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Abstract — The irrigation of pot crops requires considerable follow-up because the autonomy of the water reserve of the growing medium is
low in relation to plant water requirements. Computerised systems for irrigation management are therefore under investigation. Time domain
reflectometry (TDR) was used on different peat-based mixtures to which perlite or composted bark were added in volumetric ratios of 0, 25,
50, 75 and 100%. Calibration equations (linear or polynomial) established between the water content and dielectric constant were obtained for
each mixture. Their precision is highly satisfactory (R2 > 0.95), except for the mixture with 100% perlite. However, this method requires an
equation per growing medium. We therefore attempted to establish a general formula that could be applied to binary peat-based mixtures. We
tested second-order polynomial calibration equations, a function of the dielectric constant measured as well as the volume percent of
complementary material added to the peat (bark or perlite). The precision of these equations is excellent for all mixtures (R? > 0.96). For all
practical purposes, this approach would considerably simplify the use of TDR for computerised irrigation management because it would

introduce only a limited number of parametric equations into the irrigation system.

irrigation management / TDR / pot crop / growing medium

1. INTRODUCTION

Irrigation management for pot crops is delicate because the
quantity of water available to the plant is low as a result of the
limited volume of the growing medium explored by roots. The
water content of the growing medium varies rapidly, ranging
from a value close to saturation after irrigation to a dryness level
that is sufficient to cause the plant to wilt after several hours
of evapotranspiration. The reverse phenomenon is observed
with oxygen content at the level of the roots, where it may
become and remain very low after irrigation if the climatic
demand is limited, leading to a high risk of oxygen deficiency.

Water supply management and, as a result, the supply of air,
is therefore crucial in a soilless culture. The measurement of
water potential of the growing medium by tensiometry has been
used with success over the last few years [3, 7]. However, this
method has met with reticence among professionals. One of the
reasons for its lack of popularity is the relative complexity of
its installation (from the probe to the electro-valve of irrigation)
as well as the fragility of the tensiometer itself. The use of stur-
dier equipment would therefore remove one of the problems
standing in the way of the development of these techniques.

Fairly recent research [4, 8] has shown the advantages of
Time Domain Reflectometry (TDR) for directly measuring the
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soil water content. The principle of this technique is to measure
the apparent dielectric permittivity of the soil (constant K,),
using a metal probe with an electromagnetic wave train running
through it. The transmission time of these waves in the guide
is a function of the length of the rods in the guide as well as of
the dielectric constant of the material in which the probe is
located. This constant depends on the type of matter (organic
or mineral) as well and, above all, on its water content. There-
fore, there is a direct relationship between the water content of
the matter and the dielectric constant measured. The equation
that determines this relationship is a polynomial according to
Topp et al. [8], whereas it is linear for Ledieu et al. [4], where
the calibration coefficients of these equations depend on the
type of soil and especially on its organic matter content.

However, these equations are not directly applicable to
growing media which often contain high proportions of organic
matter. This has led different authors to look for the calibration
equations the most well-suited to different materials. Among
them, the work of Pépin et al. [6] on peat, Anisko et al. [1] on
sand, composted bark and peat (alone or in a mixture), and Kipp
and Kaarsemaker [2] on rockwool and granular material (per-
lite, coir dust and pumice stone), deserve special mention. For
each type of material, specific equations were determined with
excellent regression coefficients.
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The use of TDR to determine the water content of a growing
medium seems possible on this type of material, provided that
its calibration equation is known. However, in practice, the
application of this method is more delicate than it would appear
since growing media are often mixtures of several very differ-
ent materials with variable volume percents. It is difficult to
imagine the necessity of determining a specific calibration equa-
tion for each mixture. Therefore, the aim of our work was to
see if calibration equations could be developed to include the
measurement of K, as well as the volume percent of comple-
mentary material added to the peat and if the user's task could
be simplified by simply indicating the type of mixture and the
percent of the components, in the event that these formulas were
included in the irrigation system.

2. MATERIALS AND METHODS

2.1. Laboratory measurements

In order to obtain reliable and reproducible moisture content
measurements, samples were prepared according to the stand-
ardised European method, NFEN 13041 [9]. This method espe-
cially guarantees initial wetting and packing of the homogeneous
growing medium. After preparation, each sample (cylinder of
100 mm in diameter and 100 mm in height) was subjected to
increasing water potentials (-1, -2, -3, -4, -5, -7.5,-10, —15,
—17.5 and -20 kPa) on a suction table. The water content for
each potential was estimated for three replications by weighing.
In two other replications, an 8-cm-long TDR probe was intro-
duced into the growing medium cylinder and kept in place
throughout the entire trial. These probes were linked, via a mul-
tiplexer, to a device that served both as a wave transmitter and
as a data acquisition centre at the same time (Trase 6050X1
from Soil Moisture Equipment Corp., Ca., USA). The values
of the corresponding dielectric constant K, were also recorded
at the same time as samples were taken to measure water con-
tent.

Measurements were made on different mixtures of Sphag-
num peat, maritime pine bark and perlite (Tab. I). The peat, with
a granulometry of approximately 10 mm, came from the Baltic
States. The bark, provided by the ‘Terreaux de France- Fal-
iénor’ Company (Vivy, France), was composted and had a
granulometry of less than or equal to 10 mm.

2.2. Models of adjustment for calibration curves

Calibration curves were calculated for each material on the
basis of real moisture content and K, taken from media placed
on a vacuum table. Three regression models were used to eval-
uate the moisture content & of the growing medium from K,,
two of which are commonly found in scientific literature:

* the polynomial equation of Topp et al. [8]
f=0p+ 04K, + 0, Ka2 + 043 Kg

¢ the linear equation of Ledieu et al. [4]

6=By+B; JK,.

Table I. Mixtures used for measuring moisture content and K,.

% of perlite and bark in

mixture Perlite Composted bark
0 PERO BARKO

25 PER25 BARK25

>0 PERS50 BARKS50

75 PER75 BARK75
100 PER100 BARK100

We would like to propose a third model, linear, simpler and
not mentioned in the literature, but which deserves to be eval-
uated since it may be advantageous to the relatively narrow
potential interval used (—1 to —20 kPa) in the event that irriga-
tion management by TDR is developed on growing media. This
linear equation is solely a function of K,:

0= Yo + YlKa

K, is the apparent dielectric permittivity of the growing
medium, and oy, 0Ly, 0Ly, 03, B, B1, Yo, 71 are adjustment param-
eters.

3. RESULTS

3.1. Calibration curves specific to the different
mixtures

Tables II, III and I'V give the coefficient values for the three
equation models and the nine growing media tested. They also
indicate the precision of these equations by the corresponding
determination coefficient R?. For most of the growing media,
the polynomial equation gives very representative values of the
real moisture content, with R2 greater than 98%. Only the one
applied to 100% perlite was a little less reliable. The linear
equation of the Ledieu type [4] is also acceptable (R? greater
than 0.96 in most of the cases), although it is a little less accu-
rate, especially for mixtures with perlite. The simple linear
equation also provides good results. For practical applications
in soilless culture, these simpler models could therefore be
used.

3.2. Calibration curves determined by type of mixture

The preceding equations are highly representative of each
mixture but they also reveal the strong influence of the com-
position of the mixture on K. As can be seen in Figures 1 and 2,
incorporating perlite or bark, even in limited quantities (25%),
leads to a major deviation from the curve. Therefore, for a K,
value of 25, for example, the moisture content is 51% for the
peat but 60.5% for the mixture with 25% perlite and 66% with
25% bark. It is therefore clear that the user of a given growing
medium who wants to use TDR to manage irrigation must know
the exact characteristic equation of his mixture or run the risk
of obtaining inaccurate results.

A more relevant solution would be to introduce complemen-
tary data into the model, making it possible to take the content
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Table II. Calibration coefficients for a polynomial type of equation — 8-cm probe placed vertically — 10 measurements per mixture.

Equation model
0=0y+ 0K, +vy K2+ 05K,°

0 oy
Peat 100% 19.601 1.169
Bark 25% 30.225 -0.863
Bark 50% -22.979 7.549
Bark 75% 38.673 -1.382
Bark 100% 77.659 -12.906
Perlite 25% —4.596 5.496
Perlite 50% 17.819 1.617
Perlite 75% 10.571 3.315
Perlite 100% 10.955 3.515

oy o R?
0.007 —0.0001 0.9977
0.156 -0.003 0.9970

-0.223 0.003 0.9614
0.203 -0.004 0.9970
1.278 -0.035 0.9903

-0.222 0.004 0.9929

-0.018 0.001 0.9949

-0.166 0.007 0.9847

-0.163 0.007 0.9333

Table III. Calibration coefficients for a linear type of equation (func-
tion of «/I?a ) — 8-cm probe placed vertically — 10 measurements per
mixture.

Table IV. Calibration coefficients for a linear type of equation (func-
tion of K,) — 8-cm probe placed vertically — 10 measurements per
mixture.

Calibration coefficients

0=Py+B; JK,
Bo By R?
Peat 100% -9.003 12.137 0.9966
Bark 25% -27.526 18.602 0.9928
Bark 50% -22.035 18.207 0.9572
Bark 75% -9.811 15.721 0.9916
Bark 100% -4.573 14.697 0.9695
Perlite 25% -22.616 16.875 0.9638
Perlite 50% -6.578 12.988 0.9662
Perlite 75% -2.895 11.778 0.9782
Perlite 100% 1.691 10.607 0.8680

Calculated moisture content (%)

90 - BARK50

o PEAT100
5,6

60

Ka

Figure 1. Relationship between calculated #and K, for mixtures with
bark. The obtained equations are highly representative of each mix-
ture, but incorporated bark leads to a major deviation of the curve.

of material other than peat into account. It would thus be nec-
essary for the user to introduce two simple data items into his
irrigation programme (material and volume percent) instead of

Calibration coefficients

8="v+mK,
Yo M R?
Peat 100% 22.779 1.092 0.9889
Bark 25% 12.620 2.096 0.9958
Bark 50% 17.793 2.006 0.9445
Bark 75% 21.425 1.937 0.9960
Bark 100% 22.375 1.985 0.9563
Perlite 25% 12.494 1.982 0.9849
Perlite 50% 14.989 1.890 0.9876
Perlite 75% 13.481 2.078 0.9843
Perlite 100% 13.970 2.270 0.8547

Calculated moisture content (%)

100 PER25
<}
e
80 | PERS) PEAT100
PER75 m ,fg.-@
60 A 4 3'— )
PER100 )= 5.5'

40 | BE
20 4 ‘ ‘ ‘ ‘ ‘ ‘

0 10 20 30 40 50 60

Ka

Figure 2. Relationship between calculated 8 and K, for mixtures
with perlite. The obtained equations are highly representative of each
mixture, but incorporated perlite leads to a major deviation of the
curve.
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Table V. Calibration coefficients for a third-order polynomial equation,
a function of K, and of the percent of perlite or bark (P) — 50
measurements per mixture.

Equation model
0=0p+ oK, + 0, Ka2 + 053 Ka3 + oyP + asP? + oc6P3

Coefficients Mixtures with perlite Mixtures with bark
o 4.052 —6.879

o 2.499 3.488

oy ~0.024 -0.047

o 6.91107 237107

oy 0.418 0.464

05 -0.007 -0.0046

o 407107 177107

R? 0.999 0.981

Table VI. Calibration coefficients for a second-order polynomial
equation, a function of K, and of the percent of perlite or bark (P)
— 50 measurements per mixture.

Equation model
0 = o + 0K, + 0 K2 + 03P + 4P?

Coefficients Mixtures with perlite Mixtures with bark
O 6.089 —0.653
o 2.343 2.797
(07} -0.017 -0.024
03 0.191 0.367
Oy -0.0011 —-0.002
R? 0.984 0.957

introducing the regression coefficients for each mixture. We
therefore looked for a simple relationship between 0 and K,,
on the one hand, and the percent of perlite or bark in the mixture,
on the other. Second- and third-order polynomial equations
were tested. Tables V and VI give the results of these tests, with
the corresponding R? determination coefficients.

RZis greater than 0.98 with perlite, regardless of whether the
equation is second or third-order. The small difference observed
between second- and third-order equations led us to choose the
simplest, as can be easily seen in Figure 3.

The results for mixtures with bark are a little less precise but
2

remain satisfactory because R“ is close to 0.96 in the two models.
As in the case of perlite, the small difference observed between
the second- and third-order equations led us to choose the sim-
plest one. Figure 4 confirms the close correlation between the
real moisture content and the moisture content calculated from
a second-order polynomial equation.

4. DISCUSSION
The results obtained in the laboratory confirm that it is pos-

sible to obtain a very good estimate of the water content of a
growing medium from the measurement of the dielectric con-

Calculated moisture content (%)
100

80 -

60

40

20

0 10 20 30 40 5 60 70 80 90 100
Real moisture content (%)

Figure 3. Linear regression between real moisture contents and cal-
culated moisture contents according to a second-degree polynomial
equation, as a function of K, and the percent of perlite (y = 0.9845x
+0.5866 with R? = 0.98). Note the very close correlation between
the real and calculated moistures.

Calculated moisture content (%)
100 -
80 -
60 -

40 |

20 A

0 10 20 3 40 50 60 70 80 90 100
Real moisture content (%)

Figure 4. Linear regression between real moisture contents and cal-

culated moisture contents according to a second-degree polynomial

equation, as a functlon of K, and the percent of bark (y = 0.9575x +

2.1337 with R* = 0. 96). The correlation between the real and calcu-
lated moistures is satisfactory but a little less close than for perlite.

stant K, by using a specific calibration equation for each grow-
ing medium. For moisture ranges commonly found in growing
media (between —1 and — 20 kPa), linear and second- and third-
order polynomials provide good results. This similarity of
results between the different models can certainly be explained
by the low amplitude of water potential variation in soilless sys-
tems (between —1 and —15 kPa in most cases) and water content,
which always remains high (greater than 20% of the volume).

However, we also clearly demonstrated that the type of
material had a strong influence on the value of K, independent
of the water content. Even for totally organic materials such as
peat/bark mixtures, differences in moisture content for the
same value of K, may be as high as 20%, depending on the vol-
ume percent of each component. This strong sensitivity to the
type of mixture may stand in the way of its development as a
method for irrigation management. Generally speaking, grow-
ing media are usually a mixture of different materials. It is
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therefore not possible to propose a specific calibration equation
for each of them. This is why we tried to simplify the user's task
by seeing if it was possible to find a single equation for mixtures
made up of two materials, a case frequently encountered in cul-
tivation practices. Therefore, K, is a factor in this equation as
is the percent of complementary material added to the peat. On
peat-based mixtures that contain increasing quantities of perlite
and composted maritime pine bark, a second-order polynomial
equation provides a totally satisfactory estimate of the moisture
content. It is therefore valid to introduce the volume percent of
perlite or bark into the calibration equation.

5. CONCLUSION

This work showed it is possible to measure precisely the
moisture of a growing medium by TDR using a specific cali-
bration equation (for each mixture) or a general formula (sec-
ond-order polynomial calibration equations, a function of the
dielectric constant K, and the volume percent of complemen-
tary material added to the peat). From a practical point of view,
the use of TDR to manage irrigation would be simpler because
the horticulturist would only need to provide the type of com-
plementary material added to the peat and its volume percent
since the computer would already have the corresponding cal-
ibration equation in its database. But one question still remains:
what is the validity of these calibration equations based on
measurements made in the laboratory, for use under growing
conditions? We must question their long-term reliability,
knowing that the characteristics of an organic growing medium
can change over a period of time. A recent experiment, carried
out with four different substrates on a Chrysanthemum x gran-
diflorum cultivation [5], showed the reliability of general cal-
ibration equations; but the length of growing time was short in
this trial (only 13 weeks) and the growing media evolved very

little during the cultivation. Therefore, experiments with longer
growth cycles (several months) will be necessary to validate
this method, before it is possibly used for computerised irriga-
tion management of different pot or container crops.
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