal aperture in
response to VPD variation has been modelled (Oren et al., 1999). Hence,
variations of W,k would be consistent to those in g as estimated
through the g::VPD relationship (Oren et al., 1999; Meinzer, 2003;
Grossiord et al., 2020).

The overall resistance across the soil-plant-atmosphere path is also
regulated by soil water content (SWC). As soil dries, a root-soil air gap is
created because of the root shrinkage decreasing soil hydraulic con-
ductivity and in turn increasing the overall soil-plant resistance (Nobel,
2005). In line with this, the influence of SWC on the hydraulic resistance
along the plant transport pathway has been documented in various tree
species including kiwifruit (Baert et al., 2015; Salomoén et al., 2017;
Calabritto et al., 2025).

Due to the causation effect of VPD and SWC on W.unk, several studies
aimed at modeling the Yy measured through microtensiometer
focusing the response of the sensor to VPD and SWC even within additive
linear models (Pagay, 2022; Blanco and Kalcsits, 2021; 2023;
Haberstroh et al., 2025; Vaccaro et al., 2025). However, in those models
a large variability in the prediction remains likely because models were
developed under a steady-state condition rather than dynamic ac-
counting for the hysteresis between VPD and Wnk by shifting backward
the Wiunk series (Blanco and Kalcsits, 2021; Di Biase et al., 2025).

Hence, a Wyunk model should account for the time lag between
maximum transpiration (underlying the peak in VPD) and the minimum
¥unk employing the capacitance effect of the trunk to supply water to
balance the transpiration stream (Calkin and Nobel, 1986, Meinzer
et al., 2004; Nobel, 2005; Haberstroh et al., 2025). In line with this,
leaf and trunk capacitors are often included in dynamic
(non-steady-state) models (Calkin and Nobel, 1986; Tyree, 1988; Steppe
etal., 2006, Paschalis et al., 2024). Inclusion of capacitors is relevant for
estimations at diurnal time scale of transpiration and absorption fluxes
while it would have no effect on daily totals (Hunt et al., 1991; Paschalis
et al., 2024). Recently, measurements of trunk sap flow and Wyynkx were
used in combination with a dynamic water flow model to estimate hy-
draulic capacitance (C) and hydraulic resistance (R) in kiwifruit
(Calabritto et al., 2025). However, predictions of Wynx employing C, R
and easily accessible environmental factors (i.e., SWC, VPD) remain
challenging. Modelling W;ynk would be supportive in minimize certain
barriers due to difficulties in its large-scale deployment (e.g., total
number of sensors per ha).

On this background, the present study aimed to develop a dynamic
model of diurnal ¥ynx based on VPD and SWC data leveraging previous
efforts defining plant internal factors (e.g., hydraulic resistances)
(Calabritto et al., 2025).

2. Materials and methods
2.1. Site description and treatments imposition

The study was conducted in a mature yellow-fleshed kiwifruit
vineyard (A. chinensis var. chinensis cv. ‘Zesy002’) located in Southern
Italy (Metaponto, 40°24'N 16°46'E). The vines were grafted on D1
rootstock (A. chinensis var. deliciosa) with a 5 x 2 m vine spacing (1000
vines ha 1) and trained to pergola system. Full details on the site are
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reported in Di Biase et al. (2025). Briefly, soil field capacity was 39.48%
vol. and wilting point was 18.49% vol. Vines were irrigated by a single
micro-sprinkler per vine (40 L h™! discharging rate) wetting a soil zone of
0.90 m radius. Irrigation volumes were determined daily based on
reference evapotranspiration. Two irrigation levels were imposed. Fully
irrigated vines received about 60 m® ha' day™ and served as control
(CTRL). Starting from a week after the beginning of the experiment
(August), a group of vines were progressively subjected to drought
receiving 0-15 m® ha™! day™!. However, to avoid the occurrence of an
abrupt stress, after the initial three days of water restriction, about 35 m>
H,0 ha™! were supplied a day for two days. The experiment lasted for
about 30 days.

Air temperature and relative humidity were recorded hourly by a
standard weather station (SKU-6253, Davis Instruments, USA) installed
in the vineyard and connected to a wireless data-logger system (Winet S.
r.l. Cesena, Italy). Hourly air vapor pressure deficit (VPD, kPa) was then
calculated (Goudriaan and van Laar, 1994).

Soil volumetric water content (SWC, % vol.) was continuously
monitored using a 90 cm Frequency Domain Reflectometry (FDR) multi-
profile soil moisture probe (SENS-STk90 Drill & Drop, Sentek Sensor
Technologies Stepney, Australia). This study focused on SWC changes in
the 0-30 cm soil depth, which has been reported to be primarily affected
by vine water uptake (Calabritto et al., 2024). The SWC probes (one per
treatment) were positioned on the row close to adjacent vines (two vines
per treatment) equipped with microtensiometers (FloraPulse, Davis, CA,
USA), at a distance of 0.50 m from both the vine trunk and the emitter.

2.2. Model identification

The model is grounded on existing flow and storage models
describing the dynamic of water from soil to the atmosphere across re-
sistances and capacitors miming an analogue electrical circuit (Calkin
and Nobel, 1986). Namely, the mechanistic water flow and storage
model in Calabritto et al. (2025) was adapted to be fed by two input
variables and sub-models (Fig. 1). For this purpose, existing model pa-
rameters (e.g., whole soil-leaf path and storage compartment hydraulic
resistances along with newly defined ones (e.g., storage capacitance, leaf
area and transpiration)) were employed for model development.

Under steady-state conditions, the drop in water potential between
soil and leaf conforms to the Ohm’s law being proportional to driving
force and hydraulic resistance across the soil-leaf path (Nobel, 2005).
Hence, considering also the gravitational component, the leaf water
potential (Wieqf) is well approximated by:

\Pleaf = lI’soil —RT — pgh (Mpa) (1)
where Wi is the soil water potential, R is the total hydraulic resistance
within the whole soil-to-leaf path, T is the plant transpiration, p is the
density of water, h is the height above the ground and g is the acceler-
ation of gravity. The model links Wje4¢ to the predicted microtensiometer
signal in the trunk through the gravitational component (i.e., pgh). The
height of the microtensiometer installed in the trunk above the ground
was considered for the principle of established vertical gradient of ¥
(Hellkvist et al., 1974).

According to Tyree (1988) and Cochard et al. (2002), in Eq. 1 the
fluxes caused by changes in solute potential of sap are not accounted
assuming the osmotic potential constant.

The water feeding T is sourced by soil through root absorption (a)
aligning with the Van den Honert principle on constancy of water flow
through a plant (i.e., T= a) (Nobel, 2005). However, plants can deviate
from that steady-state condition because the amount of water absorbed
by soil might not balance that lost via transpiration. This triggers new
water flow (q) sourced by compartments apart from soil such as trunk
(capacitance of the trunk) connected to the transpiration stream via the
hydraulic resistance of the compartment (r) (Tyree, 1988; Nobel, 2005;
Black et al., 2012). Hence, T evolves to T = a + g, where the term q is
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Fig. 1. Schematic flow of the model releasing estimated trunk water potential
(Wmodel) based on input variables (soil water content, SWC, vapour pressure
deficit, VPD). Bulk elastic modulus (¢) of the storage compartment was deter-
mined via its water potential (¥p) defined via microtensiometer-based trunk
water potential (Wy) and changes in volume of the storage compartment (V).
Values of V were calculated through changes in dendrometer-based stem radius.
The soil water potential (Ws,;) was assumed to be equal to Wy measured at
pre-dawn, then Wy, was used as initial value of Wpogel and Wp. Hydraulic
resistance of the soil-leaf path (R) and of the storage compartment (r) were
retrieved from Calabritto et al. (2025). Values of R were then parametrised to
soil water content, while r was maintained constant.

related to the drop of the hydrostatic gradient between xylem (W}eof) and
the reservoir compartment (¥p) according to Hunt et al. (1991). Values
of g can be positive (T>a) or negative (T<a) accounting for the move-
ment of water out (early morning) or in (late afternoon/night) of the
compartment, respectively (Nobel, 2005). Considering that changes in
time of ¥}, depend on its elastic bulk modulus (¢) (i.e., the fractional
changes in volume induced by the applied pressure A¥Y/(AV/V)) (Hunt
et al., 1991; Nobel, 2005) the capacitance of a plant component (C)
would be C = V/e.

The capacitance of the leaves was not accounted in the model
because it should be small compared with that of the stem (Hunt et al.,
1991).

2.3. Model parameters determination

Input predictors (operational variables) of the model were VPD and
SWC. These predictors were used to calibrate model parameters (R and
gs) identifying sub-models. The r parameter was directly retrieved from
literature, while the parameters of leaf area (LA), g, €, and W, have
been determined in this study. For details on these parameters refer to
Table 1.

Soil water potential (¥s.i): the values of Wy,; were retrieved assuming
that the Wyynk at pre-dawn (when the term RT in Eq. 1 is negligible)
reflects Wyoj according to Améglio et al. (1999). Hence, a sub-model
estimating Yyoj; was implemented by fitting Wy data at VPD < 1 kPa
against the paired SWC over a randomly extracted train dataset (12
days, approx. 40% of the total days of the experiment). That train
dataset was not used for any other model validation.

Total and compartment hydraulic resistances (R, r): the values of R
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Table 1
Classification, description and source of the input variables employed for model
development.

Input variables Description Source
Operational SWC, soil water content, % vol. Measured
VPD, air vapor pressure deficit, kPa
Variables determined or &, stomatal conductance, mol m?2 Ad hoc
parametrized in this 57! fitted against VPD (Fig. 4) experiment
study LA, vine leaf area, m? plant™! fitted
against SWC (Fig. 5)
¢, elastic bulk modulus, MPa (
Fig. 8)
Y,oil, soil water potential, MPa
Calibrated parameters R, total hydraulic resistance, MPa Calabritto
h kg! calibrated against SWC ( et al., 2025
Fig. 3)
&s:VPD model calibrated against Calabritto
SwcC et al., 2024
Parameters from other r, compartment hydraulic Calabritto
studies resistance, MPa h kg et al., 2025

were retrieved from a closely related experiment (Calabritto et al., 2025)
integrating the soil, root and trunk hydraulic resistances into a single
parameter (Steppe et al., 2006). Than R values were calibrated against
SWC (Fig. 3). The value of r (hydraulic resistance of the storage
compartment) was directly retrieved from Calabritto et al. (2025), set at
0.01 MPa h kg'1 and considered constant (Hunt et al., 1991).

Vine transpiration (T): the values of T were estimated adapting the
general formula of leaf transpiration (e.g., Nobel, 2005) as follow:

T = g xAPxLA (kg H,O h’lvine’l) 2)
where g is the stomatal conductance, AP (dimensionless) is the ratio
between VPD (Pa) and atmospheric pressure (101325 Pa) (Montanaro
et al., 2012), and LA (m?) is the leaf area of the plant.

The g; and LA values were calibrated against VPD and SWC (see
below).

The nighttime transpiration rates reported in the literature are 5% -
15% of the daytime ones, though sometimes they are as high as 30%
(Snyder et al., 2003; Caird et al., 2007) or even 40% (Dawson et al.,
2007) of those recorded daytime. Additionally, Dayer et al. (2021)
concluded that in grapevines nighttime transpiration has a negligible
impact on soil water depletion. In the present study, nocturnal transpi-
ration (from 8pm to 5am of the following day) was assumed to be 25% of
the diurnal one, which is consistent with literature and available data on
kiwifruit (Green et al., 1989 and references therein). In line with this, a
theoretical 10% increase (or reduction) of the nighttime transpiration
fraction used in the present model would translate in an increase (or
reduction) of approx. 2% of the total diurnal transpiration (i.e.,
0.025/1.25). This suggests that variations in nighttime water loss have a
negligible impact on overall soil moisture depletion and daily water
balance.

Final transpiration rate per plant (kg HyO h) was calculated
considering that shaded leaves (60% of total leaves, see below) have
higher stomatal resistance than exposed ones (Li et al., 2024) and in turn
60% of transpiration.

Vine leaf area (LA): the mean value of LA was determined using
fisheye images which were processed with the Gap Light Analyzer
software (Cary Institute of Ecosystem Studies, Millbrook, New York)
according to Clearwater et al. (2004). To track the impact of drought,
values of LA were measured in 12 vines progressively droughted and
modelled (linear model) with the corresponding paired SWC data. Vine
LA was assumed to be 40% and 60% in fully exposed and shaded leaves
(Xiloyannis et al., 2000).

Stomatal conductance (gs): the gs was estimated from VPD (kPa) ac-
cording to Oren et al. (1999):

g =m x In(VPD) +b 3
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For this purpose, the terms m and b in Eq. 3 were parametrized as
slope and intercept coefficients of the linear model fitting paired In(VPD)
and g; measurements taken over a VPD range of 1.5-5 kPa in an ad hoc
experiment using a handheld leaf porometer (LI-600; Li-Cor, USA). A
minimum of four-five leaves were monitored distributed over three
vines. Thereafter, g (Eq. 2) was achieved by converting g; (porometer
output) from mol HoO m™2 s to kg m? h™! considering the molar weight
of H50, and 3600 s h!. The model was parametrized to account for the
influence of changing SWC within the range of 45-20% vol. on g, based
on their relationship reported in Calabritto et al. (2024).

Storage volume (V): in the present study the storage volume was
determined following the geometry described by Génard et al. (2001)
considering a cylinder of 3 m total height (main trunk and permanent
canes), and 0.06 m average diameter. The growth of trunk was not
considered as in Calabritto et al. (2025).

Volume change of the trunk (AV): diurnal values of AV/V were
determined by means of dendrometer (DR3, Ecomatik, Munich, Ger-
many) installed in two vines per treatment (approx. 1 m above the
ground) in an ad hoc experiment. The dendrometers measured whole-
stem (i.e., over-bark) diameter variations. Hence, AV is the result of
integrated effect of changes in the living stem tissues (bark, phloem and
cambium) and the mature xylem. The change in volume of the trunk was
assumed to be that of water content stored in storage compartment
(Steppe et al., 2006).

Vine hydrostatic pressure gradient (A¥): on the same vines equipped
with dendrometers the diurnal values of AY were determined through
the microtensiometer (FloraPulse, Davis, CA, USA).

2.4. Model implementation and statistics

The model and all statistics were implemented in base R (R Core
Team, 2021). Simulation of Wyunk employed a fourth-order Runge--
Kutta numerical integrator with fixed step size (0.005 h). Initial values
of Wyunk in each day of simulation were posed equal to Wy at dawn
according to Améglio et al. (1999). The period for simulation did not
include the days already used for parametrization of Wy, against SWC
(Fig. 2).

To evaluate model stability, a sensitivity analysis was conducted by
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Fig. 2. Correlation between soil water content (SWC, % vol.) and trunk water
potential (W) as measured through microtensiometer during the experiment
at VPD values below 1 kPa. The Nagelkerke's pseudo-R? (Nagelkerke, 1991)
was used to evaluate the goodness-of-fit of the exponential model. Details on
fitting model are reported in Supplementary Table S1.
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mapping model residuals (Wmodel - ¥mT1) across the range of the two
operational input variables, VPD and SWC, using a two-dimensional
surface smoothing approach (Rigden et al., 2020). All other variables
were held fixed. To account for the non-uniform sample distribution
across the SWC-VPD range, a locally weighted polynomial regression
(LOESS) model was employed to generate a regular grid (Storlie and
Helton, 2008).

The Fig. 1 summarises the model framework including the various
sub-models all dependent on input variables (SWC, VPD) and collec-
tively enabling the estimation of trunk water potential (¥podel)-

3. Results
3.1. Sub-model parameters

The correlation between SWC and the Wy over the experimental
data matching the VPD condition (VPD<1 kPa) is reported in Fig. 2. The
exponential model provides a good fit to the data (Nagelkerke’s pseudo
R%=0.85) and was highly significant (see Table S1).

The Fig. 3 reports the hydraulic resistance of the whole soil-leaf
water path as function of SWC showing minimum values when soil is
close to field capacity while it increases when soil dries. Variations of the
predicted R and SWC were in good agreement (Efron’s pseudo R2=0.92).

The sub-model estimating the g; from VPD data is reported in Fig. 4.
The mean leaf area per vine was estimated in field and is reported in
Fig. 5. Values of LAI were about 2.6 at ~40% vol. soil moisture and
significantly declined with reducing SWC (Table S4).

3.2. Simulation of trunk water potential (¥model)

For model development, paired Wyr and trunk diameter were
measured in two vines per treatment. Diurnal changes in ¥yt showed
the typical decline in the morning until the minimum (about -0.4 and -1
MPa in fully irrigated and droughted vines, respectively) was reached at
about 3 p.m. (Fig. 6). Paired measurements of stem radius show the
trunk shrunk during morning and recovered in the afternoon (Fig. 6). In
well irrigated vines, stem radius fully recovered within the day but it
remained lower than the initial one under severe (approx. -0.2 MPa pre-
dawn) drought. Based on the trunk radius changes, the maximum stor-
age volume of a vine was estimated to be approx. 2.6 +0.07 (SE) kg
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Fig. 3. Correlation between soil water content (SWC) and hydraulic resistance
across the whole soil-leaf path. The Efron’s pseudo-R2 (Efron, 1978) was used to
evaluate the goodness-of-fit of the exponential model. Details on fitting model
are reported in Table S2.
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Fig. 4. Correlation between vapour pressure deficit, VPD (KPa, natural log
scale), and stomatal conductance (g, mol H>O m? s recorded in field grown
kiwifruit vines. Details of the linear fitting model are reported in Table S3.
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Fig. 5. Correlation between leaf area index (LAI) and soil water content (SWC,
% vol.) recorded in field grown kiwifruit vines. Details of the linear fitting
model are reported in Table S4.

water per fully irrigated and droughted vines.

The ¥y recorded in kiwifruit was linearly related to the relative
change of the compartment volume (R? 0.97) in the 0.94-1 range of that
volume independently of the irrigation treatment (Fig. 7). The slope of
Yy versus the fractional volume change was on average 4.63 +0.42
(SE) and 12.24 +£1.61 MPa in well-irrigated and droughted vines,
respectively. Such slope values corresponded to the bulk elastic modulus
(e) and were significantly influenced by the irrigation treatment (Fig. 8).
The values of ¢ measured during the decline of stem radius (morning-
early afternoon) were comparable to those measured during the
increasing radius (afternoon-evening) in both irrigation treatments
(Fig. 8). These “morning-early afternoon” and “afternoon-evening”
stages were identified as “OUT” and “IN”, respectively when comparing
¢ (Fig. 8).

Scientia Horticulturae 368 (2026) 115219

ol _
N
_ IS
(A) (B)
2 & |
g o o
=
S o |
c 38| © <
o < o
i I R = T T T 1
3 0 5 10 15 20 = 0 8§ 19 15 20
2 o E 4
® > o
| = _ ol—
e
2 o ]
»n ] o
o | (C) el (D)
o n
L e I e T T T 1
0 5 10 15 20 0 B 10 15 20

Time of day (h)

Fig. 6. Example of diurnal changes in (A, C) trunk diameter (stem radius) and
(B, D) trunk water potential (¥yr) as measured by microtensiometer. Upper
row (panels A, B) refers to fully irrigated vines, bottom row (panels C, D) refers
to droughted vines. Radius changes have been calculated as difference between
actual values and the maximum one recorded early morning.

The water flow IN and OUT of trunk (first derivatives of the stem
radius) is reported in Fig. 9. Negative values correspond to dehydration
indicating the trunk contribution to the transpiration stream; in contrast
positive values indicate the water flux into the storage compartment
(rehydration). The dehydration/rehydration dynamic was similar in
both irrigation treatments; the water flux approached the negative peak
at about -0.02 and -0.035 kg h™! in fully irrigated and droughted vines,
respectively. By summing the daily negative values, a mean of -0.0872
+0.008 and -0.220 4+0.021 kg day™! of water transferred from the stor-
age compartment to the transpiration stream.

The Fig. 10 shows the diurnal variations of simulated Wgynk
compared to the measured ones along with those of plant transpiration
and air VPD. The model captured the decline and recovery pattern of the
trunk pressure in fully irrigated and droughted vines during days with
different maximum VPD namely ~ 3 kPa and ~ 5 kPa (Fig. 10A and B).
Consequently, based on the transpiration dependence of Wik (as per
Eq. 1) the minimum values of Wynx Were more negative in days with
high maximum transpiration (~ 6.5 kg H,O h™!) (Fig. 10B) compared
with days with a low transpiration peaked (~ 4 kg HoO hl, Fig. 10A).
The model simulated the diurnal ¥nk also in vines under drought with
a pre-dawn value of -0.5 MPa (Fig. 10C) or even more negative
(Fig. 10D).

The sequence of the diurnal W,k throughout the experiment as
measured with microtensiometer and estimated with model is reported
in Figs. 11 and 12. Results show that predicted Wpo4e values in fully
irrigated vines change in sympathy with those measured by micro-
tensiometer (Fig. 11) to the extent that (median) coefficient of deter-
mination of their linear correlation was close to 0.95 (see boxplot in
Fig. 11). In droughted vines, trunk water potential starts to decline upon
the treatment imposition (about one week after the start of experiment)
in Yy and consistently in Wp,o4e1. However, during the following week,
¥, unk recovered a couple of times (see shaded period in Fig. 12B) before
an uninterrupted decline was observed in the last ten days of experiment
reaching approx. -1 MPa (Fig. 12). On a daily basis, the correlation be-
tween Yy and Whodel (excluding and including days falling in the re-
covery time) had a R? close to 0.9 (see boxplots in Figs. 12A and 12B).

Additional performance metrics were calculated for model accuracy
evaluation. Namely, the mean MAE and RMSE shown in Figs. 11 and 12
increased from fully irrigated to droughted vines confirming that the
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Fig. 7. Examples of correlation between diurnal values of trunk water potential
measured with microtensiometer (W) and the fractional volume changes of
the storage compartment measured in (top panel) fully irrigated and (bottom
panel) droughted kiwifruit vines. The whole diurnal data (Fig. 6) for each
treatment were pooled before fitting. The slope of the linear fitting model
corresponds to the first derivatives of ¥y and relative volume used to calcu-
late e.

model performs better under full irrigation. In addition, it could be
noted that excluding the recovery days the MAE and RMSE improved in
droughted vines, highlighting the model vulnerability during the re-
covery period.

Fig. 13 shows model sensitivity to changes in SWC and VPD by
mapping the model residuals using a two-dimensional surface smooth-
ing approach. In general, residuals were roughly well distributed across
the range of VPD but model was sensitive to soil moisture deficits
(Fig. 13). The model maintains an overall underestimation bias (positive
residuals) in most of the examined range of SWC. In addition, un-
derestimations increased when SWC declined below ~ 25% and VPD
surpassed ~ 3 kPa.

In this experiment, there were a few days of recovery (see the shaded
box in Fig. 12) which reduced model performance. When these days are
excluded, model bias is almost entirely dependent on SWC at least with
SWC above ~22% vol. (Fig. 13A). In addition, model is sensitive to VPD
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(“afternoon-evening”) and OUT (“morning-early afternoon”) of the compart-
ment. Comparisons were made by the Wilcoxon’s test.
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Fig. 9. Diurnal pattern of the water flux (kg h™) of the storage compartment in
single vine under (A, B) full irrigation and (C, D) drought. Values are negative
when water is withdrawn from the compartment and positive when the
compartment is refilled. The arrows indicate the point in time when the high
dehydration flux was reached.

>2 kPa when SWC fell below that threshold.

In contrast, when these recovery days are retained in the sensitivity
analysis (panel B in Fig. 13) there is an additional effect of VPD revealing
more complex, non-linear error sensitivity. That is, although the model
was stable at low VPD and mid-range SWC, the model exhibits high error
sensitivity to extreme atmospheric dryness (VPD > 3 kPa and SWC <
25% vol.).
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Fig. 10. Examples of diurnal oscillation in trunk water potential recorded by
microtensiometer (¥yr) and modelled (Wiodel), and of vapour pressure deficit
(VPD) and transpiration. The horizontal dashed line indicates the soil water
potential (W) assumed constant during the day. The shaded areas indicate the
95% prediction interval of the model.

4. Discussion

The primary purpose of the present study was to model the diurnal
trunk water potential (Wynk) using only two measured input variables,
namely soil water content (SWC) and atmospheric vapour pressure
deficit (VPD). Estimated trunk water potential (¥nodel) Was compared
with that measured in vivo by means of microtensiometers installed in
vines under full irrigation or progressively droughted. The resulting
Yodel Values were closely related to those in actual ones showing a
median R? up to approx. 0.95.

The main advantage of the model proposed is the limited number
(two) of operational inputs variables. Results would support the

Fully irrigated
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employment of a combination of model & sensor to enable easy, large
scale and relatively low-cost monitoring of plant water status and in turn
irrigation management.

4.1. Soil water potential, hydraulic resistance and transpiration sub-
models

The ambition to use a low number of input variables was necessarily
supported by sub-models, where additional parameters were defined
from known or specifically developed relationships, or calibrated. These
inputs were the hydraulic resistances of the whole soil-leaf path (R) and
of the storage compartment (r), plant leaf area and transpiration (T). The
soil water potential (W) was also estimated, as it represents a key
input in modelling the hydrostatic potential gradient between the soil
and the leaves (or trunk).

Estimation of W values assumed the correspondence of soil water
potential to trunk water potential measured pre-dawn when sap flow
would be negligible (Améglio et al., 1999). This assumption might be
criticised in case of nocturnal transpiration. That is, Caird et al. (2007)
propose that nighttime transpiration could generate “soil-plant predawn
water potential disequilibrium” possibly reducing accuracy of estimation
of soil moisture availability based on pre-dawn plant water potential
measurement. Although a specific evaluation of the impact of nighttime
transpiration on Wjear and Wy equilibrium would be desirable, plant
water potential measured pre-dawn remains a solid proxy of Wy (Zeng
etal., 2025). As expected, soil drying significantly affected the estimated
Wil particularly when SWC drop below about 30% indicating that the
observed decrease in Yy, was effectively captured by the non-linear
function (Fig. 2, Table S1). Although W, might be considered vari-
able on a diurnal basis (Calabritto et al., 2025), in this study, for model
simplification Wy, was assumed constant because of its relatively nar-
row oscillation (approx. 1-4% of the initial value, in well irrigated
(Dichio unpublished data)).

Even though soil moisture can be highly heterogeneous, variations of
SWC close to the trunk, as in this study and in those of Garcia-Tejero
et al. (2017) and Calabritto et al. (2025), are much more directly
related to vine water uptake. Hence, they were pertinent to model
development as they provided information on how ¥ nx changed with
changing SWC. However, future applied work might account for soil
moisture far from the trunk, as in Autovino et al. (2018), to further
improve model scalability.

o
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Fig. 11. Sequential diurnal oscillations of trunk water potential measured by means of microtensiometer (W) and estimated (Wmode), and soil water potential
(Wsoi) in fully irrigated field-grown vines. Next to the panel, a boxplot of the coefficient of determination calculated from the linear fit between measured Wy and
W model for each day. Data are the mean of two vines. The shaded area indicates the prediction interval (95%) of the model. Please note that data of the present figure

have not been used for parametrization of functions.



G. Montanaro et al.

(A) Droughted

Scientia Horticulturae 368 (2026) 115219

MAE= 0.06 (+0.008)
; RMSE= 0.07 (+0.009)

-1.2

MAE= 0.1 (20.02) ~ 0.5
RMSE= 0.11 (+0.021)

T
1 2 3 4 S5 6 7 8 9 10

Days of experiment

T T T T T
12 13 14 15 16

Fig. 12. Sequential diurnal oscillations of trunk water potential measured by means of microtensiometer (Wyr) and estimated (¥model), and soil water potential
(Psoi1) in progressively droughted field-grown vines. The shaded area around the model line indicates the prediction interval (95%) of the model. In panel (A) the
days belonging to a recovery period (dark box) were not considered for model bias determination and R? calculation, in (B) all the days were used. Note that the
upper bound of the prediction interval is clipped at a maximum of 0 MPa and that data have not previously been used for parametrization of functions.

A ]
( )v 12
i
o
L
Q
o 005 g
(e} 87 I oy
: : ]
SIS O RS o 2
Q o o
o ‘0. [0}
> > 5
o 7}
~ ‘0 0.05

v
E
to) -
% \ £
o-— T T T —0.1 &
20 25 30 35 &

SWC (%vol)

Fig. 13. Sensitivity analysis of model residuals across the two operational input variables (soil water content (SWC) and vapor pressure deficit (VPD)) recorded
during the experimental period, (A) excluding and (B) including rewatering days (see shaded area in Fig. 12).

The sub-model estimating R in response to soil drying shows that
declining SWC induced a significant exponential increase in R (Fig. 3) in
line with existing results in grapevine and oak (Baert et al., 2015).
Hence, it was essential to introduce in the model SWC-dependent values
of R. In contrast with this, the resistance of the storage compartment was
considered constant as in other researches (Hunt et al., 1991; Calabritto
et al., 2025).

A key parameter of the model was the transpiration (T) acting as the
driver of plant water movement which is often associated to the current
in electrical circuit contributing to set the hydrostatic pressure gradient
between leaf and the below parts of the soil-plant continuum (Calkin and
Nobel, 1986; Hunt et al., 1991). For the estimate of T (Eq. 2), values of
instantaneous g were retrieved via ad hoc experiment parametrizing g
as function of natural log of VPD (Fig. 4). Although several models of g
have been proposed (Gao et al., 2002; Buckley et al., 2003), such a
method is widely employed in research (e.g., Cunningham, 2004;
Grossiord et al., 2020) and is based on a consistent relationship between
gs at low VPD identifying a reference g corresponding to that at 1 kPa

(Oren et al., 1999). The resulting g; linear sub-model (Table S3) is
consistent with the general sensitivity of g; to VPD (i.e., slope equals to
approx. 0.6 x intercept) (Grossiord et al., 2020). Based on the depen-
dence of leaf and stem hydraulics on stomatal sensitivity to VPD
(Brodribb and Jordan, 2008) the significant parametrization of gs; ach-
ieved would have contributed to a solid estimation of T and in turn of
Wmodel- Values of estimated T (not shown) were consistent with those of
sap flow measurements of a closely related experiment (Calabritto et al.,
2025). This finding highlights that whole-plant canopy transpiration
data are advisable to validate estimates of T ensuring realistic plant
hydraulics model.

4.2. Hydraulic features and modelling trunk water potential

The core operating principle of the present model was rooted in the
analogy of water movement with the electrical circuit. That is, water
moves from soil to atmosphere across a series of resistances in response
to gradients in water potential (Nobel, 2005 and references therein). The
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model has been developed accounting for water sourced from a capac-
itor (trunk tissue) different than soil helping to cope with time lag be-
tween changing transpiration (as driven by VPD) and leaf/trunk water
potential in trees (Oliva Carrasco et al., 2015). In a previous attempt to
model Wyynk as response variable of VPD and SWC (Di Biase et al., 2025),
the Wyt series were shifted backward by 4 hours to account for that time
lag and improve the model fitting. A similar approach was employed in
other studies. For instance, Pagay (2022) and Wan et al. (2023)
modelled Wk in grapevine and +50 forestry tree species, respectively,
artificially aligned time course of VPD and Wy values. Hence, inte-
grating the capacitor in a non-steady-state model would contribute to
expand current knowledge in applied modelling plant water relations.

In this study, the storage compartment volume was approx. 60%
lower than that calculated in a field grown droughted kiwifruit (Nuzzo
et al., 1997) experiencing a similar drop in water potential from
pre-dawn to midday (~ 0.7-0.8 MPa). Such an apparent discrepancy
might be explained by considering the putative differences in trunk size,
which likely influenced the storage compartment volume (Génard et al.,
2001; Salomon et al., 2017). That is, the number of plants per hectare
was 1,000 in the present study, whereas it was 500 in Nuzzo et al.
(1997). The volume changes in the storage compartment have been
assumed equal to those in water volume (Steppe et al., 2006). The total
daily negative flux values determined in the present study (Fig. 9) rep-
resented the water released to the transpiration stream and was signif-
icantly influenced by the irrigation treatment. Namely, the water
released by a droughted vine was significantly (p< 0.05, Wilcox’s test)
2.5 times greater than that in well irrigated. That amount of water was in
the magnitude of that released by Quercus ilex trees with a comparable
trunk diameter (Salomon et al., 2017). However, considering the daily
irrigation volumes (up to 60 m> ha day™) and those released by the
compartment (up to 0.22 m® hal), it appears that the typology of
kiwifruit orchard examined would be almost entirely dependent on root
water uptake which is challenging for irrigation management.

The hydrostatic pressure causing the fractional change of the volume
of the capacitor is captured by the bulk elastic modulus (¢) which de-
termines the shrinkage of the stem (Dietrich et al., 2018). Incidentally,
the shrinkage in droughted vines had larger magnitude compared to that
in fully irrigated vines confirming trunk tissue sourced more water (as
discussed above). Elastic modulus may vary among different stem tis-
sues (Scholz et al., 2007). Several studies have reported that most
diameter fluctuations occur in the elastic living tissues of the bark and
that only minor or no contractions are observed in the mature xylem
(Zweifel et al., 2000; Steppe, 2004). These findings suggest that xylem is
a more rigid material (i.e., has a lower elasticity) (Scholz et al., 2008). In
the present study, diurnal changes in trunk radius were employed to
determine values of & under the assumption that stem radius changes
occur mainly in the elastic tissue of the bark whereas the woody parts of
the stem undergo only small diurnal fluctuations (Zweifel and Hasler,
2001). In addition, the procedure for e estimation is consistent with
that in other studies (Genard et al., 2001; Steppe and Lemeur, 2007).
Although species might differ in elastic properties of the tissues involved
in shrinkage (Heine 1971, Steppe and Lemeur, 2007), € observed were in
the magnitude of those reported in saplings of P. radiata breeds (De
Diego et al., 2013) and in crop herbs (Bartlett et al., 2012). Under
drought conditions, an increase in leaf € has been associated to
increasing drought (Bartlett et al., 2012). In line with this, in the present
study e increased by approx. three times under water limitation
compared to values in fully irrigated vines (Fig. 8). The response of
Wunk to change in the fractional volume of the compartment (Fig. 7)
was linear within the early ~ 10% volume reductions in both fully
irrigated and droughted vines. Such a linearity fits with those in Calkin
and Nobel (1986) and Hunt and Nobel (1987) and with the general idea
that the “initial slope of a pressure-volume curve is approximately constant
over a range of relative water content from 0.95 to 0.80” (Hunt et al., 1991).

Over the range of Wyt values observed in this study, linear model
fitting the changes of hydrostatic pressure per unit change in relative
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volume had different slope. This might be explained accounting for the
changes in € after drought-induced soil drying (Fig. 8). The functional
dependency of € on drought-induced change in fractional volume of
tissue might be nonlinear as reported in forest tree species and olive
(Roberts et al., 1981; Dichio et al., 2003). Although the minimum Wy nx
measured in the present study indicate severe water stress (Di Biase
et al., 2025), more efforts are required to establish the type of de-
pendency (e.g., linear or curvilinear) of € on SWC in kiwifruit covering as
wide as possible range of V.

The model had a good fitting based on the R? calculated from daily
correlation between Wy and Wpodel in both irrigation treatments.
However, additional accuracy metrics are advisable as discussed in
Montanaro et al. (2023). For example, although the use of MAE would
be encouraged as it is less sensitive to outliers, both the scale-dependent
RMSE and MAE metrics were significantly lower (p <0.05, Wilcox’s test)
in fully irrigated vines compared to droughted ones. Additionally, these
performance metrics increased when the recovery period (shaded area
in Fig. 12) was included in the analysis. This envisages some model
limitations when drought alternates to recovery. That is, the model
sensitivity analysis confirmed that including a few days of recovery
reduced the model’s performance, showing high error sensitivity to
extreme atmospheric dryness and soil moisture deficit. Hence, the
sensitivity analysis reveals that more efforts are required to reduce
model vulnerability under high VPD and rewatering conditions.

The satisfactorily fitting between Wyt and ¥p,0qe1 Was likely attrib-
utable to the model ability to reproduce the lag existing between tran-
spiration and Wik peaks (Calkin and Nobel, 1986; Di Biase et al., 2025)
(Fig. 10). This result is difficult to discuss because of limited dynamic
¥ runk models developed in kiwifruit. In addition, often only the VPD was
considered as explanatory variable of Wy under stable and
non-limiting soil moisture (Blanco and Kalcsits, 2023). In Di Biase et al.
(2025), based on a correlative linear approach (i.e., Yiunk ~ SWC) it was
proposed to introduce SWC as a non-linear term to putatively further
improve the explanation of Wy dependencies. In the present model,
the impact of SWC has been considered within sub-models imple-
mentation adopting the resulting non-linear dependency of g;, leaf area
and soil-plant hydraulic resistance (see sub-model in Tables S1 and S2).
Hence, in the present study, rather than a correlative approach a
mechanistic one has been used to account for the influence of SWC on
Yunk contributing to the progress of model development in this specific
field.

5. Limitations

The model did not account for the changing water relations existing
during the recovering stage following a drought exposure. According to
M&M section, drought vines were initially recovered to avoid an abrupt
stress occurrence. This likely influenced the poor alignment of Wpodel
and Wyr observed during recovery in vine under progressive drought
(see shaded days Fig. 12), significantly reducing model performance.
This can be explained considering that g might be uncoupled by SWC
during recovering because of “stomatal inertia” possibly due to accu-
mulation of drought-related signals (McAdam, 2023). Hence, modelling
the recovery stage requires further efforts before the model can be
widely applicable for irrigation management. Moreover, application of
this model under extreme atmospheric conditions (e.g., very high VPD)
would require recalibration of g to collect the proper model coefficients,
avoiding unrealistic gs values.

This study was developed when vines had completely developed LAI
limiting its application during the early stage of growing season when
leaf area develops (Xiloyannis et al., 2000). Values of € were defined at
control and severe drought conditions with Wyynk ranging from about
-0.05 to about -1 MPa (Fig. 7). While estimating ¢ more frequently
during the progression of drought would likely further tailor the model
to SWC variations. The capacitance of the leaves was not accounted in
the present model because it should be small compared with that of the
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stem (Hunt et al., 1991), and because it would not be influential on ¥yt
readings due to the topography of foliage compared to that of the
insertion point of the microtensiometer. However, this remains to be
specifically tested in a model focusing kiwifruit species.

The developed trunk water potential model has been tailored on
kiwifruit with specific parameters (R, r, g) limiting its transferability to
other tree species which likely differ in the above mentioned
parameters.

6. Conclusions

This paper presents an effective dynamic model of Wk based on
two operational input variables, VPD and SWC, which captures the time
lag between changing transpiration and trunk water potential in kiwi-
fruit. Results would promote a wide deployment of plant-based sensors
such as microtensiometer to be used as benchmark of Wy, values
considering its relationship with variable SWC or VPD conditions. The
model is promising for future development of a vine water relations tool
even though its parametrization under recovery days, specific environ-
mental and cropping conditions (e.g., rootstocks, cultivars, and canopy
structures) would be required.
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