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How Thirsty the Crops Are: 
Emerging Instrumentation for 

Plant-Based Field Measurement  
of Water Stress
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T o grow crops in areas with arid climates, porous 
karst soils, or increasingly unpredictable seasonal 
droughts, farmers struggle for their yield and spend 

precious water resources on irrigation. This ecological and eco-
nomic problem of excessive water usage in agriculture may be 
alleviated by application of precision irrigation techniques. 
Precision irrigation implies precise spatial and temporal con-
trol of water supply based on the actual water demand. This is 
also critical for maximizing the yield-quality of cultivars like 
grapevine, which dynamically change their water require-
ments throughout different parts of their vegetative season [1].

However, to timely identify onset of drought, it is necessary 
to be able to monitor the dynamics of the plant’s physiological 
processes related to water stress. This is a non-trivial task. In 
the plant-physiological research community, there still remain 
gaps in understanding the complex relations between the 
physiological specifics of different plant species, their physi-
ological drought adaptation mechanisms, and especially, how 
they affect the measured plant-hydraulic quantities [2], [3]. To 
fill these gaps, botanists strive for new types of autonomous in-
struments enabling them to conduct novel types of long-term 
field-studies of the effects of drought.

For electronic engineers, this opens many opportunities 
for research of novel electronic instrumentation for plant-
hydraulic measurements. Here, we provide an overview of 
state-of-the-art in measurements of common plant-hydrau-
lic quantities, open challenges, and research opportunities. 
We especially focus on novel, emerging methods showing 
potential for field application, but which are still on their 
way from botanists’ laboratories into the vineyards and crop 
fields.

Measuring the Water Demand in 
Precision Irrigation
Measurement techniques used for irrigation scheduling are 
usually grouped into three categories. The first category is 

soil-based irrigation scheduling, relying exclusively on ei-
ther measurement or estimation of soil-water status. The 
second are plant-based irrigation techniques, determin-
ing the water-demand based on measured plant’s water 
status. Finally, the third category contains combined tech-
niques, combining both soil-water and plant-water status 
measurements.

Soil-based irrigation scheduling techniques aim to cal-
culate the amount of water which needs to be supplied 
in order to compensate for given soil-water deficit. The 
least accurate is the model-based estimation of the soil 
water balance. It estimates the total amount of available 
soil-water from a mathematical model accounting for the 
water drainage, evapotranspiration, and meteorologi-
cal data (precipitations, air temperature, humidity, wind, 
insolation).

More accurate soil-based irrigation scheduling is obtained 
by direct measurement of physical quantities describing the 
soil-water status: soil water potential or water content. The soil 
water potential is usually measured using tensiometers and 
psychrometers, and water content measurement are made by 
using gravimetric sensors, capacitive time-domain reflectom-
etry and neutron probes [4].

In the context of irrigation, a methodological draw-
back of using exclusively environmental and soil-based 
measurements is that they provide only information on soil-
water availability, and not on an actual crop’s water deficit. 
Therefore, they need to be combined with plant-based mea-
surements to assess the actual plant’s water demand [4].

This can be obtained from two types of plant-based mea-
surements. The first are the plant’s physiological responses to 
drought, most usually estimated from stomatal gas exchange 
measurements or change of the growth rate. The second type 
of plant-based water stress measurements tries to quantify the 
hydraulic quantities describing the water transport within the 
plant’s tissues.
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Hydraulic Quantities Modelling Water 
Transport in Plants
In trees, the physiological mechanism of water transport from 
soil into the root and the ascent through the stem, up to the 
leaves is described by the cohesion-tension theory [5]. Due 
to evapotranspiration, surface tension (capillarity) creates 
the tension in the fluid at the air-water interfaces (menisci) of 
leaves’ cell-wall surfaces at stomatal openings. Consequently, 
this tension is transmitted throughout a complex network of 
xylem conduit vessels/tracheids, extending all the way to the 
root [2]. Adhesion of water to conduit walls and cohesion of 
polar water molecules to each other acts as the main pulling 
mechanism, enabling the water to ascend upward, opposing 
the Earth’s gravitational force (Fig. 1a). Thus, water transport 
through the xylem network in vascular plants can be described 
as a complex physio-chemically controlled hydraulic system 
[6]. 

Hydraulic quantities commonly used to describe the water 
uptake, transport and storage include: xylem water poten-
tial, xylem water (i.e., sap) flow, hydraulic conductivity of the 
plant’s tissues, and content of water residing/stored in the tis-
sue, analogous to an electrical voltage, current, resistance, and 
capacitance, respectively (Fig. 1b).

Xylem’s Water Potential
Xylem’s water pressure/potential Ψ is a state-variable, mea-
suring the energy state of the water, at a given point in the 
xylem, on given environmental conditions. It is defined 
as energy required to push/pull a cubic meter of water 
through the xylem. Consequently, it is expressed in Pascals 
[Nm / m3 = N / m2 = Pa].

Factors contributing to the water potential Ψ are Ψp tur-
gor pressure, Ψs osmotic potential, Ψm matric potential, and 
Ψg gravity potential. Thus, plant water potential is usually 
expressed as their summation: Ψ = Ψp+ Ψs+ Ψm+ Ψg, jointly rep-
resenting individual contributions of complex interactions of 
plant-transpiration, environmental temperature, humidity, 
solar irradiation, plant height, soil moisture, nutrient concen-
tration, homeostatic stomatal regulation in isohydric species, 
etc. Thus, plant water potential should be interpreted as a re-
sultant energy-state variable.

Plant water potential is usually measured as a relative pres-
sure in xylem vessels of a root, stem or individual leaves. Pure 
water at the root level is arbitrarily assigned zero potential. In 
transpiring leaves/stem, evapotranspiration-induced tension 
(suction) dominantly lowers the Ψ below zero. Positive differ-
ence of water potentials (i.e., pressure gradient) between two 
points enables the water flow between them (i.e., from root to 
leaves) [2]. Thus, Ψ can be considered analogous to the voltage 
in electrical circuits.

Xylem Sap Flow
Xylem sap (water) flow caused by the pressure gradient is usu-
ally quantified either as mass flow [kg h−1], or volume flow 
[cm3 h−1]. They are frequently expressed as “flux density,” indi-
cating that the mass or volume flow is normalized per (xylem) 

surface (i.e., [cm3 cm−2 h−1]). The range of sap flux densities 
ranges from -10 (negative flow) up to 80-110 cm3 cm−2 h−1 (max. 
positive flow) [8]. Water flow is considered analogous to cur-
rent in electrical circuits. Physiologically, it is observed, that 
the xylem sap flow tends to lag after the changes in transpira-
tion rate, owing to the hydraulic capacitance of the stem and 
other plant tissues [8].

Fig. 1. (a) Plant’s water transport system ([7], licensed under Creative 
Commons BY 4.0). (b) Simplified hydraulic model of a plant (reproduced from [6] 
with permission, © American Society of Plant Biologists, 1999).
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Hydraulic Conductivity
During the periods of drought, excessive evapotranspirative 
tension (extreme water potential) can lead to formation of cav-
itation bubbles in xylem conduits. Accumulation of cavitation 
bubbles in xylem vessels can cause the embolization of parts of 
the xylem tissue, disrupting the sap flow. Although physiolog-
ical xylem refilling mechanisms make the process reversible 
[9], embolization is considered as one of the major causes of 
plant’s mortality caused by water stress [3]. It can be visualized 
in-vivo by high-resolution x-ray micro-CT [9]. It is quantified 
by measuring the hydraulic conductivity.

Hydraulic conductivity K is derived from the water flow 
and the water potential. It is defined as the mass flow of the 
xylem water, divided by the pressure difference (tension gra-
dient) causing it [10]. Thus, it is analogous to the electrical 
conductivity, or more precisely, admittance. It is determined 
by the tissue’s physical dimensions and by the structure of its 
membranes and xylem water conduit vessels (type, number, 
length, diameter, etc.). Usually it is expressed normalized to 
the maximal conductivity, as a “percentage of loss of conduc-
tivity” (PLC).

Water Content
Water balance within plant tissues constitutes of the “bound 
water” residing within cellular structures, and the “free water” 
which is transported along the xylem vessels. Water content is 
most commonly expressed as relative volumetric water con-
tent (VWC) [% = cm3 / cm3]. Water content measurement is 
also important in context of quantification of the level of xy-
lem embolization. Water content can be considered analogous 
to electric capacitance.

Measuring Xylem Water Potential

Pressure Probes for Direct Xylem Pressure 
Measurement
Due to the significance in physiological interpretation, direct 
field-measurement of xylem water potential is a holy grail of 
instrumentation for plant-hydraulic measurements. However, 
it is all but trivial to measure.

Water potential in individual xylem conduit elements (tra-
cheids in gymnosperms, xylem vessels in angiosperms) can be 
directly measured by introducing a conical glass micropipette 
ending with a sharp 10–50 μm tip directly into a xylem vessel 
[11] (Fig. 2a). The microcapillary is filled with a liquid hydrau-
lic medium and sealed at its outer end, forming a microbaric 
chamber. Thus, any tension introduced by the xylem water po-
tential is transferred onto the liquid hydraulic medium within 
the microcapillary and measured using a liquid-coupled pres-
sure sensor capable of measuring tensions down to at least -1.0 
MPa.

Insertion of the probe into a vessel is the most challeng-
ing aspect of direct measurement of the xylem pressure. The 
probe is optically guided into the vessel using the micro-
manipulator. Insertion may fail for several reasons. Firstly, 
insufficiently precise positioning may damage (rupture) the 

vessel. Secondly, the tip may clog during advancement of the 
probe through the tissue or once a vessel has been impaled. 
Thirdly, an air bubble may form in the tip of the microcapillary. 
Finally, due to the metastable state of xylem water, insertion 
may itself cause cavitation, either by leakage induced at the in-
sertion point of the glass micropipette or by the presence of a 
gas phase in the interior of the probe [12].

A clear advantage of the method is the direct measurement 
principle. However, the method exhibits limited potential for 
field application. First, measurements are only possible in soft 
tissue (i.e., leaf petioles of the young twigs, soft root, etc.). Me-
ticulous preparation of the probe is required (cleaning, filling, 
degassing) in order to prevent cavitation of its hydraulic-me-
dium. Still, the measurement range is limited by the tension 
at which cavitation of the liquid medium occurs [12]. As the 
method requires delicate positioning and mechanical stability, 
continuous long-term field measurements would require de-
sign of the specialized portable equipment for field-insertion 
and mechanical fixtures to hold the sample in place.

Implantable Xylem Pressure Sensors
Shortcomings of the pressure probe technique motivated the 
design of a recent concept of an implantable pressure sen-
sor for direct measurement of stem water potential [13]. This 
MEMS device (Fig. 2b) miniaturizes a working principle of a 
macroscopic soil tensiometer sensor. It consists of an enclosed 
container (enclosure) filled with water. The container is ex-
posed to the environment through a permeable membrane. 
When the water potential of the environment is lower than the 
potential of the pure water in the container (i.e., drier, contain-
ing more solutes, etc.), water from the container permeates the 
membrane and leaks out, creating tension (negative pressure). 
Tension at the membrane is sensed on the flexible strain-sens-
ing diaphragm by a micro-tensiometer forming a Wheatstone 
bridge with four piezoresistors.

The reported measurement range spans from 0–10 MPa of 
tension (negative pressure), covering the dynamics of xylem 
water potentials in conditions of extreme drought. The re-
sponse is linear, with the reported sensitivity of approximately 
0.5 mV/Vin/ MPa, invariant to temperature changes in range 
of 0–20 °C [13]. 

Main advantages of the method are direct water potential 
measurement principle, small dimensions (the latest reported 
dice size 2x5 mm excluding packaging), linear response, and 
temperature stability. In comparison to pressure probes, this 
device enables a wider measurement range and measurements 
in hard tissues of plant trunks. A disadvantage is that this pro-
prietary technology still appears in the very early stage of 
technological readiness.

Indirect Xylem Water Potential Measurements
With shortcomings of direct xylem pressure measurement 
methods, de-facto standard in practical agronomy [1] is the 
indirect, “pressure bomb” method (Scholander’s chamber). 
It is a high-pressure chamber, confining a cut-off leaf. The ex-
ternally applied pressure required to invoke secretion of the 

Authorized licensed use limited to: Vedran Bilas. Downloaded on April 18,2020 at 10:01:18 UTC from IEEE Xplore.  Restrictions apply. 



40 IEEE Instrumentation & Measurement Magazine April 2020

xylem sap through the leaf’s petiole (detected visually) is con-
sidered to equal the water potential of the leaf placed inside 
the chamber.

Albeit simple, and often used in practice, this method fea-
tures major limitations. It is destructive and can be performed 
exclusively on leaves. Its absolute accuracy is limited to ±0.1 
MPa. It is affected by subjective visual readout of the equi-
librium pressure, sample-to-sample differences in speed of 
propagation of the pressure gradient through the leaf in the 
chamber, and by the transpiration rate (the method is more 
accurate in non-transpiring leaves). Precision is severely af-
fected by the influence of environmental conditions (sun, 
shade, humidity, time of day, etc.), and by variability of mea-
surements on individual leaves. Each leaf requires manual 
preparation, making the method laborious, slow, and without 
any prospects for automation. Nevertheless, long-term field 
studies report that even the application of such a crude, man-
ual method of water-potential measurement may reduce the 

irrigation water-supply by 46% and simultaneously increase 
grapevine quality [1].

A non-invasive, automatized alternative for indirect xy-
lem water potential monitoring is a method based on vapor 
pressure measurement on the stem-surface. It relies on the 
fact that water potential is proportional to transpiration rate. 
Transpiration can be quantified by a vapor pressure in the 
air surrounding the transpiring elements (i.e., leaf, stem). In-
crease in transpiration rate results in higher vapor pressure, 
indicating higher absolute value (i.e., more negative) water 
potential. Vapor pressure can be determined by confining a tis-
sue sample in an air/water tight, thermodynamically isolated 
chamber. At equilibrium, water potential of the sample in the 
chamber is directly related to the relative humidity, measured 
with a thermocouple [14].

Based on the underlying measurement principle, two 
groups of techniques are candidates for field operation: non-
equilibrium psychrometric techniques (wet-bulb temperature 
depression) and hygrometric techniques (dew-point temper-
ature depression). Two types of non-equilibrium (wet-bulb) 
psychrometric techniques are most commonly used: Richards-
type and the Spanner-type (i.e., Peltier) psychrometers. The 
temperature measuring junction of the Richards-type needs to 
be kept wetted by a drop of distilled water. On the other hand, 
Spanner-type psychrometers are automatically wetted by 
cooling the measuring junction below the dew-point temper-
ature before each measurement, by applying the Peltier effect 
thermoelectric principle. Thus, only Spanner-type can be used 
in the field [14].

Dew-point hygrometric methods detect dew-point temper-
ature depression of water vapor inside the sample chamber. 
The detection principle can be either thermal—using a pair of 
thermocouples—or optical. Optical hygrometers cool a mir-
ror using the Peltier effect and detect the dew point with a 
photodetector.

Their accuracy is around ±0.1 MPa [13], and the mea-
surement range depends on design: -200 to -300 MPa for 
Richards-type TCP, -7 to -8 MPa for Spanner-type TCP, -40 MPa 
for thermal hygrometers, and -300 MPa for optical. All of these 
surpass greatly the range of pressure probes, however at the 
cost of linearity in near-zero region of the range [14].

Due to proven reliability in controlled laboratory condi-
tions, and good correlation with pressure bomb readings, 
vapor pressure techniques are used as one of the referent 
xylem water potential measurement techniques. As an advan-
tage, they enable non-destructive measurement. However, 
applicability of non-destructive thermocouple psychrome-
try in the field is limited by delicate installation, cumbersome 
mounting hardware, long time required for equilibration and 
isolation from environmental parameters such as temperature 
and evaporation (Fig. 3). 

Thermal Sensors of Xylem Sap Flow
The most widely used automated field-method of xylem flow 
measurement is thermal anemometry (Fig. 4). It involves a 
nail-heater and a set of needle/nail-like temperature probes 

Fig. 2. (a) Laboratory pressure probe setup (adapted from [6] with permission 
© American Society of Plant Biologists, 1999). (b) Prototype of an implantable 
microtensiometer (adapted from [13], with permission, © The Royal Society of 
Chemistry, 2014,).
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used to estimate the flow from the measured temperatures 
[16]. We give an overview of three main groups of methods: 
heat deformation (HD) methods, heat balance (HB), and heat 
pulse velocity (HPV) [17]. HD and HB rely on continuous heat-
ing, while HPV features pulsed heating.

Heat Deformation Methods
In heat deformation (HD) methods, heat is continuously sup-
plied to the sapwood through the nail-heater [17]. Sap flux 
density is then estimated from the changes of the heat field 
around the heater because of the heat-carrying (convection) 
sap. Two main implementations of the HD method that are 
used most often are the thermal dissipation probe (TDP) and 
the heat field deformation (HFD) method.

The original Granier’s thermal dissipation probe (TDP) de-
sign features two probes. The downstream probe is constantly 
heated with approximately 0.2 W, and the other unheated 
probe is positioned upstream to the sap flow. Both probes are 
equipped with copper-constantan thermocouples to measure 
their temperature difference (ΔT). Under conditions of thermal 

stability in the heating element, in the wood structure and in 
the sap, the constant heat input is equal to the heat dissipated 
by convection and conduction at the wall of the probe. When 
there is no sap flow, heat is not dissipated by convection but 
only by conduction; hence, the measured temperature differ-
ence ΔT reaches its maximum, ΔTmax. Naturally, this typically 
occurs at night. When sap flow increases, ΔT reduces propor-
tionally to the increase of the convective heat dissipation. From 
ΔT, sap flux density is calculated by the empirical formula [17]. 
The method is limited to measurement of downstream flows.

Key challenge with the TDP method is sensitivity to 
changes in environmental temperature, especially at low sap 
flows (at night). Temperature differences can originate ei-
ther from static spatial natural temperature gradients across 
the plant’s stem, from dynamic diurnal temperature varia-
tions, and from fast transient changes in temperature caused 
by wind. One of the proposed solutions [17] is slow pulsed 
heating with an optimized on/off duty-cycle (in the order of 
minutes). Also, diurnal fluctuations in stem water content in-
duce inaccuracy in Granier-type TDP measurements of sap 

Fig. 3. Commercial psychrometric xylem water potential sensors (available online: [15], used with permission © ICT Intl. Ltd.): (a) Pressure-clamped sensing 
chamber; (b) Psychrometer with a data-logger; and (c) Heat-shielding with reflective foil.

Fig. 4. Thermal xylem sap flow sensor designs. Continuous-heating: a) Heat field deformation–HFD [18]; (b) Heat-balance–HB (available online: [21], used with 
permission © EMS Brno, 2019), Pulsed-heating; c) Heat-ratio–HRM (available online: [15], used with permission © ICT Intl. Ltd.).
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flux density because wood thermal properties change with 
the water content. As zero-flow increases when water-con-
tent decreases, ΔTmax measured at night-time introduces error 
in sap flux density estimated during the day with the TDP 
method.

Heat field deformation method (HFD) attempts to address 
issues of Granier TDP method related to zero-flow condi-
tions. HFD enables wider (full) measurement range of sap 
flux densities and measurement of reverse flows. It features 
a four-needle configuration. Continuous heating is applied 
to the central needle, and the temperature difference with re-
spect to the heater is measured at the remaining three needles: 
two axial (one downstream, one upstream) and the third, lat-
eral. Each needle may feature multiple thermocouples to map 
temperature at different depths from the surface [8]. This 
method is semi-empirical and requires corrections due to 
tissue wounding. Commercial HFD sensors (Fig. 4a) are avail-
able on the market [18].

Heat Balance Methods (HB)
In contrast to heat deformation methods where applied heat-
ing power is continuous, but non-regulated, in heat balance 
(HB, Fig. 4b) methods the heating power is regulated in a feed-
back loop, such that the temperature difference between the 
heated xylem tissue-volume and unheated referent tissue is 
kept constant. Increase in flow causes the increase in required 
heating power, in order to maintain some preset (regulated) 
temperature difference. Thus, mass flow is proportional to 
the required heating power [19]. The merit of this method is 
that it does not require field-calibration. Commercial devices 
are available on the market, typically featuring heating power 
spans within 0.3–1.0 W at 1 kHz (ac, floating) for a regulated 
temperature difference of 2–8 °C.

Pulsed-heating Methods
Such high-power requirements may be lowered by pulsed 
heating. Heat ratio method (HRM, Fig. 4c) features three 
needles: one central heater needle and two temperature 
measurement needles inserted equidistantly upstream and 
downstream of the heater. Each temperature sensing needle 
features two thermocouples at different depths. The method 
estimates the magnitude and direction of water flux, by mea-
suring the ratio of the temperature increase sensed by each 
thermocouple upon reception of the heat-pulse.

A drawback of this method is that the measurement range 
covers only the lower-half of the sap flow fluxes (max. 45 
cm3cm−2 h−1 [8]). Also, relying on empirical conversion from 
heat velocity to the sap flux density, HRM requires periodic de-
structive calibration-measurements on the wood’s core.

Overcoming these drawbacks is the four-needle “Sap-
flow+” heat-pulse method [20]. It takes the same asymmetrical 
heater/measurement-probes configuration as the continuous-
heating HFD method and adapts it for pulsed-heating. It uses 
an analytical heat conduction–convection model to convert 
measured temperatures into heat velocity, and finally to sap 
flux density. Reported accuracy is within 5% relative error [20]. 

Minimally-invasive Sap-flow Methods
One of the most common problems with thermal heat pulse 
methods is tissue wounding/scarring occurring around nee-
dles and affecting the flow. A novel, non-invasive, non-contact 
heat pulse method [22] addresses the problem of scarring. A 
near infra-red laser beam is proposed to optically concentrate 
a heat pulse onto the stem surface painted black to absorb la-
ser’s heat. Temperature is then measured on the stem surface 
at two points—one upstream, and the other downstream—us-
ing either thermocouples on the bark-surface or non-contact 
infra-red sensors.

Also, an another especially interesting direction of research 
is a cost-effective single-needle sensor, simultaneously acting 
as an intermittently operated heater and temperature sensor 
[23]. Clearly, this method sacrifices the information on the di-
rection of the flow.

Recent sap-flow research in plant-physiology is aimed 
towards up-scaling (generalizing) individual sap-flow mea-
surements and correlating the measured flow with other 
plant-hydraulic quantities, mostly extrapolating the sap-
flow readings to the whole-tree transpiration rate [19]. 
However, this research area is still inconclusive, leaving many 
opportunities.

Electromagnetic Sensing of Stem Water 
Content
Complex dielectric permittivity is an intrinsic property of a 
material that relates to its ability to store and conduct electrical 
charge. Because the dielectric permittivity of water is far higher 
than that of air or the woody matrix in plant stems (i.e., rela-
tive dielectric constant, εr, air =1, εr, solids < 10, εr, water = 80), change in 
the dielectric of the tissue reflects a change in its water content. 
Thus, a stem’s volumetric water content is typically estimated 
with electromagnetic sensors measuring complex permittivity 
of the xylem (i.e., its relative dielectric constant εr).

Design of direct, in-situ, point-sensors for microwave-
frequency range dielectric constant (εr) measurements was 
motivated by the idea of extrapolating these measurements 
to an averaged tree/canopy dielectric constant, which could 
then be measured remotely over large geographic areas using 
airborne microwave radar backscatter (remote sensing). This 
approach was pursued, hoping that εr could be correlated to 
water potential measurements.

Time-domain Reflectometry (TDR)
Time-domain reflectometry is an impulse method of vol-
umetric water content measurements. The measurement 
probe consists of a transmission line, whose two end-ter-
minals are nailed-in into the stem (i.e., line terminated by 
the xylem tissue). As the water content declines with water 
stress, the overall dielectric constant of the material also de-
clines which is detected as a decrease in transit time of the 
impulse signal.

Comparison of TDR VWC measurements to gravimetric 
water content showed linear fit within the range of 10–60% 
VWC [24]. A shortcoming of the method is non-linear and 
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plant-specific relation between εr and VWC. Also, risk of tis-
sue wounding/scarring can occur during installation but is 
negligible during measurements (minimal heating due to low 
voltage, high frequency). Finally, due to short, picosecond-
propagation times, the method requires fast analog front-ends. 
For example, 10 ps resolution is typically needed for the typ-
ical 1% VWC measurement error. This increases the power 
requirements, limiting the field-autonomy.

Capacitive Techniques
Capacitance techniques determine the dielectric permittivity 
of xylem by measuring the charge time of a capacitor, in which 
xylem is a dielectric. In contrast to the impulse excitation used 
for TDR, capacitive techniques operate with continuous exci-
tation. For measurements on xylem, frequencies in range of 
50–100 MHz or higher are used, to decouple the relative dielec-
tric constant from the electric conductivity (i.e., dielectric loss), 
and thus minimize susceptibility to changes in salinity and 
temperature. Sensor design is very similar to a volumetric soil 
water content measurement sensor. Reported measurement 
accuracy is within ±0.1% relative error [25], at least 10 times 
better compared to TDR methods. Results also correlate well 
with diurnal sap-flow variations [25].

Ultrasonic Detection of Xylem 
Embolism
An attractive non-invasive indirect method for tracking xy-
lem embolism formation [26] (Fig. 5a) is passive ultrasonic 
sensing. Formations and collapses of individual cavitation 
gas-bubbles in xylem under tension produce short mechani-
cal bursts, which are transferred as mechanical waves through 
the plant’s tissue to the wooden surface. There, such ultrasonic 
acoustic emissions can be detected with passive ultrasonic 
contact sensors (Fig. 5b). The wooden surface is prepared 
by debarking, flattening and applying the acoustic coupling 
agent. Given that xylem conduit sizes, and hence diameters of 

cavitation-bubbles, are in the order of magnitude of 10–100s 
μm, ultrasonic emissions typically occur in the ultrasonic spec-
trum between 100 kHz to 1 MHz [27].

Most commonly, physiologists borrow resonant piezo-
electric PZT disc-sensors originally designed for industrial 
non-destructive testing. Although the piezosensors them-
selves are passive, they require a permanently-powered, 
always-listening front-end circuitry to capture intermittently 
appearing emissions. Being high impedance piezoelectrics, 
sensors require charge preamplifiers with typical gains of 40–
60 dB and at least 16 bits analog-to-digital conversion at 2–5 
MHz [28].

A single emission bears very little information on xylem 
embolism. Hence, the method requires feature extraction, 
storage, and statistical processing of large numbers of emis-
sions. Due to limitations of signal acquisition and processing 
equipment, early works focused on simplistic metrics, such 
as cumulative emission counts, emission rate or individual 
emission waveform features like amplitude, energy, rise-time, 
frequency content, etc. [29]. In the context of using the ul-
trasonic acoustic emissions for irrigation, there are two key 
questions. Firstly, which signal features are most closely re-
lated to the process of xylem embolization—to determine 
the method’s specificity? Secondly, which features enable the 
detection of embolic symptoms early enough to react—to max-
imize the method’s sensitivity?

To ensure the specificity, a non-trivial signal processing 
task is to be able to separate the emissions by their origin: xy-
lem cavitations from other acoustic emissions sources, such as 
bark shrinkage, fractures in xylem tissue, capillary action of 
free water, etc. [30]. In this context, current research associates 
the emissions clustered around the 100–200 kHz frequency 
band to be correlated with cavitation [30], verified with x-ray 
computerized tomography. However, to truly understand the 
cavitation signals, additional work is needed in the domain of 
physical modelling of the gas bubble formation process, and 

Fig. 5. a) Spreading of the embolism in xylem (adapted from [9] with permission, © American Society of Plant Biologists, 2013); b) Ultrasonic emissions sensor, 
lab. dehydration setup for detection of cavitation [28] (© IEEE, 2019).
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modelling of the tree branches as acoustic waveguides [31]. 
To accurately assess the true frequency spectrum of xylem’s 
ultrasonic emissions, it is necessary to decouple it from the fre-
quency response of the resonant piezosensors. Thus, recent 
studies use broadband sensors with extended frequency range 
[30]. Nevertheless, the area of advanced time-frequency signal 
analysis remains open for further research.

To assess how early warning signals of water stress in-
duced plant mortality are the xylem’s ultrasonic emissions, 
it is important to physiologically interpret emission data. In 
this sense, correlation of the ultrasonic activity to the known 
plant-hydraulic quantities, such as water potential and loss of 
hydraulic conductivity is under investigation [32]. While there 
have been proposed emission signal parameters which corre-
late well to underlying physiological features and processes 
of gymnosperms (conifers) [29], interpretation of so-far in-
vestigated signal parameters obtained on angiosperm plants 
remains inconclusive. Thus, it remains open how to integrate 
them into the irrigation of economically viable cultures, such 
as grapevine.

Apart from this, a key engineering challenge to bring 
the instrumentation for xylem emission detection from the 
laboratory into the field remains and requires the clever, en-
ergy-efficient design of the signal chain for conditioning, 
acquisition and processing, due to large signal bandwidth 
and requirements for always-on operation [28]. This becomes 
even more pronounced with implementation of near-sensor 
processing tasks involving separation of different emission 
sources or emission localization.

Future Challenges
Conclusively, the most prospective plant water stress mea-
surement technologies for integration in future precision 
irrigation systems are summarized in the Table 1.

For botanists, an accurate measurement of xylem wa-
ter potential has always been the holy grail of water stress 
monitoring. However, direct xylem water potential measure-
ment remains largely inaccessible, leaving a lot of room for 
methodological uncertainty, even in state-of-the-art plant-
physiological research. Therefore, early implantable MEMS 
xylem pressure sensor prototypes [13] look encouraging to 
change this and inspire similar future designs.

On the other hand, thermal anemometric sap-flow mea-
surements reached their maturity in the metrological sense, 
with several commercial spinoffs. Quite like semiconduc-
tor gas sensors some years ago, this area is now open to take 
its next technological step towards miniaturization in MEMS 
technology, and optimization of power consumption, in order 
to reach the goals for autonomous field-operation. Especially 
interesting research directions are minimally invasive tech-
niques and microfluidic designs.

Finally, embolism detection is crucial in the prevention of 
the drought-induced mortality of plants [3]. Passive ultrasonic 
monitoring is one of the most prospective technologies in its 
early stages of technological readiness. In addition to many 
open signal-processing challenges, intermittently appearing 
ultrasonic acoustic emissions call for novel electronic designs 
of dedicated wake-up triggering interfaces. Also, this also 
opens the space for novel technological design of tailor-made 
piezosensors and passive piezoelectric MEMS arrays for pas-
sive ultrasonic event detection.
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