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A B S T R A C T   

Time-domain reflectometry (TDR) is an electromagnetic technique that measures the dielectric permittivity (K) 
which is a surrogate property influenced by water content. Advances in nanoelectronics have enabled the 
development of a TDR probe (TDR-305 N) to monitor changes in K, bulk electrical conductivity (ECbulk) and 
temperature (T) in a porous medium, such as a tree trunk. The main objective of this study was to assess the 
effectiveness of the TDR-305 N sensors for real-time monitoring changes in water content in the trunk of 
nectarine trees. Throughout the summer of 2022, irrigation was automatically managed with threshold values of 
soil water content (θv-soil) measured with capacitance probes. Different management allowed depletion (MAD) 
values were set to trigger irrigation: 50 % in July (moderate water deficit), 100 % in August (severe water 
deficit), and recovery to well-irrigated conditions in September. Discrete measurements of midday stem water 
potential (Ψs,md) and leaf gas exchange were made frequently. The results showed a progressive reduction of the 
measured physiological parameters, as well as of K and ECbulk and θv-soil decreased. Notably, Ψs,md reached a 
critically low value of -2.03 MPa, coinciding with pronounced and severe stomatal closure. Both K and Ψs,md, 
were able to explain the variations of θv-soil by more than 75 %. Daily, a positive relationship of K and ECbulk was 
observed, although ECbulk exhibited a stronger dependence on Ttrunk compared to K. Furthermore, K did not 
return to its initial values prior to the onset of water stress, possibly influenced by xylem cavitation and a 
reduction in leaf area during its senescence stage. The findings suggest that trunk permittivity measurements 
obtained using TDR-305 N sensors could be a reliable indicator for monitoring tree water status. However, 
further research is needed to determine the threshold values of trunk water content under non-limiting soil water 
conditions for accurate irrigation scheduling.   

Introduction 

In Mediterranean agriculture, high production levels and fruit 
quality of crops depend on accurate and efficient irrigation regimes. 
Inadequate irrigation management can lead to water stress in plants due 
to deficit or excess irrigation, which can affect the quantity and quality 
of fruit at harvest. Drought is the most damaging stress that negatively 
affects plant productivity. Other factors, such as increasing urbanisation, 
population growth, or inequitable economic development itself, have 
contributed to increasingly intensive water use and thus to a higher risk 
of reaching more extreme levels of water stress in the short term. 

Furthermore, excessive irrigation is particularly associated with higher 
costs (both for the water used and the associated energy required) and 
generates significant nutrient losses through leaching, which can lead to 
environmental problems related to groundwater contamination and soil 
depletion [1,2]. 

Precision irrigation is a key factor in minimising production costs 
and pollution risks, as well as improving water productivity. It is based 
on the use of methodologies that measure water status in the soil-plant- 
atmosphere continuum [3]. Volumetric soil water content (θv-soil) is 
often recommended as a crucial input for irrigation management deci-
sion support systems (DSS). Irrigation scheduling based on real-time 
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θv-soil helps to reduce the risks related to runoff, erosion, and ground-
water pollution, while improving irrigation water productivity [4]. Due 
to their automation capability and high accuracy over a wide range of 
moisture content, dielectric soil sensors are the most advantageous 
method [5]. Capacitance probes have been widely used in automated 
drip irrigation systems due to their low cost, low energy consumption 
and reasonable accuracy [5,6]. In nectarine trees, the automated system 
managed with capacitance probes proposed by Conesa et al. [7] allowed 
water savings of about 40 % with no yield penalty compared to con-
ventional irrigation scheduling by crop evapotranspiration (ETc, [8]). In 
plum trees, Millán et al. [9] established a regulated deficit irrigation 
strategy based on 40 % ETc modulated by capacitance soil moisture 
sensors in plum trees. In addition, the automated algorithm of Domi-
nguez-Niño et al. [10] saved 23 % of the irrigation volume compared to 
the traditional water balance method. 

Decisions on ON/OFF irrigation are typically based on the compar-
ison of the measured soil water status with a certain preestablished 
threshold value [11]. Commonly, θv-soil is used as a threshold value, this 
is often considered as the field capacity (FC) or a derived value called 
management allowed depletion (MAD) that is defined as a fraction of the 
difference between the soil water content at FC and at the permanent 
wilting point (PWP). Therefore, MAD is the fraction of the soil total 
available water that can be depleted before plants experience water 
stress; thus, under a precision irrigation regime, an irrigation event is 
triggered ON each time the soil water content declines down to the value 
of (FC-MAD) [12]. Automatic Soil-based Irrigation System combines the 
information collected by a wireless sensor network (WSN) through a 
web platform, allowing real-time field data to be obtained, which 
operate the electro-valves using IoT technologies without human 
intervention. Furthermore, all recorded data is stored in the cloud and is 
available anywhere and anytime to end-users or farmers [2]. Real-time 
automated irrigation treatment fed with θv-soil threshold values, based 
on the MAD-concept, and combined with regulated deficit irrigation 
criteria [13], has demonstrated to be a successful irrigation strategy in 
field-woody crops experiments [7,14–19]. 

Assessing plant water status provides inputs to develop new water- 
saving irrigation strategies. Previously, plant water status was esti-
mated indirectly through θv-soil, but the physiological response of the 
plant to water deficit is essentially affected by changes in leaf and stem 
water content, rather than by highly variable soil water dynamics [20]. 
For this reason, plant-based approaches have proven to be more accu-
rate and sensitive in estimating plant water status, especially in woody 
crops, as the deep nature of their root systems presents some difficulties 
in estimating soil moisture content [21,22]. 

Stem water potential monitoring at midday (Ψs,md) is an effective 
method for determining the water status of plants [23], but the method 
involves labour-intensive and destructive measurements and cannot be 
automated. In this regard, the new sensors identified as micro-
tensiometers are able to continuously measure trunk water potential 
(Ψtrunk), which is one of the main advantages compared to discrete de-
terminations of Ψs,md. Recently, Conesa et al. [24] demonstrated that 
Ψtrunk faithfully reveals the impact of automated MAD-based irrigation 
scheduling in nectarine trees. 

Another method for estimating plant water status involves the 
assessment of plant water storage capacity, which is determined by the 
hydraulic capacitance of a plant tissue [25]. Within plants, trunk (or 
stem) water content (θv-trunk) is one of the most common plant-based 
water indicators [26]. The tree trunk reveals substantial seasonal and 
diurnal variations in its water content because of transpiration fluxes 
[27]. Furthermore, θv-trunk is not only critical for supporting daily and 
seasonal transpiration, but is in turn related to tree photosynthesis, tree 
growth and the ability of trees to withstand drought stress period. 

The Time Domain Reflectometry (TDR) technique measures the 
travel time of electromagnetic wave and determines the dielectric 
permittivity (K) of a porous material (e.g., soil, wood…) [28]. K is a 
property that measures the ability of the material used to store energy 

when an electrical field is applied. The equation of Topp et al. [29] is the 
most widely used model to estimate θv-soil from K values with TDR 
sensors, being also extensible to other porous materials with appropriate 
calibration. Several researchers have inserted TDR and other electro-
magnetic sensors into the wood of trees to determine their water con-
tent, drawing attention to the way and position in which the sensor is 
installed in the trunk to obtain reliable data on instantaneous changes of 
θv-trunk, and their wounding effects [26]. 

Nadler et al. [30,31] noted that TDR was able to determine trunk 
hydration in lemon and mango, but the signal had too much noise and 
the system was too expensive to manage orchard irrigation. Further-
more, most of the literature on the use of TDR sensors to monitor plant 
water status had been conducted on forest trees [26,27,32,33], among 
others]. Therefore, there are still several challenges in determining 
θv-trunk using the TDR technique in fruit trees and using it to manage 
irrigation in fruit orchards. 

This paper examines the capability of a TDR sensor, the TDR-305 N, 
as a non-destructive device to monitor changes in plant water status 
after insertion into the trunk of nectarine trees. It records instantaneous 
values of K and ECbulk, which are essential for estimating θv-trunk. Irri-
gation scheduling was automatically managed by real-time θv-soil values 
at different soil MAD levels corresponding to moderate and severe 
deficit, followed by a recovery irrigation period to meet crop water re-
quirements. This study also analyses how K and ECbulk trunk measure-
ments can reveal the established automated soil-based irrigation 
protocol. 

Material and methods 

Orchard site description 

This study was conducted during the postharvest period of 2022 
(Day of the year, DOY 180–280) in a 0.5 ha orchard of 12-year-old early- 
maturing (harvested in May) nectarine trees (Prunus persica (L.) Batsch, 
cv. Flariba, grafted on GxN-15 rootstock) located at the CEBAS-CSIC 
experimental station, Santomera, Murcia (Spain). Nectarine trees were 
spaced 6.5 m x 3.5 m and trained to an open-centre canopy. The soil in 
the 0–50 cm layer was highly calcareous (45 % calcium carbonate), with 
a clay loam texture (clay fraction: 41 % illite, 17 % smectite, and 30 % 
palygorskite), low organic matter content (1.3 %), and a cation ex-
change capacity of 97.9 mmol kg− 1. The average bulk density was 1.43 g 
cm− 3. θv-soil at field capacity and at permanent wilting point was 0.29 
and 0.14 m3 m− 3, respectively. 

The nectarine trees were drip irrigated with four emitters per tree 
with a nominal flow rate of 4 L h− 1 inserted in a single drip line per row 
of trees. The emitters were located at 0.5 and 1.3 m both sides of the tree 
trunk.The irrigation water collected from the water distribution network 
of the Irrigation Community of Santomera called “Azarbe del Merancho” 
with an average electrical conductivity (EC25

◦
C) of 0.8 dS m− 1. Annual 

fertilisation (83, 24 and 90 kg ha− 1 of N, P and K, [34]) was applied 
through the irrigation system [35]. Standard cultural practices (e.g., 
weed control, pruning and fruit thinning among others) were carried out 
by the technical personnel of the CEBAS-CSIC experimental station 
following local fruit growing practices. 

Environmental data, including reference crop evapotranspiration 
(ET0, [8]), air temperature (Tair) and relative humidity (RH) were 
recorded by an automated station located 0.25 km from the orchard, 
which read values every 5 min and recorded averages every 15 min, 
allowing the vapour pressure deficit (VPD) to be calculated. 

The study consisted of an automated soil-based irrigation schedule 
system managed according to different decision criteria (see 2.2 sec-
tion). Irrigated trees were distributed in a randomised complete block 
design with four replications. Each replication consisted of a row of six 
individual trees (n = 24). Measurements of soil and plant water relations 
were made on a representative tree from each replicate. 
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Automatic soil-based irrigation treatment 

θv-soil was monitored with multi-depth EnviroScan® (Sentek Sensor 
Technologies, Sidney, Australia) capacitance probes. Four PVC access 
tubes were installed 0.1 m from the emitter located close (0.5 m) to the 
tree trunk in four trees (one per each replicate). Each capacitance probe 
had sensors at 0.1, 0.3, 0.5, and 0.7 m depth, and was connected to a 
radio transmission unit. Values were read every 5 min, and the average 
recorded every 15 min. The probes were normalized to maximum and 
minimum frequency readings in water and air respectively and then 
configured to use the calibration equation reported by Evett et al. [36] 
for a clay-loam soil. The amount of irrigation applied was measured with 
one in-line water meter placed at the beginning of the irrigation sector 
and connected to the telemetry system to detect any flow rate failure. It 
should be noted that irrigation events could occur at any time of the day. 

Irrigation was managed according to θv-soil threshold values based on 
the concept of Management Allowed Deficit (MAD) [37] as the 
maximum average root zone stress at which optimum crop production 
will occur. Then, we adapted to the following equation.  

MAD= α/100 × AWC                                                                           

Where α is a percentage of the total available soil water content (AWC =
the difference between FC – PWP (m3 m− 3). 

Irrigation was automatically activated (trigger irrigation ON) when 
the mean θv-soil values in the 0–0.5 m soil profile (active root zone, [38]) 
reached the lower limit = FC – MAD. Meanwhile, irrigation OFF at FC 
(upper θv-soil threshold value). 

The following irrigation criteria were applied:  

(i) Moderate soil water deficit (α = 50 %, corresponds to a lower 
limit θv-soil = 0.215 m3 m− 3), from DOY 181 to 210.  

(ii) Severe soil water deficit (α = 100 %), irrigation was withheld 
from DOY 211 to 245  

(iii) Recovery: Irrigation recovered with full crop water requirements 
(100 % ETc) when Ψs,md reached − 2.0 MPa, from DOY 246 to 
280. 

The radio transmission units sent data to a gateway which was 
connected to an addVANTAGE web server (ADCON Telemetry, Vienna, 
Austria) for data processing and visualisation. 

Measurements 

Discrete determinations of Ψs,md, and leaf gas exchange parameters 
were made weekly on clear days to estimate the plant water status. 

Ψs,md was measured using a pressure chamber (Soil Moisture Equip. 
Crop. Model 3000, Santa Barbara, CA, USA), on mature leaves located 
on the shaded side of the tree and near the tree trunk at 13:00–14:00 h, 
GMT+2. Leaves were covered with foil ziplock bags for at least 2 h 
before the measurements [20]. One leaf per tree was cut from one 
replicate of each treatment and immediately placed in the chamber 
following the recommendations of [20]. 

Stomatal conductance (gs mmol m− 2 s− 1) was measured in one 
mature sunny leaf per tree in each replicate (n = 4) in the early morning 
(9:00–10:00 h, GMT+2), using a portable gas exchange system (LI-COR, 
LI-6400) at a photon flux density (PPFD) ≈ 1500 μmolm− 2 s− 1 and CO2 
concentration ≈ 400 μmol mol− 1. 

Moreover, daily courses of both indicators of plant water status were 
conducted at the end of periods of moderate deficit (α = 50 %, 29th July 
2022, DOY 210), severe deficit (α = 100 %, 1st September 2022, DOY 
244) and recovery (well-irrigated, 7th October 2022, DOY 280). On 
these dates, Ψs,md and gs were measured hourly on one leaf per tree in 
each replicate (n = 4). Leaf water potential (Ψpd, MPa), from uncovered 
leaves, was obtained on each daily course at predawn (05:30–06:30 h, 
GMT+2). 

Dielectric permittivity (K), apparent electrical conductivity (ECbulk), 
and trunk temperature (Ttrunk) were continuously monitored with TDR- 
305 N (Acclima Inc., Meridian, USA) sensors. The sensor consists of 
three 0.05 m long waveguides, with all the electronics required for pulse 
generation and waveform acquisition embedded in a miniaturised cir-
cuit inside the probe, and the processed data transmitted via SDI-12 
protocol. TDR-305 N sensors were embedded directly into the trunk 
located on the north-shaded side of the nectarine trees, in three out of 
the four replicates (n = 3), using a waveguide insertion tube with three 
parallel holes of 7 mm diameter. The holes were drilled in the required 
position (vertical in our case), diameter and depth for a perfect fit 
(Illustration 1). When installing the sensor, the manufacturer’s recom-
mendations described in Schwartz et al. [39] were considered. The 
sensor was the insulated with a thermal blanket following the recom-
mendations of Saito et al. [40]. Data were collected every 15 min and 
transmitted using the same telemetry network used for θv-soil. 

Leaf osmotic potentials (Ψπ) were determined on the same leaves 
used for Ψpd (e.g. at predawn (05:30–06:30 h GTM+2)), coinciding with 
daily time courses. Leaves were frozen in liquid nitrogen and osmotic 
potential was measured after thawing the samples and squeezing the sap 
using a vapour pressure osmometer (model WESCOR-5520; Wescor Inc., 
Logan, UT, USA) following the recommendations of Gucci et al. [41]. 
Leaf turgor potentials (Ψt) were calculated as the difference between 
osmotic and leaf water potentials. Leaf osmotic potential at full turgor 
(Ψπ100) was measured on leaves adjacent to those used for Ψpd at pre-
dawn. The leaves were excised and immediately their petioles placed in 
distilled water overnight to reach full saturation, after which they were 
frozen in liquid nitrogen (− 196 οC), stored at − 30 οC, and Ψπ100 
measured after thawing the samples following the same methodology as 
for Ψπ. 

Calibration procedure 

A representative healthy field-grown nectarine tree was selected for 
TDR-trunk calibration. First, the trunk was separated from the canopy 
and the main shoots using a power saw. A section of approximately 0.15 
m (height) was excised and completely covered with a transparent film 
to prevent water losses and placed in a portable cool box (Illustration 
2a). Then, the trunk sections were taken to the lab in an isolated box 
where the TDR-305 N sensor was installed, following the instructions 
described above, and the assembly was mounted on a digital weighing 
scale under ambient room conditions. The TDR-305 N sensor was con-
nected to a laptop to continuously monitor K-data and trunk weight, 
until weight loss was constant (Illustration 2b). The procedure was 
repeated in three different trunk sections. 

Statistical analysis 

Data were depicted using the software SigmaPlot v. 14.5 (Inpixon, 
PA, USA). Statistical comparisons were considered significant at p < 
0.05, using Pearson’s correlation matrix. For K data, the hourly moving 
average (MA) was calculated to visualise trends and smooth noise ob-
tained by the TDR-trunk sensors. Relationships between plant and soil 
water status indicators were explored by linear and quadratic regression 
analyses. The degree of agreement of the regressions between variables 
was assessed by the coefficient of determination (r2) and the mean 
square error (MSE). All analyses were performed with SPSS v. 9.1 (IBM, 
Armonk, NY, USA). 

Results and discussion 

Soil water relations 

During the experimental period, which included the postharvest 
period (DOY 180–280), the amount of water applied in the automated 
soil-based treatment amounted to 86 mm (Fig. 1a). This low dose is 
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because the study includes a severe deficit period in which irrigation 
was withheld coinciding with the annual period of highest evaporative 
demand (August, DOY 211–245) (Fig. 1a). For the same experimental 
orchard, the regular water requirements during the postharvest period 

of well irrigated nectarine trees ranged from 427 to 572 mm [16,17]. 
In this field-experiment, a quite different postulate was applied, 

where the MAD concept was managed with capacitance probes to reach 
different irrigation conditions. Fig. 1b shows the mean θv-soil values of 

Illustration 1. Details of TDR-305 N installed on the field-nectarine tree trunk, and data visualisation (K, purple colour and it moving average, KMA, red colour), 
ECbulk, black colour and Ttrunk, orange colour) on the addVANTAGE web server. 

Illustration 2. (A) Excised nectarine tree trunk section in the field; (B) Monitoring K (TDR-305 N sensor) and trunk weight in the laboratory.  

Fig. 1. Seasonal trend of: (A) daily irrigation events; and (B) average soil water content (θv-soil, m3 m− 3) in the 0–0.50 m soil profile (black line), and at 0.70 m (pink 
line) along with daily rainfall events (vertical blue lines). Dashed horizontal red lines correspond to FC and soil irrigation condition: moderate deficit (DOY 180–210), 
severe deficit (DOY 211–245), and irrigation recovery (DOY 246–280), respectively. Dashed vertical black lines delimit each irrigation period. DOY: Day of the year. 
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the 0 − 0.50 m soil depths, which corresponded to the area of maximum 
root density of Prunus trees, as indicated in a previous experiment within 
the orchard [38], together with the 0.7 m profile to determine water 
losses by leaching. In the period of moderate soil water deficit (α = 50 
%), irrigation was triggered when the θv-soil threshold value of 0.215 m3 

m− 3 was reached and stopped at field capacity (FC = 0.29 m3 m− 3). This 
protocol induced an irrigation interval of 2 or 3 days. De la Rosa et al. 
[42] found θv-soil values (≈ 0.30 m3 m− 3) in fully irrigated nectarine 
trees cultivated also in clay-loam soils. In the period of severe water 
deficit (no irrigation applied), α = 100 % caused a gradual decrease of 
θv-soil reaching a minimum value of MAD = 0.17 m3 m− 3 at the end of the 
period, close to the permanent wilting point value. Interestingly, the 
θv-soil at 0.7 m denoted full water extraction by plant roots reaching a 
minimum value of 0.15 m3 m− 3 just before irrigation recovery started. 
This fact showed that there is also an effective water extraction in the 
deeper soil profiles during the process of soil drying. Periods of severe 
drying significantly modify the conditions of hydrologic flow path and 
impair their water retention capabilities [43]. Likewise, during the re-
covery period when irrigation was restored to meet full crop water re-
quirements, θv-soil varied around FC values, ranging between 27− 32 % 
in response to irrigation and, to a lesser extent, to rainfall events (Fig. 1a, 
b). As plant roots absorb water and the soil dries, θv-soil fluctuations 
depend not only on irrigation or rainfall events, but also on root water 
uptake dynamics and diurnal environmental changes [44]. Mira-García 
et al. [18] confirmed in a pot experiment that θv-soil variations were 
closely related to evapotranspiration demand, revealing the sensitivity 
of capacitance sensors to the nearby environment of soil, plant roots and 
atmosphere. 

Plant water relations 

The water relations of the plants evaluated in the experiment re-
flected the MAD-based irrigation protocol (Fig. 1b) as well as the cli-
matic conditions (Fig. 2a). Examining the 10-year seasonal average 
values of ET0 and rainfall (≈ 1320 and 250 mm, respectively), the cli-
matic conditions recorded during the experimental postharvest period 
were consistent with the characteristics of the semi-arid Mediterranean 
environment [45], with ET0 values amounting to 490.5 mm and low 
rainfall (10.4 mm, Fig. 1B). Daily ET0 was highest (4.77 mm) in July 
(DOY 204) and lowest (0.73 mm) in September (DOY 258). A similar 
pattern was observed in VPD values but with high day-to-day variability. 
Noguera et al. [46] recently reported that VPD variability seems to be 
less coupled with soil moisture variability during summer, while it is 
better correlated during winter. VPD variability would be mainly related 
to climate variability mechanisms controlling temperature and relative 
humidity rather than to feedback in the soil-plant-atmosphere contin-
uum [24]. 

The seasonal dynamics of midday stem water potential (Ψs,md) and 
leaf stomatal conductance (gs) are represented in Fig. 2b. Initially, plant 
indicator values corresponded to nectarine trees subjected to any irri-
gation water limitation (Ψs,md = − 0.72±0.01, and gs = 225±12.8) ([15, 
42,47], 2021). As soon as deficit irrigation of the soil was initiated, Ψs,md 
and gs started to decrease, registering their lowest values at the end of 
the severe water deficit period (DOY 237) (Ψs,md = − 2.05±0.06 and gs=

63.5 ± 9.05). Despite irrigation recovery, gs values were slightly lower 
than those observed at the beginning of the study due to leaf senescence 
[48]. Partial defoliation has been shown to affect water relations and 
plant gas exchange [49]. The lower values in gas exchange in the late 
postharvest period by a decrease in the amino acid aspartate affecting 
chloroplast formation in nectarine leaves [24]. 

Dielectric permittivity (K) and bulk electrical conductivity (ECbulk) 
values showed a similar pattern to that introduced in the MAD irrigation 
soil water content (Fig. 3b,c). K & ECbulk varied with soil water deficit, 
with average values of 18.62±0.07 & 86.83±1.99 µS cm− 1, 17.59±0.06 
& 62.26±0.55 µS cm− 1, and 17.85±0.06 & 72.44±0.78 µS cm− 1in the 
moderate and severe deficits, and irrigation recovery periods, 

respectively. As expected, the lowest values of K and ECbulk were 
observed in the severe deficit period, and the highest during the irri-
gation recovery period. However, the difference between both irrigation 
periods were not too much high. This may be attributed to either lower 
xylem conductivity or to lower canopy transpiration, both caused by 
partial defoliation typical of the late postharvest period [49]. In this 
regard, a strong curve-linear relationship was observed between K and 
ECbulk (R2=0.92, p < 0.001) (Fig. 4). 

Although K represented well the MAD-based irrigation protocol, in 
the experimental conditions its values fluctuated in a very short range 
(only 2 units). This result could be explained by the 5 cm length of the 
TDR-rods that detect the inner part of the xylem of the less conductive 
vessels [26]. However, ECbulk offers a wider range (approximately 60 
units). The seasonal trend in trunk temperature (Ttrunk) (Fig. 3a) was 
more dependent on weather conditions (Fig. 2a) than on θv-soil variations 
(Fig. 1). Similarly, in a study with oaks, Hernández-Santana et al. [50] 
observed comparatively less variation in stem water content (14 %) 
compared to measurements of soil water content or water+ potential 
(averaging 50 %). This finding is noteworthy given that stem water 
content showed the greatest sensitivity to reductions in soil water 
content. 

Plant water relations in daily time courses were assessed on repre-
sentative days at the end of periods of moderate water deficit (DOY 210), 
severe water deficit (DOY 245), and irrigation recovery (DOY 280). In 
Fig. 5, diurnal patterns of Ψs,md and gs are plotted together with VPD and 
global radiation. The diurnal patterns of plant water relations comprised 
the imposed soil water deficit, despite the different prevailing climatic 

Fig. 2. Seasonal trend of: (A) daily evapotranspiration (ET0, mm) and vapour 
pressure deficit (VPD, kPa); and (B) midday stem water potential (Ψs,md, MPa) 
and stomatal conductance (gs, mmol m− 2 s− 1). Each point is the average of four 
leaves ± ES. Dashed vertical black lines delimit each irrigation period. DOY: 
Day of the year. 
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conditions recorded (Fig. 5a–c). In this sense, the most demanding day 
was observed in the period of severe water deficit (1st September, DOY 
245), and the lowest in the period of irrigation recovery (7th October, 
DOY 280). 

During the three diurnal courses, the lowest values of Ψs,md were 

observed in the early afternoon (16:00 h GTM+2), averaging − 1.76 ±
0.03 MPa (moderate water deficit), − 1.89 ± 0.03 MPa (severe water 
deficit), and − 0.95 ± 0.04 MPa (irrigation recovery), respectively. In 
line with this, the values of Ψpd followed the same trend of Ψs,md, varying 
from − 0.68 ± 0.03 and − 0.81 ± 0.11 MPa in the moderate and severe 
deficit periods to − 0.40 ± 0.05 in the irrigation recovery period (Fig. 5D- 
f, Table 1), respectively. Moreover, they coincided with those reported 
by Girona et al. [51] in deficit irrigated peach trees. Since they are taken 
at night, when there is no transpiration, the Ψpd values indicate the 
water status of the soil surrounding the roots [52]. However, if there are 
large variations in soil water content within the profile, inaccurate 
values may occur [53]. 

For its part, gs has been observed to affect the rate of assimilation 
[54]. The observed circadian pattern for gs was characterised by 
maximal stomatal opening from sunrise, as soon as radiation reached the 
plant leaves, at 08:00 until 10:30 h GTM+2, followed by a decreasing 
trend with minimal values reached by midday. A slight increase in gs 
was also observed during the afternoon hours, which may be a conse-
quence of easing environmental conditions [55]. 

The daily time-courses of Ttrunk, ECbulk and K are shown in Fig. 6. K & 
ECbulk values fluctuated in a range of 17.2 − 18.3 & 67− 81 µS cm− 1, 
17.1 − 17.5 & 53− 67 µS cm− 1, and 18.0 − 18.3 & 63− 89 µS cm− 1 at 
moderate and severe deficits, and irrigation recovery periods, respec-
tively (Fig. 6b). Ttrunk values increased around midday and recorded the 
lower absolute values during irrigation recovery, as this was the least 
demanding day (Fig. 2a). The fact that K decreases during the day and 
increases at night proves that the sensors are able to detect diurnal 
fluctuations in tree trunk hydration [30,31]. Moreover, the soil water 
deficit reduced the values of K (Fig. 6H). Thus, the intensity of the 
response of the stem water content is related to the intensity of the soil 
water deficit ([27]a). 

ECbulk behaved in the same pattern as Ttrunk, suggesting that an in-
crease in temperature results in higher ion mobility in the wood sap, 
leading to an increase in ECbulk [56]. 

An interesting work by Stott et al. [57] compared four commercially 
available sensors (GS3 from Meter Group, Inc., Pullman, WA, USA, 
CS655 from Cambpell Scientific, Inc., Logan, UT, USA, and 
TDR-315/315 L from Acclima, Inc., Boise, ID, USA). The study 
concluded that changes in the Ttrunk also affect the ECbulk, so caution 
should be taken with temperature sensitivity, even if the sensor has been 
previously insulated [40]. However, the authors suggested that diurnal 
changes in trunk hydration, although interesting, may be less valuable 
for irrigation scheduling based on water content in the trunk (Ɵv-trunk) 
than daily averages, especially when there is doubt about the effect of 
temperature on the measurements. 

As expected, soil water deficit lowered leaf water potential (Ψpd) and 
actual osmotic potential (Ψo) (Table 1). No significant differences in 
osmotic water potential were observed at full turgor (Ψπ100) and even in 
the irrigation recovery period, leaf turgor potential (Ψt) decreased as the 
season progressed due to leaf senescence [49]. Accelerated leaf senes-
cence and leaf abscission can occur, which is associated with episodes of 
drought (in our case, severe water deficit period), meaning that canopy 
size decreases due to turgor loss [58]. Lower values of ECbulk measured 
with trunk-TDR-315 N were associated with higher (less negative) 
values of Ψo, under well-irrigated conditions, probably due to a lower 
amount of osmolytes through a dilution effect [59]. No osmotic 
adjustment was observed in the experiment. In this sense, Mellisho et al. 
[60] in peach trees and Ruiz-Sánchez et al. [61] in apricot trees reported 
that a Ψs,md. value below –2.0 MPa must be achieved over a long period 
of time to activate this tolerance mechanism. 

Fig. 7 shows a strong dependency between the irrigation protocol 
based on threshold θv-trunk values with plant water status, both stem 
water potential (Ψs,md) and trunk permittivity (K), with the changes in 
Ψs,md and K over 75 % by θv-trunk variations. Soil water content is an 
indicator of the availability of water for plant consumption [1]. These 
results confirm that plants perceive a water deficit in the soil and that 

Fig. 3. Seasonal values at 15 min recorded with a trunk-TDR-305N: (A) tem-
perature (Ttrunk, ◦C); (B) bulk electrical conductivity (ECbulk, µS cm− 1); and (C) 
relative dielectric permittivity (K) and the hourly moving average K (KMA, red 
line) during the experimental period. Values are averages of three TDR sensors. 
The vertical dashed lines delimit each irrigation period. DOY: Day of the year. 

Fig. 4. Relationship between dielectric permittivity (K) and bulk electrical 
conductivity (ECbulk) monitored with trunk-TDR-305 N. Values correspond to 
daily averages of three TDR sensors, at each irrigation period: moderate deficit 
or α = 50 % (yellow circle); severe deficit or α = 100 % (red triangles); and 
recovery irrigation or well-irrigated (blue squares). ***; p ≤ 0.001. 
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this information is important for precise irrigation scheduling [21]. It is 
known that the factors that affect K are temperature, soil moisture and 
frequency [5,29]. The loss of K at higher θv-trunk values coinciding with 
irrigation recovery and less demanding weather conditions (Fig. 2a) is 
quite striking (Fig. 7b). This fact is probably due to a loss of xylem 
conductivity corresponding to the phenological period of late post-
harvest. In this sense, Sparks et al. [33] reported that losses in stem 
hydraulic conductivity correlated with freeze-thaw events during 
warming periods in midwinter that reduced stem water content. 

Conversion of K into θV-trunk 

As the trunk water content is a recognised water status indicator, the 
conversion of K TDR-values into ƟV-trunk values was performed. For this 
purpose, the results of the calibration, which was performed according 
to the procedure described in the methodology section, are shown in 
Fig. 8. At the end of the drying period, when the weight loss was con-
stant (46 days), K reached a value of 6.7. Therefore, weight loss of 30 % 
corresponded to a K loss of 11 units (Fig. 8a). Correlation of the cali-
bration data showed a perfect quadratic fit (Fig. 8b). However, since we 

moved in a short range of K values (17.0–19.4), we applied the least 
squares method, which determines the linear regression line that mini-
mises the residuals [62]. Then, using the equation obtained in Fig. 8c, 
the K values were converted to θv-trunk. 

The trend of the two plant indicators was very similar (Fig. 9). Only 
at the beginning of the study (moderate deficit) were the daily values of 
K slightly higher than those of the θv-trunk, but this effect was not sig-
nificant. Therefore, TDR-305 N sensor was well suited for measuring 
water content in the nectarine trunk and could be properly used for 
monitoring daily and seasonal changes in K. 

Conclusions 

Novel trunk-TDR sensors embedded directly in the tree trunk were 
able to reveal automated θv-soil-based irrigation protocols applied in a 
nectarine tree orchard. Continuous K measurements explained more 
than 75 % of θv-soil variation as in the case of Ψs,md. Furthermore, the 
calibration of K measurements into θv-trunk values proposed in this study 
could be extended to other fruit crops. 

The different behaviour of K and ECbulk on a daily and seasonal scale 
was due to dilution effects of the ions due to higher sap flow and tran-
spiration during the day as well as water content and its movement in 
the soil during the season. In addition, the results showed the impact of 
leaf senescence during the late postharvest period, when irrigation 
resumed, on the K response, so additional information is needed early in 
the season to verify K threshold values under non-limiting soil water 
conditions. 

Since automation is possible with real-time K data (or θv-trunk 
instead), further research is needed to determine threshold K values for 
successful precision irrigation. In addition, the stability and long-term 
performance of trunk-TDR sensors need to be verified. 

This work showed promising findings on the use of trunk water 
content sensors for accurate continuous monitoring of the plant water 
status of nectarine trees. 

Fig. 5. Daily values of: (A) vapour pressure deficit (VPD, kPa) and global radiation (W m− 2); and (B) midday stem water potential (Ψs,md, MPa) and stomatal 
conductance (gs, mmol m− 2 s− 1) at the end of each irrigation period: α = 50 %, moderate deficit (DOY 210); α = 100 %, severe deficit (DOY 245); recovery irrigation, 
well irrigated (DOY 280). Each point is the average of four leaves ± ES. DOY: Day of the year. 

Table 1 
Values of predawn leaf water potential (Ψpd, MPa); osmotic actual potential (Ψo, 
MPa), osmotic potential at full turgor (Ψπ100, MPa); and leaf turgor potential (Ψt, 
MPa) at the end of each irrigation period: moderate deficit (α = 50 %, DOY 210); 
severe deficit (DOY 245, α = 100 %,); and irrigation recovery (DOY 280, well- 
irrigated).  

Irrigation period Ψpd Ψo Ψπ100 Ψt 

Moderate deficit − 0.68 
±0.01b 

− 2.23 
±0.01b 

− 1.80 
±0.02 

1.55 
±0.01b 

Severe deficit − 0.81 
±0.04c 

− 2.52 
±0.03c 

− 1.77 
±0.05 

1.71 
±0.04a 

Irrigation 
recovery 

− 0.40 
±0.02a 

− 1.61 
±0.02a 

− 1.72 
±0.04 

1.26 
±0.02c 

Average − 0.63 − 2.12 − 1.76 1.5 
ANOVA *** *** n.s. *** 

ANOVA: Analysis of variance***: p < 0.01. n.s.: not significant. 
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Fig. 6. Daily patters of (A-C) trunk temperature (Ttrunk), (D-F) bulk electrical conductivity (ECbulk), and (G-I) relative dielectric permittivity (K) and their 15 min- 
moving average (KMA) recorded with trunk-TDR-305 N. The values shown corresponded to those at the end of each irrigation period: α = 50 %, moderate deficit 
(DOY 210); α = 100 %, severe deficit (DOY 245); recovery irrigation, well-irrigated (DOY 280). The values are means of three TDR sensors. DOY: Day of the year. 

Fig. 7. Relationship between soil water content in the 0–0.5 m soil profile (θv 0–50cm, %) vs./and: (A) stem water potential at midday (Ψs,md, MPa); and (B) dielectric 
permittivity (K) monitored with trunk-TDR-305 N. The average daily values of Ɵv-soil and K coincided with the days on which Ψs,md values were determined during 
each irrigation period: moderate deficit or α = 50 %, (yellow circle); severe deficit or α = 100 %, (red triangles); and recovery irrigation or well-irrigated (blue 
squares). Values are means of four capacitance probes and leaves and three TDR sensors. ***, p ≤ 0.001. 
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