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Abstract

A electrical conductivity (EC) cell introduced into a porous ceramic cup was developed to continuously sample the
solution and measure EC from different growing media. Application of pressure head creates a continuous flow of
solution from the growing media tested, into the ceramic cup, and through the EC cell. Continuous recording of
the EC was achieved by connecting the EC meter to a data logger. Using two different pressure heads (−5 and−15
kPa) allowed us to observe differences in the EC of the solution extracted that resulted from the different moisture
retention of each growing media. After a maximum period of 24 h extracting the solution from different growing
media, EC values obtained with the probe were compared with those obtained using paste extracts, saturated with
either deionized water or nutrient solution. Results show EC values obtained using the probe with a−15 kPa
pressure head were closer to values of EC measured in saturated extracts made with nutrient solution. Using a−5
kPa pressure head, EC values with probe were lower than those obtained by extracts done with nutrient solution, but
higher than EC values from saturated extracts made with deionized water. Simultaneous measurements of matric
tension and EC show the effect of pressure heads applied in the probe on the water content of growing media.
This technique is not destructive (the sampling of growing media is not necessary) and it is possible to obtain EC
measurements of solutions continuously. This method of measuring water and salt content of the root environment
has potential applications in the greenhouse production of pot plants. Measurements obtained with this method may
lead to new information on nutrient uptake by plants and the development of new strategies of managing fertility
and irrigation of horticultural crops.

Introduction

Root-zone salinity has a profound effect on various
characteristics of plant growth (Raviv and Mordechai,
1988). Nutrient solution management in soilless cul-
ture systems needs the accurate control of electrical
conductivity (EC) (Son, 1996), especially when media
different to soil are used. EC of the aqueous extracts of
the growing media is used as a non-specific indicator
of nutrient status (Timmer and Parton, 1984). Horti-
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culturists use such information to determine the need
to leach salts from the root zone.

Determination of salinity based on the electrical
conductivity of soil solution is performed by various
methods and devices for collecting the soil solution.
The most common methods involve solution extracts
created by mixing the soil sample with water at vari-
ous ratios (Jones and Edwards, 1993; Sonneveld and
Van Den Ende, 1971; Timmer and Parton, 1984).
Such methods have been used in studies to charac-
terise the composition of soil solutions and nutrient
availability to plants and to develop guidelines in agri-
culture for fertilisation and irrigation practices. These
methods involve sampling the soil and the addition
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of deionized water. Unfortunately, this practice alters
the characteristics of the soil solution (Kohut and Du-
das, 1994; Menzies and Bell, 1988; Walworth, 1992)
so that the resulting data only approximates the ori-
ginal in-situ substrate solution. Pour-through methods
(Wright et al., 1990), while beingin-situ, share the
same drawback.

Methods that do not involve dilution of the soil
solution have also been developed. These include
displacement with immiscible solutions (Kohut and
Dudas, 1994), drainage, compaction, centrifugation,
molecular adsorption and methods involving extrac-
tion by use of pressure or suction. The later includes
the use of suction-cup probes (Grossmann and Ud-
luft, 1991, Hatch et al., 1997). Suction cups are most
frequently made of porous ceramic, although other
materials can be used (Cabrera, 1998; Grossmann et
al., 1987). The release of various substances from the
ceramic cup into the sample solution is the most com-
mon problem found with the use of suction cups, but
this can be avoided by equilibrating with a solution
that is similar to the composition of the soil solution
(Grossman and Udluft, 1991). Installation of the suc-
tion probe into natural soil can be difficult, but is easily
done in substrates used with plants grown in contain-
ers. Other related problems include: The application of
the suction, alteration of the sample by the sampling
system, precipitation of solids in the sample, sorp-
tion of solutes on the surface of the suction cup, cups
pores tendency to plug up with time, gas exchange
between the sample and sampling system atmosphere,
microbiological processes in the sampling system, etc.
(Grossmann and Udluft, 1991).

Optimal production of pot plants involves frequent
adjustment of the environmental factors affecting plant
growth. Control technologies exist for virtually all of
the significant above-ground variables (temperature,
light, etc.). However, for below-ground variables, we
currently have devices to measure moisture content,
but none to continuously control the ion content in the
growing media solution.

To measure the salinity of growing media, different
sensors have been tested by several authors (Aragües,
1982). Basically, conductivity measured by a sensor
(ECse) does depend on (Aragues, 1982):

ECse= f(EC)s,ECex, θ,G, T ) (1)

Where ECs is the solution electrical conductivity,
ECex is the electrical conductivity associated with ex-
changeable ions in the sensor material and will depend
of chemical composition of the material used to collect

Figure 1. Components of the EC probe.

soil solution, mostly ceramic cups.θ is the water con-
tent of the soil or the growing media,G is the geometry
factor associated with the tortuous nature of the path of
electric current in the soil or the growing media, andT
is temperature. Ideally, the sensor response should be
described by:

ECse= f (EC)s) (2)

The overall objective of this study was to develop a
system for monitoring ECin-situ in growing media
differents to soil. The work presented here focuses on
the development of a method to continuously monitor
the EC of growing media solutions.

Materials and methods

Design of EC probe

A probe (Figure 1) was developed to allow continuous
monitoring of electrical conductivity (EC) in growing
media typically used in greenhouse production. The
design combined the ceramic cup of a high-flow ten-
siometer (Model LT, Irrometer Co. Inc., Riverside,
CA) with a commercially-available EC cell (model
09-327-1, Fisher Scientific, cell constant = 1). The
relatively large ceramic cup (5 cm in height and 2.3 cm
in diameter) was necessary to accommodate the EC
cell. A plug was shaped from an acrylic rod and,
when in place, would fill most of the volume within
the ceramic cup, minimising the sample volume, and
directing the solution towards the cell electrodes and
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thermistor (Figure 1). This volume reducing plug as-
sured a higher through flow rate. The EC cell was
installed through the plastic tube and silicon sealant
provided an airtight seal between the glass body of the
EC cell and the plastic body of the probe.

A tubing fitting was mounted through a hole drilled
and tapped in the plastic tube (Figure 1) and a 2-m long
by 3.2 mm diameter Tygon tube was attached to it. The
probe and the attached tube were filled with water or
nutrient solution so as to exclude all air. The EC cell
digital meter (Fisher Scientific) measured EC of the
solution in the probe.

When installed into the growing medium, the
probe and tube were filled with half strength Hoag-
land solution and the ceramic cup was embedded in
the growing medium. Plastic pots filled with the grow-
ing media studied were elevated and the tube allowed
to hang down. The free end of the tube was raised
so that the meniscus was a specific distance from the
probe, thus imposing a negative pressure head (e.g.:
50 cm water column = 5 kPa tension or suction =−5
kPa pressure head). Two pressure heads were stud-
ied:−5 and−15 kPa, and the flow rates, determined
by measuring the volume of the solution collected at
the end of the tube, were 0.1 and 0.4 mL min−1,
respectively. The selection of those pressure heads
was made according to the concepts of ‘easily avail-
able water’ (EAW) and ‘unavailable water’ (UW) in
growing media, defined by Boodt et al. (1974), as-
suming that 5 kPa is the highest tension corresponding
to easily available water (EAW) (water volume re-
leased between 1 and 5 kPa) and 15 kPa corresponds
to a tension higher than 10 kPa (the lower threshold
for unavailable water –UW-). ‘Water buffer capacity’
(WBC) was defined by Boodt (1974) as the water
released between 5 and 10 kPa.

Probe calibration

The meter signal represented the temperature-
compensated EC values of the solutions. These signals
were related to actual EC of the solutions by cal-
ibrating the probe against seven standard solutions
consisting of 0.25, 0.50, 1.0, 1.25, 1.50, 1.75 and 2.0 g
NaCl per liter with EC values of 0.43, 0.86, 1.70, 2.10,
2.56, 2.99 and 3.30 dS m−1 at 25 ◦C, respectively.
The meter output (after an amplification of 20 times)
were linearly (r2= 0.999) relating to these EC levels
(dS m−1) resulting in the regression equation:

EC= 0.0265+ 0.0279mV (3)

used thereafter. This calibration allowed work to fo-
cus on the operation of the probe itself, as well as its
suitability for use in the experiments described below.

Effect of ceramic cup on the EC and nutrient
concentrations (ECex)

The chemical functionality of the probe in nutrient
solution (rather than NaCl) was examined, particu-
larly to test the potential effects of the ceramic cup
on the sampled growing media solution. For this ex-
periment, the probe was cleaned with and immersed
in half-strength Hoagland nutrient solution prepared
from commercial soluble fertilisers. The EC and con-
centrations of the nutrients (N–NO3

−, N–NH4
+, K+,

Ca2+, and Mg2+) in this solution were measured be-
fore and after crossing the ceramic cup, after various
immersion times (40, 60 and 110 min) in triplic-
ates. Determination of N–NO3− and N–NH4

+ were
carried out using the method developed by Carlson
(1978). K+, Ca2+ and Mg2+ were determined us-
ing an atomic absorption spectrophotometer (Model
SpectrAA-55, Varian Australia, Mulgrave, VIC). Two
pressure heads,−5 and−15 kPa, were used to move
the sample into the probe.

Effect of temperature on the EC measurement

The EC probe was immersed along with a temperature
sensor (Hobo LM-35) inside a 1000 mL beaker filled
with half-strength Hoagland solution and covered with
aluminium foil for a period of 16 h. Data were
recorded every 5 min.

Relationship between matric tension and EC

To check the effect of matric tension on the measured
EC and the effect of the probe on the moisture content
in the different growing media assayed, a tensiometer
with high flow ceramic (model LT Irrometer) fitted
with a pressure transducer was installed along with
the EC probe into the different growing media assayed
(Lieth and Burger, 1989).

Comparison of EC measured with the probe and
saturated paste extracts

To evaluate the efficiency of the EC probe in vari-
ous solid matrices, four growing media were selected:
UC mix (33:25:42 sphagnum peat moss, sand, and fir
bark), perlite (B-13), a peat moss - perlite mix (70:30
v:v sphagnum peat moss and perlite, designated below



70

Table 1. Physical properties of growing media used

Property Units Growing Media

UCMix Perlite PMP Coir

Solid matter % v/v 24 4 6 5

Air volume % v/v 29 80 37 47

Easily available water (EAW) (1–5 kPa) % v/v 26 2 20 20

Water buffer capacity (WBC) (5-010 kPa) % v/v 4 1 5 5

Unavailable water (UW) (> 10 kPa) % v/v 17 13 32 24

Total porosity % v/v 76 96 94 95

Figure 2. Setup of equipment to continuously measure and record
EC and substrate moisture tension.

Figure 3. Temperature of nutrient solution (◦C) and EC (dS m−1)
measured by the EC probe during an elapsed time of 14 h.

as PMP) and coconut coir. These growing media were
selected since they are commonly used in horticulture
and have a wide range of physical and chemical prop-
erties (Table 1; Handreck, 1993; Matkin and Chandler,
1957; Milks et al., 1989). The following trials were
performed sequentially using the same probe.

Table 2. Chemical analysis of nutrient solution unaltered and
after passing through the ceramic cup into the probe. Solution
was sampled after flow proceeded for the times given

Variable Units Nutrient Inside EC probe

solution 20 min 40 min 110 min

EC (25◦C) dS m−1 1.10±0.00 1.10 1.10 1.10

N–NO3
− mM 5.43±0.03 5.36 5.71 5.42

N–NH4
+ mM 0.46±0.07 0.50 0.23 0.44

K+ mM 2.52±0.02 2.90 2.79 2.47

Ca2+ mM 1.89±0.07 2.18 2.09 2.11

Mg2+ mM 0.85±0.00 0.97 1.10 0.93

In each trial, the EC probe was installed into a
pot (16.3-cm diameter, 17.5-cm height) filled with
growing media and covered with aluminium foil to
prevent evaporation. Five hundred ml of half-strength
Hoagland nutrient solution was added to the pot.
Thereafter, continual measurements of EC and root-
zone water tension were recorded for 20–24 h using
a data-logging system (Figure 2) previously designed
for measuring and controlling growing media moisture
(Lieth and Burger, 1989).

At the end of each trial, equilibrium between the
added nutrient solution and growing medium was
considered to have been achieved and the growing
medium was then sampled. Two types of saturated
paste extracts were made: (1) adding deionized water
(conventional system, denoted DW) (Timmer and Par-
ton, 1984) and (2) by adding half-strength Hoagland
nutrient solution (saturated extract NS) (Cadahia and
Eymar, 1998). For perlite and coir, samples taken from
the pots were placed into a Buchner funnel on What-
man filter paper without additional water or solution
and vacuum was applied to remove the soil solution.
Three replicates were obtained for each substrate trial.
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Results

Effect of ceramic cup on the EC and nutrient
concentrations (ECex)

The EC values were identical inside and outside of the
EC probe (Table 2) and the concentrations of various
ions (N–NO3

−, N–NH4
+, K+, Ca2+ and Mg2+) did

not show significant differences.

Effect of temperature on the EC measurement

In Figure 3, EC values of half-strength Hoagland solu-
tion measured with the EC probe and temperature
values during a period of 14 h are shown. In spite
of changes in temperature, the EC of the solution
remained constant.

Relation between matric tension and EC

In Figure 4, the relationships between EC and matric
tension for each growing medium and for two pres-
sure heads applied into the EC probe are shown. Each
growing medium behaved differently.

UC mix
The pressure head of−5 kPa on the probe increased
matric tension in the medium (from 1.2 to 1.9 kPa),
and there was a change in the composition of soil
solution as a consequence of the interaction between
the nutrient solution and the substrate solid phase
(increase of EC from 1.0 to 1.5 dS m−1).

With a −15 kPa head, there was also a similar
change in matric tension in the growing media. There
was, however, a larger change in EC (from 1.4 to 2.3
dS m−1) with this pressure head as a consequence of
the extraction of the more tightly retained solution that
was interacting with the solid phase of this substrate
(Figure 4).

Perlite
No changes in EC when either−5 or−15 kPa pres-
sure head was applied. With a−5 kPa head, tension
increases slightly (1.0–1.3 kPa) (Figure 4). When
pressure head of−15 kPa was applied there was an
increase in tension from 1.4 to 3.3 kPa (Figure 4).

PMP
Also no changes in EC with either−5 and−15 kPa
pressure heads. With a−5 kPa head on the probe,
tension increased (0.9–2.1 kPa) (Figure 4). When

pressure head of−15 kPa was applied there was an
increase in tension from 0.9 to 3.7 kPa (Figure 4).

Coconut coir
With the−5 kPa pressure head, no differences in EC
were found, although increases in root-zone moisture
tension from 1.3 to 2.2 kPa occurred. Results obtained
with coconut coir with a−15 kPa head were similar
to those obtained in UC Mix. There was a similar in-
crease in tension to the−5 kPa head, also there was an
increase in EC from the nutrient solution from 0.9 to
2.3 dS m−1.

Comparison between EC measured with the probe
and saturated paste extracts

EC of saturated extracts (DW and NS) were the same
under pressure heads of−5 or−15 kPa (Figure 4) in
all growing media. Also, EC from extracts (NS) were,
in all cases, higher than extracts DW.

UC mix
The EC values obtained with the probe varied over
time, stabilising after 9 h under−5 kPa and after 3
h under−15 kPa. The final EC levels were lower with
the−5 kPa pressure head (1.5 dS m−1) than with the
−15 kPa head (2.3 dS m−1). With the−5 kPa head,
the final EC obtained was similar to the EC of the
nutrient solution that was added at the beginning of the
measurement period. Saturated extract (NS) EC gave
values very close to the EC obtained by the probe at
−15 kPa. An EC of 2.4 dS m−1 was obtained from
the NS saturated extract and 1.1 dS m−1 with the DW
saturated extract (Figure 5).

Perlite
The EC probe measured values were close to the EC of
the nutrient solution for the duration of the experiment
regardless of the pressure head. Extract (DW) gave an
EC value of 0 dS m−1 and extract (NS) gave EC meas-
urements slightly higher than with the EC probe, but
both very close to the initial nutrient solution added.

PMP
EC values measured by the probe in the PMP treat-
ment were around 1 dS m−1 for both pressure heads
applied, very close to the EC of the initial nutrient
solution added. Saturated paste extract (NS) gave EC
values very similar to those obtained by the probe at
−5 and−15 kPa, and higher than extract (DW).
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Figure 4. Relationship between values of matric tension (kPa) and electrical conductivity (dS m−1) with −5 and−15 kPa pressure head on the
EC probe.

Coir

The EC measurements by the probe under−15 kPa
pressure head just after the set up showed roughly the
same EC as with a−5 kPa pressure head (1 dS m−1),
while in the higher tension experiment, the EC rose
rapidly in the first 4 h and then stabilised around
2 dS m−1. Extract (NS) value was higher than the
probe’s for the−5 kPa head and lower than the sat-
urated paste extract reading at−15 kPa. The EC of
DW extracts were, with either pressure heads below
the EC values obtained by the probe.

Discussion

Results obtained in the analysis of the nutrient solu-
tion before and after passing through the ceramic cup
indicated that any chemical interactions between nu-
trient solution and ceramic did not affect EC (Lao
et al., 1998). Since the EC values obtained with the
probe were the same as those obtained from nutrient
solution before passing through the ceramic (Table 2),
and the measurements of the EC were maintained
without change when outside temperatures were chan-
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Figure 5. Electrical conductivity of four different substrates as logged (solid curve) with the suction on the cell at 5 or 15 kPa. Solid symbol
represents EC of saturated paste extract using half-strength Hoagland solution for saturation (NS). Open symbol represents EC of a saturated
paste extract using deionized water for saturation (DW).

ging (Figure 3), the factors ECex and T were not
affecting the EC values and it was possible to interpret
our results for the growing media tested.

The amounts of solution extracted in UC Mix and
coconut coir with both pressure heads increased mat-
ric potential in a similar manner. Most of the water
in these growing media corresponds to easily avail-
able water (EAW) and water buffer capacity (WBC).
That is, water held at tensions less than 10 kPa
(EAW+WBC is 30% v/v for UC mix and 25% for
coconut coir, Table 1).

In comparison, the amounts of solution extracted
from perlite and PMP were different with either pres-
sure head. More of the unavailable water (UW) was
removed from perlite with a−15 kPa head than at
−5 kPa (perlite had 15% of total water and 13% of

unavailable water; PMP had 57% of total water with
32% of UW, table 1), and consequently, greater in-
creases in matric tensions occur at the lower pressure.
A pressure head of−5 kPa was insufficient to extract
water retained in fine pores, which is also called by
several authors ‘unavailable water’ (Boodt, 1974).

When the saturated paste extract was carried out,
the vacuum device normally created pressures less
than−15 kPa. The addition of deionized water causes
a dilution that decreases the EC levels of the growing
media solution. By making the paste with the same
nutrient solution that is used for irrigation, it was pos-
sible to obtain EC values closer to that which exists
in the growing media. The EC values obtained by the
probe at the−15 pressure head were very similar to
those from the NS extracts obtained in the laboratory.
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The magnitude of the interaction between nutrient
solution and growing media depended on the media
composition. When a substrate lacking chemical react-
ivity (e.g. perlite) was used, there were no differences
in the solution EC obtained with either pressure head
(Figure 5). UC Mix, and coir chemically interacted
more with the nutrient solution than did perlite and
PMP (Figure 5). In the PMP, there was a lesser de-
gree of interaction between the solid phase and the
applied nutrient solution, when compared to UC Mix
and coir, because sphagnum peat is not as high in
nutrient concentrations or cation exchange capacity.

Conclusions

Water matric potential and chemical composition of a
growing media affects the EC of the solution. Since
the volume of water affects the concentration of salts
in solutions, this creates problems in standardising a
method to evaluate the nutritional status of various
growing media with a range of substrate to water ratios
(Verdonck and Gabriels, 1988).

EC values of saturated paste extract made with nu-
trient solution will be much more realistic than those
obtained by saturating with deionized water (Cadahia
and Eymar, 1998).

The method proposed here to extract solutions and
measure the EC from different growing media is non-
destructive, data are continuously recorded, revealing
how the nutrient solution added by fertigation interacts
with the medium in containers. Such measurements
could show the rate plants take up water and nutrients
and can reveal when there is an accumulation of nutri-
ents in the rhizosphere, thus providing a valuable tool
for making fertilisation decisions (Eymar et al., 1999).
Since this method provides relevant data electronic-
ally, it is possible to develop models relating nutrient
and water removal and integrate these with irriga-
tion controllers and/or fertiliser injection controllers to
automate fertigation management.
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