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Climate change and increasing water scarcity, especially in the Mediterranean region, are major challenges for
modern agriculture, requiring the implementation of real-time irrigation management methods to improve
whole-plant water use efficiency. In the present study, two plant-based measurements (trunk sap flow and trunk
water potential, yunk) were used in combination with a dynamic water flow model to estimate hydraulic
capacitance (C) and hydraulic resistance (R) along the water transport pathway in yellow-fleshed kiwifruit vines
grown in a Mediterranean environment under both well-watered and drought conditions. A sensitivity analysis of
the model was performed to select a subset of identifiable parameters, accounting for most of the variability in
model predictions of yiunk. Based on the identifiable parameters, two model calibrations were performed: (1)
model calibration of C and R; (2) model calibration of C, R and the initial amount of water stored in the stem
compartment. These parameters were recalibrated daily based on a 1-day moving window. The best model
performance under soil water limiting conditions was achieved when all three parameters were used for cali-
bration. C and R parameters strongly correlated with Wynk, revealing the hydraulic behavior and drought
response of kiwifruit vines. In particular, C was found to decrease with more negative yynx values, whereas R
showed an increase. In addition, C and R varied within a narrow range of yunk fluctuations, as occurred in well-
watered vines. While the proposed modelling approach requires investments in sensor technologies and a data
management and modelling platform, it offers the potential to quantify and visualize daily dynamics in plant
hydraulic parameters and provide farmers with valuable tools to improve real-time management of irrigation in
the era of precision agriculture.

1. Introduction

In the current climate change scenario, the Mediterranean region is
recognized as one of the world’s water crisis hot spots due to significant
increases in temperatures and decreases in rainfall (with fewer events
but of greater intensity), threatening water availability throughout the
region (Milano et al., 2013; Lionello and Scarascia, 2018; Prada et al.,
2024). Climate change affects crop phenological stages and irrigation
water requirement, and increases the frequency of extreme weather
events, such as droughts and heat waves (Soares et al., 2022). In this
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specific climatic context, kiwifruit needs to face high temperatures,
irradiance and leaf-to-air vapor pressure deficit during summers
(Montanaro et al., 2009). In particular, the kiwifruit species belongs to
the lianas and has developed peculiar morpho-anatomical traits and
hydraulic system features adapted to its native habitats, which are
characterized by moderate light intensity and abundant rainfall
(1200-1800 mm year_l) (Ferguson, 1984), ensuring non-limiting water
conditions. Sparse and large xylem vessels (200-350 um in diameter)
contribute to low xylem hydraulic resistance to vertical water flow and
allow large amounts of water to be transported upwards, with very high
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stem hydraulic conductivity (Dichio et al., 2013). Large leaves, which
provide a wide transpiring surface, contribute to high daily transpiration
rates, reaching approximately 40-60 L day ! in a Mediterranean kiwi-
fruit orchard (Dichio et al., 2013; Green et al., 2022; Xiloyannis et al.,
2023). The vascular tissue is composed of semi-ring porous wood, which
contributes to low axial xylem resistance (Condon, 1992). The high
leaf-specific whole-plant conductance (i.e., whole-plant conductance
normalized by leaf area, Dichio et al., 2013) of kiwifruit vines compared
to olive plants, which is attributable to the larger conducting vessels,
could contribute to the high susceptibility of this species to embolism
formation under drought conditions (Dichio et al., 2013), generally
exacerbated by high temperatures and high evaporative demand.
Clearwater and Clark (2003) reported that embolism formation occurs
more frequently when xylem tensions are high, and less frequently when
drought stress is relieved. They also found that embolism formation
occurs more frequently and at lower xylem tensions in Actinidia vines
than in Ripogonium. In-depth studies of water flow dynamics, plant water
status and drought susceptibility have become urgent challenges that
need to be addressed in the current climate change scenario, as more
extreme drought events are expected to occur in the coming years (Da
Sois et al., 2024) and irrigation water supply cannot be guaranteed at all
times. As soil water content decreases, hydraulic resistance to water
transport through the soil increases and soil matric potential decreases,
creating adjusted water potential gradients within the plant that drive
water flow (Scharwies and Dinneny, 2019). As plants respond differ-
ently to water deficit (Scharwies and Dinneny, 2019), information on
the plant hydraulic resistance encountered in the soil-plant continuum
and its changes due to drought stress conditions is important as it
strongly influences plant water status and helps to understand important
plant processes occurring under these conditions (Baert et al., 2015).

The high water requirements of kiwifruit (Chartzoulakis et al., 1993;
Holzapfel et al., 2000; Calderon-Orellana et al., 2021) and its suscepti-
bility to water deficits (Judd et al., 1989; Montanaro et al., 2007; Mills
et al., 2009; Calderon-Orellana et al., 2021) highlight the importance of
effectively and properly quantifying irrigation requirements and iden-
tifying water stress indicators and thresholds. Proper irrigation man-
agement helps to mitigate the adverse effects of environmental stressors
caused by climate change (Rajan et al., 2024). It limits midday depres-
sion in physiological parameters, such as photosynthetic rate, and sun-
burn of fruits and leaves, which are exacerbated by increasing
temperatures and radiation during the hottest hours of the day (Gucci
etal., 1996; Montanaro et al., 2009; Wu et al., 2023) and pose a threat to
kiwifruit production in Mediterranean environments. The implementa-
tion of innovative plant-based irrigation management methods can be of
great importance to kiwifruit contributing to a more precise irrigation
for this crop. Precision irrigation, driven by data on soil water status,
plant responses and weather variables, delivers water at the right time
and in the right amount, contributing to water saving, improvement of
whole-plant water use efficiency and timely fulfilment of crop water
needs (Bwambale et al., 2022). Furthermore, delivering the right
amount of irrigation water to meet the crop’s needs at different times,
also limits the onset of transient drought stress (Brahmanand and Singh,
2022), which can easily occur throughout the day especially in arid and
semi-arid environments. Several soil and plant sensors have been sug-
gested as effective irrigation tools, and trunk diameter variations, sap
flow and plant water potential are the most commonly used plant sen-
sors in scientific studies (Moriana et al., 2012). Plant water status
monitoring, integrated with soil and environmental information, can
support precision irrigation and inform irrigation scheduling
(McCutchan and Shackel, 1992; Goldhamer et al., 1999; Intrigliolo and
Castel, 2004; Ortuno et al., 2010; Shackel, 2011). Plant physiological
and drought stress indicators are therefore increasingly accepted and
used by farmers as useful diagnostic tools (Fereres and Evans, 2006;
Noun et al., 2022).

Despite significant advancements in soil- and plant-based sensors,
which enable continuous monitoring and provide real-time feedback on
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soil and plant water status, enhancing our understanding of plant re-
sponses to different soil and environmental conditions and enabling
more accurate irrigation management, the widespread adoption of
effective real-time decision support methods for irrigation is still lack-
ing. A significant gap between current irrigation practices and what is
considered best practice in most cases is observed and remains a major
concern (Fereres and Evans, 2006).

This gap can be filled by integrating plant measurements and
mechanistic modelling to develop novel plant-based irrigation sched-
uling methods (Steppe et al., 2008; Steppe, 2013). Although such models
are already available in the scientific literature and thoroughly validated
(Steppe et al., 2006, 2008; De Pauw et al., 2008a), their practical
application in irrigation scheduling has not yet been fully exploited.
Moreover, modelling plant water transport dynamics during drought
stress can deepen our understanding of the underlying processes and
mechanisms plants use under such conditions (Steppe et al., 2008; Baert
et al.,, 2015; De Swaef et al., 2022). This knowledge is particularly
important in the climatically challenging Mediterranean region, where
it can help assess the impacts of climate change on crop performance.

The present study integrates continuous plant measurements from
sensors, such as trunk sap flow and trunk microtensiometers, with a
mechanistic water flow model to achieve the following objectives: (i)
simulate trunk water potential dynamics (Wyynk) to predict changes in
hydraulic capacitance (C) and resistance (R) of yellow-fleshed kiwifruit
vines under well-watered and drought conditions in a Mediterranean
climate; (ii) provide practical insights into model calibration for more
accurate estimation of key hydraulic parameters, especially under
drought conditions; and (iii) illustrate the potential of the mechanistic
model as an effective tool for plant-based, real-time irrigation sched-
uling in fruit crops.

2. Materials and methods
2.1. Plant material and experimental site

The experiment was carried out during the 2023 growing season in a
commercial and mature kiwifruit orchard (Actinidia chinensis var. chi-
nensis, cv. Zesy002) planted in 2014 in Metaponto (South Italy, 40°24’N
16°46’E) over a 4-week period from August 2 till 15 September (from
Day-of-the Year (DOY) 214 until DOY 258). The yellow-fleshed kiwifruit
cultivar was grafted onto D1 rootstock (A. chinensis var. deliciosa),
cultivated at 5 m x 2 m spacing and trained as a pergola system. The soil
profile consisted of a uniform sandy clay loam texture (58 % sand, 14 %
silt and 28 % clay). The experimental plot consisted of two irrigation
blocks equipped with independent valves and analogue flow meters. A
manual flow meter (TEV58R GU-SD, Greiner S.p.A., Italy) was used to
record the irrigation volumes distributed and an automatic irrigation
controller (“Irrifarm” system, Pan. Agri S.r.1., Italy) was used to remotely
control the water supply. Irrigation was provided by micro-sprinklers
with a 5 m x 1 m spacing in the vine row, using a single auto-pressure
compensating emitter per vine at a flow rate of 40 L h™! and a wetted
radius of 0.9 m.

2.2. Irrigation scheduling and treatments

All vines were grown under optimal soil water availability conditions
throughout the season until the beginning of the experiment. Daily vine
water requirements (crop evapotranspiration, ET.) were estimated using
reference evapotranspiration (ET) and crop coefficient (K.) (Allen et al.,
1998), with K, ranging from 0.5 to 1.1 along the season (Steduto et al.,
2012). The irrigation requirement was calculated using the following
equation:

IR = (ET, —ER) /ime €})

where IR is the irrigation requirement (mm), ET. is the crop
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evapotranspiration (mm), ER is the effective rainfall [calculated by
considering daily rainfall < 5 mm as ineffective (Dastane, 1974)], and
ime is the irrigation method efficiency (0.95). The soil volume wetted by
irrigation was calculated considering the sprinkler wetting radius, the
depth of the wetting pattern (0.6 m) and the number of emitters per
hectare. The irrigation requirement was adjusted weekly based on
continuous monitoring of the water content by soil moisture probes.
Real applied irrigation volumes were derived from increases or de-
creases in irrigation requirement in order to maintain the soil moisture
level of the soil volume wetted by irrigation within field capacity (FC)
and readily available water (RAW) (Mininni et al., 2022; Calabritto
et al., 2024). Two irrigation treatments were applied: a well-watered
irrigation treatment, in which irrigation returned 100 % of irrigation
volume defined according to the vines’ water need and soil moisture
monitoring, and a drought irrigation treatment, in which irrigation was
reduced to develop progressive levels of drought stress. In particular, the
well-watered irrigation treatment received daily irrigation volumes of
45 m%ha ! (DOY 214-216; DOY 222-229; DOY 241-253) and
60 m*ha~! (DOY 217-221; DOY 230-240; DOY 254-258) throughout
the experimental period. Daily irrigation volumes were split into
three/four irrigation events throughout the experiment, except for the
period from DOY 220 to DOY 237, where irrigation volumes were split
into only one or maximum two events per day (early in the morning and
late in the afternoon). In contrast, in the drought treatment, irrigation
was first ceased (DOY 220-226) and then reduced (DOY 227-236,
15 m3ha*1) with full re-watering on DOY 237, and then ceased again
(DOY 244-255) with full re-watering on DOY 256. In the drought irri-
gation treatment, daily irrigation volumes were distributed in a single
intervention from DOY 227 to DOY 237.

2.3. Environmental and soil measurements

Environmental variables, such as daily ETp, minimum, maximum
and mean air temperature, relative humidity and net solar radiation
were recorded by a regional meteorological station located about 1 km
from the experimental field. Hourly air vapor pressure deficit (VPD) was
calculated using hourly values of air temperature and relative humidity
(Goudriaan and van Laar, 1994). ETy, was calculated using the
Penman-Monteith equation (Allen et al., 1998).

Frequency domain reflectometry (FDR) 90 cm multi-profile soil
moisture probes (Drill & Drop, Sentek Sensor Technologies, Stepney,
Australia) were used to continuously monitor the volumetric soil water
content (0, cm? cm’g) in 10 cm increments throughout the soil vertical
profile, allowing the remote detection of instantaneous oscillations in
each soil layer. A soil layer of 0-60 cm was monitored in the present
study, as this depth has been previously reported to be useful for irri-
gation purposes in kiwifruit based on soil type and root development
and uptake activity (Xiloyannis et al., 2023; Calabritto et al., 2024). The
probes were installed in the row at a distance of 0.5 m from the vine
trunk and approximately in the center of the wet soil volume.

The relation between 6 and the matric potential (h) was investigated
through the water retention curve obtained with the Richards’ pressure
plates apparatus (Richards, 1948) in the 0-60 cm soil profile. Hydraulic
characterization of the soil was conducted by fitting measurement data
to the van Genuchten equation (1980) (Fig. 1).

Based on estimated parameter values (Table 1), the matric potential
of the soil (yso, MPa) can be calculated using the equation of van
Genuchten (1980):

1
(5]
1 0—0,\\m
Voot = — ( ) -1
a

0, — 6,

where 0, and 05 are the residual and saturated volumetric water content
(cm3 cm’g), respectively, o (cm’l), n (dimensionless) and m = 1-1/n
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Fig. 1. Water retention curve of the sandy clay loam soil profile (0-60 cm). The
van Genuchten function was fitted to the water retention data.

Table 1
Estimated parameters of the van genuchten (1980)
equation for the studied kiwi orchard.

Parameter Estimation
05 (cm® cm™3) 0.3974
0, (cm® cm™3) 0.1891
a (em™1) 0.0115
n () 1.3086
m (-) 0.2358

(Mualem, 1976) the form parameters.

2.4. Plant sensor measurements

Trunk water potential (Wunk, MPa) of kiwifruit vines was continu-
ously monitored by microtensiometers (FloraPulse, Davis, CA, USA)
embedded directly in the trunk. The sensors were installed at pre-dawn
and reached equilibrium with the vine xylem within a few days after
installation (Pagay, 2022). Data of yynkx were collected at 20 min in-
tervals, stored in a memory card inserted into the solar powered wireless
data logger and uploaded to a cloud repository. Trunk micro-
tensiometers were installed in the field on two vines for each irrigation
treatment (well-watered and drought).

Trunk sap flow (SF, kg h~1) was measured in four vines for each
irrigation treatment. The selected vines had straight trunk sections and
showed uniform canopy dimensions. Each vine was instrumented with a
single set of three-channel sensors (model HP3TC, Tranzflo NZ Ltd,
Palmerston North, New Zealand). The probes were installed in each
trunk at a height of approximately 0.75 m above the ground. One tem-
perature probe (the main sensor) and a second probe (the reference
sensor) were positioned 15 mm and 40 mm, respectively, downstream
of the heater probe. The vine trunk close to the sensors was wrapped in
aluminum foil for thermal and light insulation. Sap flux density was
measured using the T-max heat-pulse method (Cohen et al., 1981; Green
et al., 1989, 2003) with a slight change in sensor spacing (5 mm larger
distance between the heater and the sensor) to cope with the very high
sap flux densities (Js < 200 cm hh expected in kiwifruit vines during
the middle of the day. The wider sensor spacing also improves the res-
olution of low flow rates down to about 1 cm h™?! (Green et al., 2003). A
data logger (model CR1000, Campbell Scientific, Logan, USA) was used
to check the heater output and to measure the time of maximum tem-
perature rise after the application of a short (4 s) heat pulse. Sap flux
densities were calculated from the time values of maximum temperature
rise, including a wound correction factor to account for the effect of
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wounding caused by the probes (a wound diameter of 2.8 mm was
assumed for the 2.0 mm diameter drill holes; Green et al. 2022). Data of
SF were collected at 30 min intervals.

2.5. Model description

An existing mechanistic water flow and storage model (Steppe et al.,
2006, 2008), which describes water transport dynamics in individual
plants, was adapted in the present study (Fig. 2).

The basic principles of the original water flow and storage model
have been maintained to simulate changes in the yyunk of a group of
kiwifruit vines for each irrigation treatment. Continuously measured sap
flow in the trunk (SF) and soil matric potential (ysoi), which is consid-
ered as a limiting external water storage pool, were used as inputs to the
model. The model, which was simplified to describe the processes
occurring in the stem compartment, consisted of a stem storage
compartment (i.e., a stem storage pool including the living cells of the
stem bark) and a vertical xylem flow path (i.e., Fyynk). The stem storage
compartment was characterized by its hydraulic capacitance (C), which
is defined as the ratio of the change in the amount of water present in the
stem storage tissue (W) to the change in water potential of the tissue
(Steppe et al., 2006). As transpiration starts in the morning Yynk de-
creases, establishing a water potential gradient between stem and soil
which induces water uptake from the soil. The developed water poten-
tial difference along the non-living xylem vessels forces water to move
upwards, inducing a vertical water transport (Steppe et al., 2006; De
Pauw et al., 2008a). Since the living tissues of the stem storage pool and
the xylem are hydraulically connected, the water potential difference
between the xylem and the bark induces a radial water flow allowing
internally stored water to contribute to the transpiration stream (Genard
et al., 2001; Steppe et al., 2006, 2015a). As a result of the radial water
flow, W varies. Furthermore, as water ascends, it encounters resistance
in the form of hydraulic flow resistance within the xylem. The model
developed by Baert et al. (2015) incorporates a variable integrated hy-
draulic resistance that captures the entire water transport pathway from
soil to stem, which accounts for changes in overall hydraulic resistance
in the soil-to-stem segment and is related to soj. In our study, the
adapted model integrates the resistances of the soil, roots and trunk into
a single parameter, R.

2.6. Model calibration and simulation

Model simulation, calibration and identifiability analysis were
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performed using the plant modelling software PhytoSim (Plant Analy-
tiX, Mariakerke, Belgium) for each irrigation treatment. All model
equations were solved using a fourth order Runge Kutta fixed step size
integrator (fixed step size= 0.1 h). Model calibration was based on the
Shuffled Complex Evolution (global search method) and used to mini-
mize the weighted sum of squared errors between the model output and
the measured data for Wynk. Continuous measurements of iynk were
used as calibration variable. An identifiability analysis of the model was
performed to select a subset of identifiable parameters (De Pauw et al.,
2008a). A model parameter subset is considered identifiable when the
collinearity index remains below 15, indicating limited linear de-
pendency among the parameters, and the parameters demonstrate high
influence on the model output. While model output sensitivity lacks a
definitive threshold, it serves as a useful ranking criterion for comparing
potentially identifiable parameter subsets, and can help selecting the
most appropriate subset (De Pauw et al., 2008a). Three identifiable key
model parameters (i.e., calibration parameters) were found to influence
Yeunk: the capacitance of the water storage tissue in the stem compart-
ment (C), the hydraulic xylem resistance (R) and the initial value of the
water content in the stem storage tissue (W). The remaining
non-identifiable model parameters were set at a fixed value taken from
the literature or directly calculated. Two types of model calibration were
performed using the two distinct datasets, representing the well-watered
and the drought irrigation treatments. Simulations of Wunk Were per-
formed with only two calibration parameters (C and R) and with all
three calibration parameters (C, R and initial W) for both irrigation
treatments to compare the simulated pattern of yyynk and analyze dif-
ferences in the calibrated parameters. First model calibration was per-
formed on DOY 214. The identifiable parameters were recalibrated daily
based on a 1-day moving window (Steppe et al., 2008), which shifts
daily using both initial conditions and parameters from the previous
calibration for subsequent model simulations. This ensured a good
model fit at all times, allowing investigation of the daily variability of
the calibrated parameters in response to changes in yrynk-

3. Results
3.1. Wyunk simulated with fixed or calibrated initial W

The experimental days were characterized by generally sunny and
dry weather with high evaporative demand. VPD was quite variable

throughout the experimental days, reaching maximum hourly values
ranging from 1.85 kPa to 5 kPa observed on DOY 216 and 236,

Storage water potential
LI)S: (W_ Wmax) / C

Change in water content and radial water flow

| dW/dt = f=(y,,,-y*-E-R)/ (R+R)

}

Trunk xylem water potential
l‘I)lrunk = fS R+ LI)S

|

Vertical water transport between the roots and the stem

| Ftrunk = (q‘)soil- l‘I"trunk) / R |

Fig. 2. Schematic representation and mathematical equations of the dynamic water flow and storage model from Steppe et al., 2008. The model consists of an
internal water storage compartment (stem) and external water source (soil) and a flow path (Fyynk). The model is driven by transpiration (E) and soil water potential
(Wsoi) to determine the hydraulic capacitance of the stem storage compartment (C) and xylem hydraulic resistance (R). Abbreviations in the scheme: W = water
content in the storage compartment; Wp,.x = maximum water content in the storage compartment (38 kg); R® = hydraulic resistance of the storage compartment
(0.01 MPa h kg™1); Wirunk = trunk water potential; y® = stem storage water potential; f = radial water flow.
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respectively. Daily ET, values ranged between 3.6 mm and 7.8 mm
(Fig. 3a). Maximum air temperatures exceeded 32 °C on 27 of the 45
days, while minimum air temperatures varied between 14 °C and 26 °C
(Fig. 3b). Daily net solar radiation values ranged between 2.4 MJ m 2
and 12.1 MJ m~2 during the experimental days and reached a maximum
value of 12.1 MJ m—2 on DOY 216 (Fig. 3c). Irradiance, air temperature,
vapor pressure deficit and environmental demand were typical of
Mediterranean climates (Seager et al., 2019).

Calculated and continuously measured soil water potential (ysoi1)
and sap flow (SF) from the well-watered (Fig. 4a) and drought (Fig. 4b)
irrigation treatments were used as inputs to the model. Sap flow re-
flected environmental and soil water content changes during the days of
the experiment. Transpiration during the night hours occurred in both

a
10 -
—— VPD o ETp

o (<9
1 1
<

Hourly VPD (kPa)
N
o
<

Reference Evapotranspiration (mm)
%
<

N
1

40 -
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Air temperature (°C)
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10 -
14 4

12 4
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Net solar radiation (MJ m)
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Time [DOY 2023]

Fig. 3. (a) Hourly vapor pressure deficit (VPD) and daily reference evapo-
transpiration (ETy), (b) daily air temperature (maximum, minimum and mean),
(c) average daily net solar radiation during the irrigation experiment in a
Mediterranean kiwifruit orchard. Time is expressed in day of the year [DOY].
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irrigation treatments on days when higher VPD values were observed
during the night (Fig. 3a). In the drought-stressed kiwifruit vines, the
measured sap flow decreased with declining soil water availability, as
indicated by the decrease in soil water potential, which was less pro-
nounced in the first drought phase (from DOY 220 to DOY 226) and
more pronounced in the subsequent drought phase (from DOY 244 to
DOY 255). Upon full re-watering (from DOY 237 to DOY 243), sap flow
of drought-stressed kiwifruit vines showed a slight increase again
(Fig. 4b).

The measured trunk water potential (yunk) of the well-watered
vines showed values ranging from —0.02 MPa to —0.54 MPa, with
daily oscillations and changes in the pre-dawn values, which can be
partly attributed to the irrigation scheduling, in particular to changes in
the irrigation volume and the splitting of the daily irrigation volume.
The progressive drought stress developed in the drought irrigation
treatment led to a decrease in iynk, reaching minimum values around
—1.1 MPa in both drought phases, but with a different evolution of the
stress within the plant, as shown by the differential response of Wrynk.
Mechanistic modelling, which simulated stem hydraulics, provided
Wirunk Variations that matched closely with those measured in both well-
watered and drought irrigation treatments (Fig. 5). The kiwifruit Wyeynk
model was calibrated using i and SF as input variables and hydraulic
capacitance (C) and resistance (R) as the calibrated parameters (Fig. 5a,
b), or with C, R and the initial amount of water stored in the stem
compartment (W) as calibrated parameters (Fig. 5c, d). The simulated
Yeunk varied according to the different types of calibration in both
irrigation treatments. In the case of the well-watered treatment, a good
fit between the simulated and measured iy Was observed in both
calibrations based on only two (C and R) (Fig. 5a) or all three parameters
(G, R and initial W) (Fig. 5¢). When the initial value of W was included as
a calibration variable, the simulations compared with the measured data
showed that iy became more responsive, with peaks associated with
the daily recalibration of the amount of water present in the stem storage
tissue, as illustrated in the detailed panels of Fig. 5 (I-I[). While the
simulation results of the two types of model calibration were both good
for the well-watered treatment, more pronounced differences between
the simulation results were observed for the drought treatment. In
particular, the model calibration performed with only two parameters (C
and R) was not sufficient to achieve a good comparison between the
simulated and measured Y ynk during the second, more severe drought
phase (from DOY 244 to DOY 255) (Fig. 5b). A distinct improvement in
simulating the decreasing trend in Yk of the drought-stressed kiwi-
fruit vines was achieved by including the initial value of W as a
parameter in the calibration process. This resulted in a better fit between
the simulated and measured Wiynk also during the second drought phase
(Fig. 5d), compared to the model calibration with only C and R, which
failed to describe the vine responses to severe drought, as detailed in the
panel of Fig. 5 (III).

3.2. Variability of C and R in response to Wrynk

Clear linear relationships were found between the measured daily
average Yiunk and the C and R values obtained from the model cali-
bration performed with all three parameters (C, R and initial W), which
were recalibrated daily based on a 1-day moving window (Fig. 6). In
particular, C and ynk were linearly positively correlated, suggesting
that improved plant water status is associated with an increase in stem
storage tissue capacitance, whereas R and ik were linearly negatively
correlated, suggesting that reduced plant water potential implies an
increase in the hydraulic resistance. A weaker relationship was found for
C by combining data from both the drought and well-watered irrigation
treatments. Grey data points above the linear regression indicate a
greater increase in the hydraulic capacitance of the stem water storage
tissue due to re-watering of the drought stress treatment, which was
carried out between DOY 237 and DOY 243. For C, these data points
were excluded from regression calculation due to a different underlying
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process. The re-watering phase in the drought treatment allowed the
vines to recover their Wynk, Which returned to the range of control
values, and to increase their capacitance (Fig. 6a). Instead, a stronger
relationship was found for R, combining data from both the drought and
well-watered irrigation treatments (Fig. 6b). However, clear relation-
ships were also maintained in the well-watered treatment for both C and
R parameters, as shown in the detailed panels of Fig. 6 (I-II), indicating
that changes in hydraulic capacitance and resistance also occurred
within a narrow range of changes in k.

Daily model calibration, which was performed using Wyynx mea-
surements and a 1-day moving window, showed variation in both the
hydraulic capacitance and resistance values (Fig. 7a, b). This adjustment
of the parameter values was necessary to ensure a good model fit on all
days (Fig. 5). The lowering of Wynk in the drought-stressed vines during
the drought periods resulted in lower C (Fig. 7a) and higher R values
(Fig. 7b) compared to the well-watered vines. The hydraulic capacitance
of drought-stressed vines showed lower values during the first drought
period, a steeper increase in values due to full re-watering (i.e., from
DOY 237 to DOY 243), before decreasing again, but to values that
remained in the range of those of well-watered vines (Fig. 7a). On the
other hand, the hydraulic resistance increased progressively during the
first drought period, suggesting a progressive development of drought
stress within the plant, and showed a steeper increase during the second
drought period, peaking at values of 0.87 MPa h kg, suggesting a more
rapid and severe establishment of stress (Fig. 7b). Although the daily R
values remained in a small range from 0.06 to 0.12 MPa h kg~ ! under
adequate soil water availability, a daily variability in hydraulic resis-
tance was observed (Fig. 7b), highlighting the responsiveness of the
parameter, which can contribute to the understanding of plant behavior,
according to the relationship found with yyynk in the well-watered
treatment (Fig. 6, panel II).

3.3. Comparison of calibrated model parameters

The calibrated model parameters (C and R) did not vary between the
two types of model calibration (i.e. based on only two or three param-
eters by including the initial value of W in the calibration process) in the
well-watered dataset (Fig. 8a, b). On the other hand, a different dynamic
of C and R parameters was observed when comparing model calibrations
under more severe drought conditions. In this case, the model calibra-
tion performed with only two parameters was not able to provide reli-
able calibrated values of C and R (see peaks, Fig. 8c, d). Differences in
the calibrated model parameters between the two types of model cali-
bration explained the failure of the two-parameter based model cali-
bration to simulate yynx When severe drought occurred, and supported

the improvement in the calibrated values (C and R) when the initial
value of W was included in the calibration process, which also allowed a
better simulation of yyynk (Fig. 5b, d).

The two model calibration approaches differed in that one kept the
initial value of W fixed at the value obtained from the end of the pre-
vious 1-day moving window, while the other included the initial value of
W as a calibration parameter that was recalibrated daily together with C
and R. Again, the comparison of the initial W values between these
model calibration approaches showed no relevant differences for the
well-watered dataset (Fig. 9a). However, during severe drought, the
two-parameter model calibration with a fixed initial W value failed, as
shown by negative initial W values (Fig. 9b).

4. Discussion
4.1. Practical insights into model calibration

An existing water flow and storage model (Steppe et al., 2006; 2008),
originally designed to simulate stem water potential among other vari-
ables, was adapted for use in this study to simulate trunk water potential
and estimate hydraulic parameters associated with water flow in kiwi-
fruit under drought stress. The model uses continuously measured sap
flow and soil water potential data as inputs, while trunk water potential
measurements are used for calibration. As the trunk water potential was
measured continuously, it was possible to derive the hydraulic capaci-
tance and resistance of kiwifruit vines on a daily basis under
well-watered and progressive drought conditions, which helps to un-
derstand the physiology of kiwifruit vines and to determine the trends
and order of magnitude of key plant hydraulic parameters. The adapted
model was able to simulate the measured data (Fig. 5). Distinct im-
provements in the simulation of trunk water potential changes under
drought stress were obtained by accurately choosing the size of the
moving window, which is an important issue to consider when per-
forming model calibration (Steppe et al., 2008), and the parameters to
be considered for calibration purposes. In particular, for a successful
application of the mechanistic model in the present study, a moving
window of small size (i.e., 1 day) was chosen. This window size allowed
the day-to-day variability of model parameters to be detected under
both well-watered and soil drying conditions, thus providing more ac-
curate parameter estimates and model simulations compared to a larger
window size (Steppe et al., 2008). A sensitivity analysis of the model
revealed the identifiable parameters (according to De Pauw et al.,
2008a, 2008b) that can be unambiguously estimated during model
calibration from the available measurements: the hydraulic capacitance
of the water storage tissue in the stem compartment, the xylem
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Fig. 5. Comparison between measured (dots) and simulated (lines) Wunk using two calibration methods: i) hydraulic capacitance of the water storage tissue in the
stem compartment (C) and xylem hydraulic resistance in the soil-to-stem segment (R) as calibrated parameters and ii) C, R and initial amount of water stored in the
stem compartment (W) as calibrated parameters in the (a, ¢) well-watered and (b, d) drought irrigation treatments. Panels (I-III) illustrate specific differences be-
tween the model outputs obtained with the two types of calibration. The grey bands indicate the periods of reduced irrigation that led to the development of

drought stress.

hydraulic resistance in the soil-to-stem segment, and the initial amount
of water stored in the stem compartment. Based on the results of the
identifiability analysis, a first attempt was made to calibrate two iden-
tifiable parameters (C and R) on both well-watered and drought data-
sets. The model showed a good fit to the measured trunk water potential
data in the well-watered dataset (Fig. 5a), but was unable to adequately
describe the drought dataset, particularly in the second drought phase
(Fig. 5b). When three identifiable parameters were calibrated on both
well-watered and drought datasets, the model was able to accurately
describe the steeper decline in trunk water potential (Fig. 5d) due to
more severe soil drying (Fig. 4b). The inclusion of the third identifiable
parameter in the calibration process had negligible effects on the cali-
brated parameters (C and R) for the well-watered (Fig. 8a, b) and much

of the drought (Fig. 8c, d) datasets. However, during the severe drought
phase, these differences became evident, with the calibration of the
initial value of stored water also improving the other calibrated vari-
ables. The inclusion of initial stored water (W) in the calibration process
allowed this parameter to be adapted daily during the moving window
calibration, rather than relying on a fixed initial value and subsequent
calculated state values of W at the start of each window (Fig. 9).
Although a fixed initial value was adequate to allow the model to
describe the behavior of kiwifruit vines under well-watered conditions
(Fig. 9a), the initial stored water reached unrealistic values in the sec-
ond, more severe drought phase (Fig. 9b). This suggests that the initial
value of stored water should be included as a calibration variable when
there is a rapid drop in trunk water potential (i.e., during severe drought
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stress). The results of this study clearly show the importance and ad-
vantages of performing an identifiability analysis, which improves the
model to better describe the experimental data, especially under
drought stress conditions, according to De Pauw et al. (2008a). Indeed,
in the present study it was advisable to include the initial amount of
water stored in the stem compartment as a calibration parameter,
especially during the more severe drought stress, as it improved the
simulation of trunk water potential and enabled improved estimates of
key hydraulic parameters to describe the response of kiwifruit vines to
drought. Contrarily, a variable initial W value may not improve model
performance under well-watered conditions as C and R are expected to
remain almost constant. The adapted model for continuous modelling of
kiwifruit vine water status and hydraulic behavior was then successfully
applied under conditions ranging from wet to more or less severe
drought.

4.2. Modelling vine drought response

The study of plant hydraulics is of increasing interest to better un-
derstand the impacts of drought and to predict how plants will respond
to climate change (Sperry and Love, 2015; De Swaef et al., 2022;

Torres-Ruiz et al., 2024). Mechanistic plant models, in combination with
plant measurements, represent promising tools to increase knowledge
on various plant physiological processes and hydraulic functioning
(Steppe et al., 2015b; De Swaef et al., 2022), showing great potential for
understanding the effects of limiting soil water availability and the hy-
draulic response of plants to drought (Baert et al., 2015; Salomon et al.,
2017). The nature of hydraulic constraints on plant functioning is
increasingly being addressed (Williams et al., 2001), and several vari-
ants of plant hydraulic models have been proposed over the last two
decades (Paschalis et al., 2024).

In particular, the study of tissue hydraulic capacitance and storage
capacity and their inclusion in models has received increasing attention
due to the dynamic nature of water transport throughout the plant
(Steppe et al., 2015b). A key parameter widely included in most models
is hydraulic resistance in the soil-to-plant segment, as it greatly in-
fluences plant water status and responses to drought (Baert et al., 2015).
Therefore, one of the objectives of our study was to use an effective
model to derive key hydraulic parameters, such as hydraulic capacitance
and resistance, that are otherwise difficult to measure and that can help
characterize the drought responses and mechanisms of kiwifruit vines.
Our model was adapted from Steppe et al. (2006); (2008) and simplified
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the irrigation experiment in both well-watered and drought-stressed kiwifruit
vines: (a) hydraulic capacitance of the water storage tissue in the stem
compartment (C); (b) xylem hydraulic resistance in the soil-to-stem segment
(R). Time is expressed in day of the year [DOY].

to describe only the processes occurring in the stem compartment, with a
water flow resistance (R) and accounting for water storage in the stem
by including plant hydraulic capacitance (C) (Fig. 2). Although most
models do not account for drought-induced C variability, the dynamic
nature of C should be considered in mechanistic water transport models
to better understand the hydraulic functioning of plants (Salomon et al.,
2017). Woody plants absorb water, store it at night in several com-
partments and release it during the day for leaf transpiration, repre-
senting an important mechanism to regulate the dynamics of
transpiration (Gao et al., 2021). Hydraulic capacitance reflects the
ability of a tissue to store and release water into the xylem in response to
a given change in tissue water potential (Steppe et al., 2006; Scholz
et al., 2007, 2011; Meinzer et al., 2010). Capacitive water release into
the transpiration stream can buffer daily fluctuations in xylem tension
by reducing or slowing down transpiration-induced xylem pressure
drops (Meinzer et al., 2009; McCulloh et al., 2014; Epila et al., 2017;
Steppe, 2018), thereby reducing the risk of xylem embolism and hy-
draulic failure under dynamic conditions (Scholz et al., 2011). Instead, R
represents the resistance to water flow and has been shown to vary
between species, in part due to differences in xylem vessels structure and
size (Tyree and Ewers, 1991; Sperry et al., 2006), and the model-derived
parameter has previously been linked to a realistic wood anatomical
basis (Steppe and Lemeur, 2007).

The hydraulic parameters of yellow-fleshed kiwifruit vines under
Mediterranean field conditions have been poorly studied, and this is the
first study to use a mechanistic plant water flow model to unravel
kiwifruit drought behavior. Model calibrations and outputs from this
study revealed that hydraulic parameters such as C and R fell within
realistic ranges and highlighted important changes in the hydraulic
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behavior of well-watered and drought-stressed kiwifruit vines (Fig. 6).
In particular, the C values obtained in our study ranged from 22 to
53 kg MPa ™! for the well-watered vines, while in the drought-stressed
vines C progressively decreased during the drought periods, reaching
lower values of about 12 kg MPa ! (Fig. 7a). Instead, the R values
ranged from 0.062 to 0.12 MPa h kg~! for the well-watered vines, while
in the drought-stressed vines R progressively increased during the
drought periods, reaching higher values of about 0.87 MPah kg~!
(Fig. 7b). Data on C are now available for several species from a variety
of ecosystems, with different architectures (stem diameter and tree size),
wood types and densities, but comparison with values in the literature is
not straightforward due to inconsistent use of capacitance units (Scholz
et al., 2011). A wide range of published values of R can also be found in
different units (Verbeeck et al., 2007). Calibrated values for C were
found to range from 23.7 to 69 kg MPa " for Scots pine (Verbeeck et al.,
2007), and approximately 212 and 940 mg MPa * for beech and oak
trees, respectively (Steppe and Lemeur, 2007). Calibrated values for R
were found to range from 0.46 to 1 MPa h kg™ for Scots pine (Verbeeck
etal., 2007), and approximately 0.18 and 0.11 MPa s rng’1 for beech and
oak trees, respectively (Steppe and Lemeur, 2007).

The linear relationships between ynk and C and R strongly confirm
that variations in plant hydraulic properties are strictly related to vari-
ations in plant water relations and status (Torres-Ruiz et al., 2024). In
particular, C was found to decrease with more negative yyynx values
(Fig. 6a), whereas R showed an increase (Fig. 6b). These results align
with previous studies on various woody species that have examined
changes in C and R across a gradient of plant water potential. These
studies consistently report that C decreases and R increases with more
negative plant water potential values, supported by strong correlations
(Meinzer et al., 2003, 2009; Scholz et al., 2007; Salomoén et al., 2017). A
previous study on pot-grown kiwifruit vines (cv. ‘Hayward’) found that
the water released to the transpiration stream from different tissues
(leaves, shoots, branches, roots and fruits) corresponded to 8.5 % of
total transpiration (measured from pre-dawn to 2 p.m.) for control
vines, 9.6 % for moderately stressed vines and 5.1 % for vines with the
least water available (Nuzzo et al., 1997). These values are relatively
low compared to other fruit trees, such as olive trees, whose leaves can
use about 60 % of their water reserves for transpiration without irre-
versible damage (Sofo et al., 2008). In addition, the high root/canopy
ratio and the efficiency of the vascular system allow kiwifruit vines to
satisfy approximately 91 % of their transpiration demand directly
through root water uptake from the soil, under non-limiting soil water
availability conditions (Nuzzo et al., 1997). The model-derived capaci-
tance values, which showed a progressive decrease with increasing
drought stress, are consistent with the observed tendency of kiwifruit
vines to reduce the release of stored water into the transpiration stream
under drought stress. Instead, hydraulic resistance was found to signif-
icantly increase under persistent drought conditions in woody trees and
grapevines (Baert et al., 2015; Peters et al., 2021). As soil water content
decreases, hydraulic resistance to water flow in the soil increases and
soil matric potential decreases, resulting in steeper water potential
gradients within the plant (i.e. more negative plant water potential
values) (Scharwies and Dinneny, 2019). Large xylem vessels, reported to
be between 0.12 and 0.5 mm in both root and stem of kiwifruit, provide
a very low resistance pathway for water movement within the vine
(McAneney and Judd, 1983), but at the same time could contribute to a
more frequent occurrence of embolism formation, even at relatively
high xylem water potential values (Clearwater and Clark, 2003). The
increase in R, which has been found to increase as the soil dries
(McAneney and Judd, 1983), may also be driven by physical changes in
the xylem, such as embolism formation resulting from drought stress.
The C and R parameters derived through model simulation and cali-
bration allowed further characterization of the hydraulic behavior of
yellow-fleshed kiwifruit vines under different irrigation conditions. This
understanding is particularly valuable in semi-arid Mediterranean en-
vironments, where optimized water management is increasingly critical.
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4.3. Potential use of mechanistic models for irrigation

In addition to advancing our understanding of the hydraulic func-
tioning of kiwifruit vines and the dynamics of water transport, the
modelling process can be integrated into a practical automated moni-
toring system. This approach enables the development of a tool for real-
world irrigation applications, as previously demonstrated by Steppe
et al. (2008). Plant measurements, based on sap flow and trunk water
potential, are fed into a mechanistic plant model, to continuously derive
key hydraulic parameters that can be used as promising indicators to
detect drought stress conditions and thus guide irrigation decisions. Our
drought stress experiment shows that measured yyynk deviated from the
expected pattern (well-watered vines) once drought stress was imposed
by modulating irrigation (Fig. 5). Integrating these measurements with
sap flow data and mechanistic plant modelling enables the daily deri-
vation of plant hydraulic parameters that are otherwise challenging to
measure. In addition, as the measurements from the plant sensors are
continuous, the hydraulic functioning of vines or fruit trees can be
modelled continuously, rather than being limited to discrete observa-
tions, contributing to the study of the hydraulic functioning of plants
under natural conditions throughout the growing season. These hy-
draulic parameters have been shown to strongly correlate with plant
water status, providing a unique and valuable perspective on plant
behavior under varying water conditions. However, the relationship
between C and R with yunk was also observed under well-watered
conditions, demonstrating that the calibrated parameters changed
within a narrow range of plant water potential (e.g., Wyunk ranged from
approximately —0.1 MPa to —0.3 MPa under well-watered conditions).
This highlights their sensitivity and underscores their strong correlation
with the water status of the vines (Fig. 6, panels I-II). The investigated
variations and dynamics of C and R of yellow-fleshed kiwifruit vines in
relation to plant water status highlight the potential of these parameters
to be used as indicators of drought stress and for irrigation purposes, the
opportunities of which should be further explored. The modelling
approach developed can be effectively tested and transferred to various
fruit crops, providing the basis for future research to implement prac-
tical tools that can be used in real-world irrigation applications.

5. Conclusions

As drought events are expected to increase in the coming years,
especially in the Mediterranean area, it is important to gain knowledge
on the drought response and hydraulic behavior of crops under field
conditions. This study combines plant sensor measurements with a
mechanistic water transport model to enable real-time, in-situ field
monitoring of hydraulic capacitance and resistance, revealing the
drought response of kiwifruit vines. In particular, the kiwifruit trunk
water potential model showed a progressive decrease in the hydraulic
capacitance and a substantial increase in the hydraulic resistance with
increasing soil and plant water deficit. To date, several models have
been developed to gain a better understanding of the plant processes
related to drought stress. However, since sensors are still not cost-
effective and taking measurements at farm level is challenging, model-
ling approaches have tended to remain within the scientific and research
communities rather than being used by farmers. We strongly believe that
sensor technologies will be increasingly adopted over the next few years,
leading to a new generation of irrigation decision tools that use plant
monitoring and mathematical plant modelling to inform irrigation.
Within this framework, the used model not only introduces relevant
information on the hydraulic functioning of kiwifruit vines in response
to drought stress in a Mediterranean environment, but also shows great
potential as a basis for developing real-time, plant-based irrigation
management that can be transferred to various fruit crops.
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