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ABSTRACT
Traditional timer-based systems for irrigation management, which are more commonly used in commercial nurseries in
South Africa, are not ideal as they may not irrigate seedlings efficiently. A sensor-based irrigation system is presented as an
alternative, as this can provide several benefits to nurseries and nursery-grown seedlings. Small-sized soil water sensors that
could fit in small-volume nursery containers (25 to 100 mL), and could be integrated into an automated irrigation system, are
reviewed. Several experiments have been conducted internationally to measure soil water status of small-volume containers
in soilless substrates, and a large body of knowledge is now available. In this review, we describe the principles of several
currently commercially available sensors that can be adapted to this purpose, giving advantages and disadvantages of each
type. We conclude that a sensor-based irrigation system has great potential to address the challenges associated with irrigation

scheduling, while improving water usage in most nurseries.
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INTRODUCTION

Irrigation water is becoming increasingly scarce in South
Africa, with the agricultural industry using approximately
62% of available fresh water (Pimentel et al., 2004; Fanadzo
and Ncube, 2017). Ever-increasing demand for this limited
resource for household and industrial use, as well as

recent droughts, has resulted in an urgent need for water
conservation (Gleeson et al., 2012). Thus, in commercial
nurseries which support the agricultural and forestry sectors,
it is becoming increasingly important to develop efficient
irrigation systems. Improved irrigation practices by nurseries
can save water and reduce the costs of irrigation, and have
the potential to improve seedling quality, reduce leaching of
nutrients, and lower the incidence of pathogen infestation
(Belayneh et al., 2013; Lichtenberg et al., 2013; Bayer et al.,
2015; Saavoss et al., 2016; Lea-Cox et al., 2017; Wheeler et
al., 2017). Many biological and biophysical processes, such
as seed germination, seedling nutrition and growth, as well
as transpiration and evaporative cooling, are dependent

on sufficient moisture via efficient irrigation (Bittelli, 2010;
2011). In most commercial nurseries, seedlings are grown

in containers with small-volume cavities ranging from 25 to
100 mL (examples of some forestry seedling containers are
shown in Fig. 1; Durner, 2013). This optimises the utilisation
of nursery and transportation space while ensuring the best
performance when planted in the field. In such containers,
plant roots have a limited substrate volume to explore for
water. Although space saving, one of the difficulties with
these containers is that the substrate water status can range
from near-saturation immediately after irrigation, to near-
dryness after several hours without irrigation (Van Iersel

et al., 2011; Montesano et al., 2016; Lea-Cox et al., 2017).
Irrigation scheduling for these containers should, therefore,
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aim at maintaining the media water content at levels that
minimise seedling water stress and maximise irrigation
efficiency during periods that require stress-free growth (Van
Iersel et al., 2011).

Commercial nurseries generally irrigate their seedlings
based on the visual appearance of the substrate (wet or
dry), their intuition and experience (growers may pick up
the container to feel its relative ‘weight’), and often rely on
a fixed timer-based system (Jones, 2004; 2008; Lea-Cox
etal,, 2011; 2017). Although the settings of a timer-based
system can be adjusted, it is set to irrigate according to a
predetermined schedule to apply water at a particular time
of day and for a particular duration (Nemali and Van Iersel,
2006; Montesano et al., 2016). Such timer-based systems have
been widely adopted due to their ease of use, relatively low
cost, ease of programming and success in irrigating correctly
when managed closely during periods of peak water demand
(Nemali et al., 2007; Lea-Cox, 2012). However, they can be
ineffective and ineflicient since water requirements may vary
by species, season, microclimate and changes in root density
or leaf area as the plant grows (Lea-Cox, 2012). For example,
such systems can waste water on cooler and cloudy days due
to fixed irrigation schedules which operate irrespective of
weather changes (Van Iersel et al., 2011). In addition, most
nursery managers are risk averse, preferring to apply excess
water to ensure against system failure or heterogeneity of
application (Jones, 2004; 2008). However, with increasing
water costs and restrictions, it is becoming more necessary
to limit excessive water application. Therefore, scheduling
irrigation under fixed timer-based systems may be inaccurate
and costly and, considering these issues, there is a need for a
more efficient method.

The use of soil water sensors to control automated
irrigation systems is proposed as a useful alternative.
However, sensor-based irrigation systems are not widely used
in South African nurseries. This may be due to perceived
(i) high start-up costs, too expensive to adopt on a large
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Figure 1. Examples of different sizes of small containers used in many
commercial forestry nurseries showing their associated volumes

scale; (ii) difficulty in automation; and (iii) low reliability
and maintenance issues (Annandale et al., 2011; Lea-Cox,
2012; Belayneh et al., 2013). For most commercial nurseries,
the initial cost and the ease of use are the most crucial
considerations for adopting a sensor-based irrigation system.
Regardless of these challenges, numerous sensors with the
potential to be adapted for use in nursery substrates are well
documented in the literature (Burnett and Van Iersel, 2008;
Chappell et al., 2013; Bayer et al., 2015; Montesano et al.,
2016; Saasvoss et al., 2016; Wheeler et al., 2017). Increasing
freshwater scarcity, and pressure from governments, society,
and concerned bodies to conserve water, gives motive to
investigate sensor-based irrigation systems. Thus, the aim of

this review was to evaluate commercially available soil water
sensors that can be connected to an automated irrigation
system to measure and control water status in small-volume
nursery containers to improve nursery water management.

SCHEDULING IRRIGATION IN SMALL-VOLUME
CONTAINERS

Soilless substrates, as used in many commercial nurseries,
are generally porous and have relatively large particle sizes
compared to mineral soils. They tend to release more water at
very low matric potential (-1 to —40 kPa), which is 10 to 100
times lower than the matric potential in mineral soils (Lea-
Cox et al., 2011). Also, the rooting system of a nursery plant
is confined to the volume of the container. For these reasons,
maintaining optimal water status for soilless substrates is
critical for continued plant growth. A sensor-based system for
scheduling irrigation is a logical choice, and consists of sensors
linked to an automated irrigation system that periodically
measure the substrate water status at a specified interval
(Nemali and Van Iersel, 2006; Van Iersel et al., 2013; Lea-Cox et
al., 2017; Kaptein et al., 2019). Since water use by the seedling,
along with drainage and evaporation, causes a decrease in
substrate water level over time, the sensors detect these changes
in the substrate volumetric water content (VWC, m*m) or
soil water potential (¥, kPa), and relay that information to
an irrigation controller (Fig. 2). The irrigation controller is
programmed to control (open) selected irrigation valves for
irrigation when the water level decreases below a set point
(Belayneh et al., 2013; Van Iersel et al., 2013; Bayer et al., 2015;
Wheeler et al., 2017). The irrigation is then allowed to continue
until the upper set point of the programme is reached, at which
time the irrigation valves are closed (Fig. 2).

Irrigation in small containers may be scheduled using
two properties, VWC or soil water potential, as described in
detail by Jones (2004; 2008). The VWC indicates the quantity
of water available per unit volume of medium, which is easy
to measure and control as long as the lower limit (LL) and
drained upper limit (DUL) thresholds are defined (Smith

Water tank
Datalogger or irrigation
controller Irrigation valve
© ©o ooo ) .
© ©o ocoo Irrigation pump
1o © oo o ﬁ
[ S
Sensor Seedling tray Irrigation

Figure 2. An automated irrigation system capable of measuring the water content of the substrate in the small-volume nursery containers, and
controlling the opening and closing of irrigation valves according to lower and upper set points
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and Mullins, 2000; Jones, 2004; Lal and Shuckla, 2004;
Gebregiorgis and Savage, 2006). In contrast, the soil water
potential is the energy status of water per unit volume of
medium, which directly determines whether the substrate
water is available to plants (Scanlon et al., 2002; Jones, 2004;
Bittelli, 2010; Lea-Cox et al., 2011). Both are related to each
other, but this relationship is different for different substrates
and depends on pore size distribution (Gebregiorgis and
Savage, 2006; Van Iersel et al., 2013). For example, substrates
with larger pores hold less water compared to substrates with
small pores. This relationship can be determined using a
hydraulic conductivity relationship (Van Iersel et al., 2013;
Schindler et al., 2016). There is no consensus as to which
property is better suited for scheduling irrigation between the
two (Van Iersel et al., 2013), although VWC is relatively easy
to measure (Jones, 2004). If VWC is used, matric potential
should also be estimated using hydraulic conductivity to
determine the plant available water. This is critical in highly
porous substrates such as pine bark due to its lower buffering
capacity. Various VWC and soil water potential sensors that
may be used in small-volume containers, and easily connected
to a programmable control unit, will be discussed.

VOLUMETRIC WATER CONTENT MEASUREMENT
SENSORS

The main aim of measuring VWC is to monitor water status
as it diminishes and recharges within the root zone after each
irrigation event (Charlesworth, 2005). The commercially
available soil water content sensors do not measure soil
water content directly; instead they detect changes in other
soil properties that can be related to the soil water content
(Charlesworth, 2005; Bittelli, 2010; 2011). The most common
soil properties that change with soil water content and are
easy to measure include (i) dielectric permittivity (Van Iersel
etal.,, 2013); and (ii) thermal conductivity (Song et al., 1998).
However, for accurate measurement, sensors need to be
calibrated against the gravimetric method, which is the only
direct soil water content measure (Smith and Mullins, 2000;
Charlesworth, 2005).

Dielectric sensors

The term ‘dielectric’ refers to the ability of a substance

to store charge from an electromagnetic field (Evett and
Parkin, 2005; Van Iersel et al., 2013). These sensors use an
electromagnetic technique to determine the VWG, since
water has a much higher dielectric permittivity relative to
other constituents of the substrate (Smith and Mullins, 2000;
Bogena et al., 2007; Bittelli, 2010). The main components

of a substrate that affect the dielectric permittivity are air,
solid matrix and water content. The dielectric permittivity
of air and a solid matrix is 1 and 5, respectively, compared
to that of water which is 80 at 20°C (Czarnomski et al.,
2005; Bogena et al., 2007; Nemali et al., 2007). Hence, a
small change in VWC can result in a significant change in
the dielectric permittivity (Nemali et al., 2007; Van Iersel et
al., 2013). Thus, the measurement of dielectric permittivity
can be used to indirectly estimate the media VWC through
predetermined calibration relationships using the equation
of Topp et al. (1980). For this review, frequency domain
reflectometry (FDR) and time domain reflectometry (TDR)
sensors will be further discussed due to their suitability for
use in small-volume nursery containers.
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Frequency domain reflectometry

Most FDR sensors (also referred to as capacitance sensors)
consist of two prongs (positive and negative electrodes) that
produce an electromagnetic field (Bittelli, 2010) when placed
parallel to each other (as shown in Fig. 3). The electromagnetic
field is passed through dielectric material and then its ability
to store charge is measured. The charge stored by the substrate
and measured by a capacitor is directly related to the dielectric
permittivity of a substrate (Bogena et al., 2007). The sensor
circuitry then converts the capacitor charge to a voltage, so it
can be measured using a control unit. Since water molecules
store charge more than other particles in the substrate,

this charge storing ability can be related to VWC through
measurement of charge time ¢ (s) using:

t==RCn| (V=¥ +V,)/(V,-V,)| 1)

where R (Q) is the series resistance, C (uF) the capacitance, V'
(V) the supply voltage, V; the initial voltage and V; the final
voltage (Charlesworth, 2005).

When the VWC is high, the capacitor will charge slowly.
This means that the capacitor of a sensor embedded in a wet
substrate will reach a given voltage threshold later compared to
a capacitor in a dry substrate. More specifications, advantages
and disadvantages of FDR sensors are provided in Table 1.

The FDR sensors are laboratory-calibrated by the
manufacturer in different soilless substrates to produce a generic
equation. The factory generic calibration equation has an accuracy
range of 0.03-0.05 m*-m- (Meter Group, 2018a, 2018b). Although
a generic equation may be used with reasonable accuracy, a
substrate-specific calibration may be conducted to estimate VWC
to within 0.01 m*m? of the actual VWC. For substrate-specific
calibration, a single calibration equation could be used for a
similar model FDR sensor regardless of the substrate type (organic
or inorganic) (Nemali et al., 2007). Some of these sensors consist
of additional sensors that measure soil temperature and electrical
conductivity (EC) within the FDR sensor (Meter Group, 2018a,
2018b). These sensors have been used successfully to schedule
irrigation in several studies with highly porous soilless substrates
in nursery containers (Burnett and Van Iersel, 2008; Van Iersel et
al,, 2010; Belayneh et al., 2013; Bayer et al., 2015; Montesano et al.,
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Figure 3. An electromagnetic field formed with a frequency domain
reflectometry sensor (source: Campbell, 2012)
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2016; Wheeler et al., 2017; Kaptein et al., 2019). Improvements in
plant growth, reduction in water usage, and fewer incidences of
pests and diseases were reported.

Time domain reflectometry

The TDR technology was initially used to find the break in power
lines. Instead of manually inspecting a power line, a pulse is sent
along the cable, and the time taken for the pulse to reflect indicates
the precise point where the cable is broken. A TDR sensor works
similarly by sending electromagnetic waves from the pulse
generator of a cable tester to diffuse in the substrate where there is
a parallel pair transmission line (Topp et al., 1984; Nobori, 1996).
Electromagnetic waves are diffused through a coaxial cable to

a probe inserted in a substrate. Some of these electromagnetic
waves are reflected at the beginning of the probe due to impedance
differences between the cable and the probe, whereas the rest of
the waves diffuse through the probe until they reach the end of the
probe where they are reflected (Noborio et al., 1996). Therefore,
dielectric permittivity can be calculated considering that the
transmission velocity is determined from the known length of the
transmission line in the substrate using (Topp et al., 1984):

K,=ct/l )

where K, is the soil dielectric constant, ¢ the velocity of an
electromagnetic signal in free space (i.e. speed of light, 3 x 10°
m-s"), t the travel time of the voltage pulse and / the length of
the soil transmission line (mm). Since substrate water content is
the main factor that alters the dielectric permittivity (K ), VWC
can be calculated using (Topp et al., 1980):

VWC = =53x107+2.92x10°K, — 5.5x10™ K> +4.3x10° K

®
The specifications, advantages and disadvantages of TDR
sensors are further outlined in Table 1.

Influence of substrate properties on dielectric

permittivity

The dielectric permittivity may be influenced by factors other
than the VWC (Smith and Mullins, 2000; Lukanu and Savage,
2006). Studies have indicated that dielectric sensors may be
affected by the substrate temperature and EC (Scanlon et al.,
2002; Bogena et al., 2007; Bittelli, 2010; 2011). However, the new
generation of VWC sensors have a built-in temperature sensor
that corrects for error in VWC estimation due to temperature
changes, for example, a model 5TM or TEROS 10 (Meter

Group, Inc., Pullman, WA, USA).

In a nursery, most substrates used as potting media are a
unique blend of organic and inorganic materials, and seedlings
are frequently irrigated with water-soluble fertilisers. This can
result in an increased concentration of ions of fertiliser salts
near the electromagnetic field of a dielectric probe which could
weaken the electromagnetic energy and affect the measured
VWC (Nemali et al., 2007; Rosenbaum et al., 2010). In a study
by Kizito et al. (2008), a measurement frequency of 70 MHz
mitigated the effects of EC and temperature on FDR sensors
(model EC-5 and ECH,O-TE, Meter Group). Latest FDR sensors
measure dielectric permittivity using an oscillator operating at a
frequency of 70 MHz making this sensor insensitive to EC below
10 dS‘m™ (Meter Group, 2018a, 2018b). To be able to measure
in substrates with EC greater than 10 dS-m™, substrate-specific
calibration is a necessity, although such high EC is extremely
uncommon in nursery substrates since it will most likely cause
root death in most plant species. Increasing measurement
frequency to higher frequencies (i.e. 150 MHz) decreases the
sensor sensitivity to EC considerably; however, this increases
sensor cost due to the increase in sensor electronics.

The effect of poor substrate-to-sensor contact caused by
uneven packing of substrate in containers has been reported
by Bogena et al. (2007), Nemali et al. (2007) and Van Iersel
et al. (2010). This may be critical in some nurseries where
the substrate is manually packed in small-volume containers

Table 1. Summary of techniques used to measure substrate water content (adapted from Jones, 2004)

Frequency domain Time domain Dual needle
reflectometry (Capacitance) reflectometry heat pulse
Cost (@amounts as at Nov 2018: 2 200-3 550 ZAR 2860 ZAR 3490 ZAR
1 USD = 14.30 ZAR) per sensor
Accuracy (m3*m?3) 0.01-0.03 0.02-0.05 0.05
Measurement range (%) 0-100 0-100 0-100
Measurement volume (mL) 240-715 100 50

Examples (model) EC-52, 5TM?, GS1?, TEROS 10°

T-3 (T3R/F; mini-TDR)®

Specific heat capacity sensor®

No calibration needed (3% VWC
accuracy)

Insensitive to salinity

Simple readout device

Inexpensive

Low power usage

Easy to install

Advantages

No calibration needed
Less sensitive to salinity <3 dS-m™

Compact size
No calibration needed

Disadvantages Sensitive to air gaps
Need substrate-specific calibration
for improved accuracy (1% VWC

accuracy)

Expensive when pulse is included

Their complexity requires
expertise to set-up

High power usage

Fragile

Susceptible to substrate
temperature gradients

Needle deflection can impart
high error (1 mm deflection =
6% error)

Must be connected to good
dataloggers

“ Meter Group, Inc., Pullman, WA, USA® East 30 Sensors, Pullman, WA, USA
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which may lead to a lack of solid contact between the sensor
and the substrate causing inaccurate measurements of VWC.
According to Lukanu and Savage (2006), differences in bulk
density can have a small effect on FDR sensor measurements
although VWC can be measured to within 0.02 m*m?. Van
Tersel et al. (2013) reported that measurement errors due to air
spaces can be improved by frequent irrigation schedules until
substrate particles settle around the sensor.

Dual needle heat pulse sensors

The dual needle heat pulse (DNHP) method was first suggested
by Campbell et al. (1991) and has since been used by several
researchers (Tarara and Ham, 1997; Song et al., 1998; Ochsner
et al., 2003). This technique measures changes in soil thermal
properties (Song et al., 1998; Bittelli, 2010; 2011) caused by

the variation in the VWC. Tarara and Ham (1997) describe

the technique in detail, and Fig. 4 shows a probe with needle
length of 30 mm. A heater and a temperature probe (usually a
thermocouple) are used to determine the substrate volumetric
heat capacity, which can be converted into VWC using:

VWC =[q/(enr’AT, — (19.92x, +2.51)]/4.18 @

where g (J-m™) is the heat applied per unit length of the line
source, e is the natural logarithm base, r (m) is the distance
between the heater probe and temperature probe, AT is the
maximum temperature increase of the needle (°C) and x  is
determined by dividing the substrate bulk density by particle
size (Song et al., 1998).

The small compact size of the DNHP sensor enables
measurements of small substrate volumes such as water content
around a growing seed (Tarara and Ham, 1997). Bristow et al.
(1993) compared the VWC as measured using DNHP sensors
versus the VWC measured by gamma attenuation in repacked
soil in the laboratory. The DNHP sensors estimated VWC to
within 0.04 m*>m~ of the gamma attenuation method at both
the LL and DUL. However, large differences between VWC
measured with DNHP sensors versus using the gravimetric
method were observed by Tarara and Ham (1997) at high water
content. At water contents less than 0.30 m*m~, the DNHP
probe estimates were within 0.06 m*.m™ of the gravimetric
method. The probes of this sensor type are very fragile and
special care needs to be taken so that the distance between the
needle probes does not alter (Campbell et al., 1991; Bittelli,
2010). A needle deflection of 1 mm may cause a 6% error in
VWC measurements (Song et al., 1998; Scanlon et al., 2002).
The conversion of a temperature signal from analogue to digital
may cause a measurement error in ATm (Bristow et al., 1993;

\\
Cable

Sensor body

30 mm—|

Thermocouple J_ Heater

Figure 4. A dual needle heat pulse probe (adapted from: Tarara and
Ham, 1997)
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Song et al., 1998). This, however, can be minimised by increasing
the datalogger sampling frequency by using a high resolution
datalogger and applying sufficient power to the heater probe

so that AT exceeds 0.5°C. This sensor is also susceptible to
substrate temperature gradients (Scanlon et al., 2002), which
may be significant in a nursery environment, and therefore
precise substrate temperature measurements are needed. For
these reasons, this type of sensor should be used with caution in
scheduling nursery irrigation, and, in most cases, is not practical.

MEASURING THE SUBSTRATE WATER POTENTIAL

The concept of soil water potential is not new. As early as

1908, the first attempts to measure soil water potential were
conducted using the Livingston disc (Crawford, 2015). A dry
ceramic disc would be weighed, then placed in soil so that it
equilibrated with the surroundings. After equilibration, it was
removed, cleaned and weighed again. Soil water potential was
then calculated using the water retention curve of the disc.
Over 100 years later, there have been many advances in soil
water potential sensor technology, but these sensors still rely on
water potential equilibration. Most commercially available soil
water potential sensors accurately measure within the 0 to —100
kPa range, which is ideal for most nursery crops since they
generally exhibit signs of water stress at matric potential less
than —100 kPa. Different techniques for measuring soil water
potential in small-volume seedling containers are examined
and summarised in Table 2.

Tensiometers

In 1960, a liquid calibration technique called tensiometry was
discovered (Charlesworth, 2005). This method, along with

soil psychrometry, was and still is the only direct method

of measuring soil water potential. If correctly installed, a
tensiometer is the most accurate soil water potential sensor in
wet substrate (0 to —90 kPa) (Charlesworth, 2005; Bittelli, 2010).
For an in-depth understanding of tensiometer measurement
theory, see Smith and Mullins (2000) and Bittelli (2010). The
advantages and disadvantages of tensiometers are outlined

in Table 2. Small tensiometers fitted with transducers to
measure and control the water potential in small-volume
soilless substrates were reported by Bittelli (2010). A schematic
diagram of such a tensiometer is shown in Fig. 5, with a
diameter of 5 mm for an easy fit in a small-volume container.
The transducer is used to convert the tensiometer tension to an
electrical signal that may be sensed by a control unit.

When tensiometers are used, precautionary measures are
necessary to ensure direct contact between the porous ceramic
tensiometer tip and the substrate, and correct positioning
of the sensor. If the substrate shrinks, or the tensiometer is
disturbed, this contact may be interrupted after which air
may enter and break the water column resulting in inaccurate
measurements. In soilless substrates, fine roots might develop
around the ceramic tip. This is common when the substrate
dries out and the ceramic tip becomes an unreliable but
assured water source (Meter Group, 2009). When the substrate
becomes drier than —90 kPa, cavitation occurs, where
liquid water pressure inside the tensiometer tube changes
to water vapour pressure causing spontaneous evaporation
and formation of air bubbles as described by Bittelli (2010).
However, the new commercially available tensiometers can
measure up to —500 kPa without cavitation, for example, a
model T5x mini tensiometer (Meter Group). This is made
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+—_ T5 sealed cable to allow for
burying of sensor

The piezoelectric pressure inducer
that measures the soil water tension
against atmospheric pressure

#———— Acrylic glass shaft

Porous ceramic tip filled

«— Wwith degassed water

Figure 5. A transducer fitted mini tensiometer (Meter Group model
T-5 laboratory tensiometer) (Source: Meter Group)

possible using a special ceramic tip with smaller pores and a
gas-free filling. Van der Ploeg et al. (2010) also investigated
polymer tensiometers that are not affected by cavitation and
have an extended measurement range to -2 000 kPa. These
tensiometers consist of a swelling polymer that creates a
positive pressure, and when the substrate is wet it absorbs
water, creating a pressure offset. These tensiometers are,
however, not yet well researched for use in nursery soilless
substrates. Charlesworth (2005) reported on equitensiometers
that use the principle of dielectric sensors to measure the
water potential. These sensors do not require substrate-specific
calibration since they measure the water potential of the
ceramic material and not the surrounding substrate.

Heat dissipation sensors

As early as 1940, Shaw and Baver (1940) proved that soil water

Figure 6. A heat dissipation sensor (Campbell Scientific, model 229-L)
(Source: Campbell Scientific, 2009)

potential could be inferred from the rate of heat dissipated

in the soil, and many sensors have been developed based on

this relationship. Flint et al. (2002) described heat dissipation
probe measurement theory in detail and a sensor is shown in
Fig. 6. The sensor has a ceramic cup which equilibrates with the
substrate. Following equilibration, a heating element is heated
for a specific period, and a change in the substrate temperature is
then measured. The temperature change depends on the thermal

conductivity of the ceramic cup, which is affected by the VWC
of the substrate (Flint et al., 2002; Scanlon et al., 2002; Bittelli,

2010). Thus, the VWC, which is related to the water potential

of the ceramic cup, can be determined through a hydraulic
conductivity relationship. The commonly used function is:

Y= exp(a AT + ,B)

where VW is the soil water potential, exp the exponential function,
AT the increase in temperature for specified period of time, « the

Table 2. Summary of techniques used to measure substrate matric potential (adapted from Jones, 2004)

(@)

Water potential

Tensiometers

Heat dissipation

Cost (amounts as at Nov 2018: 4 150 ZAR 11 390 ZAR 7000 ZAR

1 USD = 14.30 ZAR) per sensor

Accuracy (kPa) + 2 below -100 +0.5 3-5

Measurement range (kPa) —-100 000 to -9 -500t0 0 —2500to -10
Equilibration time 10minto1h 5s 1h

Measurement volume (mL) 1 > 100 1

Examples (model) TEROS 212 T-5x2 229-L°

Advantages Moderate to good accuracy Direct measure No maintenance needed

Wide measurement range

Insensitive to salinity below
10dS:m™”

Different sizes available

Excellent accuracy between
—90 to 0 kPa

Insensitive to salinity
Moderate to good accuracy

Disadvantages Air entry in ceramic discs limit
accuracy

Sensitive to air gaps

Low accuracy between —100 and 0

kPa

Need re-filling with degassed
water after dry periods

Air entry in ceramic tip limit upper
range measurements

High maintenance requirements in
porous substrates

Need complex heating
controller

Slow reaction time

High power usage

High variability between
sensors

® Meter Group, Inc., Pullman, WA, USA® Campbell Scientific, Inc., Logan, Utah, USA
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slope and f3 the intercept (Campbell Scientific, 2009). The rela-
tionship between the natural logarithm of soil water potential
and temperature increase is linear (Campbell Scientific, 2009).
The heat transfer properties between the heater and the ceramic
cup of the sensor vary vastly between sensors, thus necessitating
individual sensor calibration (Flint et al., 2002; Scanlon et al.,
2002). These sensors can be used for scheduling irrigation in a
laboratory and in greenhouses. However, due to their complexity,
their use has been limited to research applications.

IDEAL SENSORS FOR USE WITH A NURSERY
AUTOMATED IRRIGATION SYSTEM

The first step in selecting a sensor to use with an irrigation
system is to identify the substrate property to measure, either
VWC or water potential. There are a variety of commercially
available sensors that may be used to measure either of these
properties, as described previously. Soil water potential sensors
should, however, be used with caution in small volume nursery
containers. Several studies have indicated that these sensors
are less accurate at low soil water potentials (< —30 kPa), which
is when most seedlings show signs of water stress. Mini-
tensiometers require high maintenance and are also less reliable
in automated irrigation systems.

An ideal sensor should provide high accuracy and
resolution, enable rapid and precise measurements, be easy
to install, allow for custom calibration, have a long life
expectancy, and be cost effective (Gebregiorgis and Savage,
2006; Jones, 2008). Cost (both purchase and maintenance),
life expectancy, ease of use and media-specific calibration are
key aspects to the adoption and use of sensor-based automated
irrigation by nursery managers (Lea-Cox, 2012).

Cost-effectiveness

A typical seedling nursery consists of different seedling types at
different ages. For example, a forestry nursery may have different
seedling clones ranging from 1-day-old to 3-months-old. To
control irrigation, multiple sensors may be required for different
irrigation zones. In this case, many inexpensive sensors may

be an option. In addition, multiple sensors may be needed to
improve the quality of collected data. As an example, low-cost
FDR sensors (model EC-5, Meter Group) have been successfully
used in soilless substrates by Montesano et al. (2016), Saavoss
etal. (2016), Wheeler et al. (2017) and Kaptein et al. (2019)

due to their cost-effectiveness and ease of use. The challenge

is selecting trade-offs between various sensor properties. For
example, durable high-accuracy sensors with good precision

and resolution may be more expensive than less durable lower-
accuracy sensors. Sensor manufacturers may attempt to find the
balance between these properties, but to select the best sensor
for an application, it is important to ensure that minimum
requirements for a particular purpose are met (Lea-Cox, 2012;
Van Iersel et al., 2013). It may be necessary for a sensor used

in a research study to have high accuracy, good precision and
resolution, whereas a sensor used for scheduling irrigation may
not necessarily need to have the same level of accuracy, as long as
measurements are repeatable with good resolution and precision.

Specific media calibration

Most sensors are supplied with a generic calibration equation.
However, not all soilless substrates used in nurseries have
identical electrical properties due to variations in bulk
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density and salinity. Thus, the generic calibration may result
in an approximately 5% error in VWC estimation, whereas

a substrate-specific calibration can reduce this error to 1%.
Furthermore, different soilless substrates have different
water-holding capabilities (Van Iersel et al., 2013), and it is
important to understand the relationship between VWC and
plant available water for different substrates. For example, a
20% VWC measurement in sand indicates a moist to saturated
substrate and much of this water is available to seedlings.
Irrigating this substrate further will simply result in excess
water drainage. However, a value of 20% in coir indicates

a much drier medium, meaning there is little or no plant
available water in the substrate (Van Iersel et al., 2013).

Manufacturers commonly calibrate their sensors in the
laboratory with minimal variation in environmental factors,
in particular temperature. When the sensor is in a natural
environment and exposed to more environmental variation,
its accuracy may not meet the specified manufacturer
specifications (Van Iersel et al., 2013). The effect of temperature
is more pronounced in sensors such as DNHP and TDR.
However, most of the new model commercially available
sensors have a built-in temperature and EC sensor to correct
for substrate temperature effects. Although media-specific
calibration improves VWC measurement accuracy, generic
calibration could be used for irrigation scheduling purposes
with slightly less accuracy (Kaptein et al., 2019). Sensor-to-
sensor variability has been shown to be relatively low within
soilless substrates, even with influencing factors such as air
gaps and bulk density (Belayneh et al., 2013; Kaptein et al.,
2019). Also, it is beneficial to install several sensors and use
their average output for scheduling irrigation decisions.

All sensors have measurement errors and there is no one
sensor that is ideal. The best sensor for an application is the one
that measures what the end-user needs. There are a variety of
good commercially available sensors, and if the user understands
what the sensor measures, then it becomes easier to compare
and make the best choice for the application. Also, most sensors
can be integrated into an existing nursery irrigation system,
ensuring economic feasibility. For small-volume soil water
measurements in nursery applications, sensor size and substrate-
to-sensor contact are the most important considerations in this
environment in which large temperature gradients may occur.
This then limits sensor choice to a few capacitance sensors.

Potential economicimpact

The use of a sensor-based automated irrigation system may have
a positive impact within a nursery in different ways, such as
improved water use efficiency, reduction in water and energy
costs, labour savings, improved crop quality and shorter crop
production cycles, as reported in detail by Belayneh et al. (2013).
A reduction in irrigation water usage by 40-70% was reported
by Bayer et al. (2013) and Chappell et al. (2013). This resulted in
reduction in leaching of nutrients, thereby reducing the nursery
fertiliser costs by 50%. Overall, in a study by Saavoss et al. (2016)
a sensor-based irrigation system showed an increase in nursery
annual profits by 156% compared to a standard timer-based
system. This profit was mainly attributed to improved plant
growth, improved crop quality and shorter production cycles.

CONCLUSIONS

In this review, different techniques for measuring VWC and
water potential that are appropriate for use in small-volume
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nursery containers were described. Many researchers have
concluded that the sensor-based irrigation systems are more
efficient and effective compared to timer-based systems.

Also, the quality of seedlings produced using a sensor-

based irrigation system is generally better than that from
conventional timer systems. To select an optimal sensor for use
in small-volume seedling containers, sensor cost-effectiveness
and the ability to calibrate against the gravimetric method
should be prioritised. Moreover, the sensor should meet the
minimum requirements for an application. Utilising sensor-
based irrigation systems may benefit the commercial nursery
industry and reduce the high water consumption, thereby
improving overall water management.
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