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Abstract The Watermark 200SS sensor was evaluated
for the measurement of soil matric potential (SMP) with
drip-irrigated vegetable crops. Pepper and melon crops
were grown sequentially during autumn-winter and
spring-summer, in a sandy loam soil in a greenhouse.
Ranges of SMP were generated by applying three dif-
ferent irrigation treatments — 100, 50 and 0% of crop
water requirements, during two treatment periods (16
December 2002—7 January 2003; 20 January—10 Febru-
ary 2003) in pepper and one treatment period (26 May—6
June 2003) in melon. Watermark sensors and tensiom-
eters were positioned, at identical distances from irri-
gation emitters, at 10 cm soil depth, with four replicate
sensors for each measurement. Electrical resistance from
Watermark sensors and SMP from tensiometers were
recorded at 30-min intervals. An in-situ calibration
equation was derived using data from the first pepper
treatment period. For data in the three treatment peri-
ods, SMP was calculated from Watermark electrical
resistance using the in-situ, Thomson and Armstrong (in
Appl Eng Agric 3:186-189 1987), Shock et al. (1998) and
Allen (2000) calibration equations. Additionally, the
Thomson and Armstrong (in Appl Eng Agric 3:186-189
1987) and Shock et al. (1998) equations were re-pa-
rameterised with the SOLVER® function of Microsoft
Excel 2000® using data from the first pepper treatment
period. Watermark-derived SMP, for each equation,
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were compared with tensiometer-measured SMP,
for <—10, —10 to —30, —30 to —50 and —50 to —80 kPa
ranges, using visual analysis, and relative root mean
square error (RRMSE) and mean difference (Md) val-
ues. In rapidly drying soil, the Watermark-derived SMP
responded considerably more slowly to continual drying
and to drying between irrigations, regardless of the
calibration equation used. Otherwise, the Watermark
sensor was able to provide an accurate indication of
SMP, depending on the calibration equation. The in-situ
and re-parameterised equations were accurate for the
conditions in which they were derived/re-parameterised.
However, as the growing conditions increasingly differed
from those original conditions, these equations lost their
advantage compared to the two published equations,
suggesting that they are not robust approaches. The
Thomson and Armstrong (in Appl Eng Agric 3:186-189
1987) equation generally provided an accurate indica-
tion of SMP at > —30 kPa, measuring to —2.5 kPa.
Where the soil was not drying rapidly, the Shock et al.
(1998) equation generally provided an accurate indica-
tion of SMP at —30 to —80 kPa. The use of dynamic
data (collected every 30 min) compared to static data
(collected only at 6 a.m.) did not influence the evaluation
of calibration equations. This study suggested that the
Watermark sensor can provide an accurate indication of
SMP provided that a suitable calibration equation is
derived/verified for the specific cropping conditions, and
that the performance characteristics of the sensor are
considered.

Introduction

Irrigation scheduling in intensive vegetable production
systems ensures optimal water use while maintaining
high levels of production and product quality. Irrigation
scheduling generally is based on calculation of crop water
requirements (Allen et al. 1998), or monitoring of soil
water status (Campbell and Campbell 1982; Campbell



and Mulla 1990; Hanson et al. 1999). The use of sensors
to monitor the soil water status enables irrigation
scheduling to be adapted to the particular requirements
of individual crops and fields. For on-farm use, soil
matric potential (SMP) is a more practical parameter
than volumetric soil water content (VSWC). This is be-
cause the lower and upper limits of soil water status, as
SMP, that are used to, respectively, initiate and stop
irrigation (Campbell and Campbell 1982) are generally
readily available from extension sources or equipment
distributors. For VSWC, standard values for these limits
cannot generally be used; commonly, these values have to
be defined for individual cropping situations.

For many years, tensiometers have been widely used
to measure SMP for irrigation scheduling in commercial
farming, and in research studies (Campbell and Mulla
1990; Young and Sisson 2002). However, tensiometers
have a number of practical limitations. To be accurate,
they require preparation and regular maintenance
(Cassel and Klute 1986; Young and Sisson 2002), and
their restricted working range of 0 to —80 kPa can be a
limitation. The Watermark 200SS sensor (Irrometer Co.
Riverside, CA, USA) is a granular matrix sensor that
measures SMP indirectly using electrical resistance (El-
dredge et al. 1993; Scanlon et al. 2002; Shock 2004). It
has several characteristics that make it potentially
attractive for irrigation scheduling use on commercial
farms, and for research applications. It is inexpensive,
simple to use and install, has simple preparation and
minimal maintenance requirements (Scanlon et al. 2002),
and is claimed to have a relatively wide working range of
—10 to —200 kPa (Thomson and Armstrong 1987;
Spaans and Baker 1992). Watermark sensors can either
be used for “‘spot” measurements using a hand-held
reader, or can be automatically and continuously logged
using data loggers.

Calibration equations are required to convert elec-
trical resistance, measured with the Watermark sensor,
to SMP values. Thomson and Armstrong (1987) devel-
oped a calibration equation for an earlier model, the
Watermark 200 sensor. Subsequently, Thomson et al.
(1996) verified that the Thomson and Armstrong (1987)
calibration equation was accurate with the current
model, the Watermark 200SS. Shock et al. (1998)
developed a calibration equation for the Watermark
200SS sensor, for the range of —10 to —75 kPa, which is
used by the manufacturer as a default calibration (T.
Penning, Irrometer Co., personal communication). Al-
len (2000) developed a composite equation consisting of
the Shock et al. (1998) equation and two other equations
to extend the wet and dry ranges of measurement. The
two additional equations developed by Allen (2000) were
derived from a standard calibration table (Watermark
calibration chart ver. 3; Irrometer Co. Riverside, CA,
USA). Irmak and Haman (2001) used a re-parameteri-
sation procedure to enhance the accuracy of published
calibration equations.

The available calibration equations and data sets
have been derived under controlled conditions, using

either pressure plates (Thomson and Armstrong 1987;
Thomson et al. 1996; Watermark calibration chart ver.
3) or tensiometers in pot studies (Shock et al. 1998).
Evaluations of calibration equations have generally been
done in controlled conditions (e.g. Spaans and Baker
1992; Irmak and Haman 2001) or under field conditions
using small number of irrigation cycles (Bausch and
Bernard 1996). The data sets that have been used to
develop and to evaluate calibration equations have
generally consisted of data collected manually once a
day (Eldredge et al. 1993; Irmak and Haman 2001; Leib
et al. 2003) or were 6 a.m. data points selected from
continuously recorded data (Bausch and Bernard 1996;
Shock et al. 1998). The selection of 6 a.m. data in these
studies was done because SMP is most stable in the
period shortly before sunrise. In summary, much of the
available calibration data for the Watermark sensor
have not been obtained under realistic field conditions,
and much of the data used have been “‘static”” data i.e.
single daily measurements collected under stable condi-
tions. In contrast, practical measurement of SMP on
both commercial farms and in research studies is done in
the field under dynamic conditions in which SMP is
changing constantly with soil wetting and drying cycles.
Therefore, evaluations of calibration equations, and
assessments of sensor performance should be conducted
under realistic field conditions using continuously col-
lected data. Additionally, there is a need to assess whe-
ther there are differences between calibration equations
derived from data sets consisting of “‘static’’ 6 a.m. data,
and those derived from ‘“dynamic” data sets consisting
of data collected throughout entire 24-h periods.

Drip irrigation enables high frequency irrigation of
vegetable crops; with correct irrigation scheduling, soil
water can be maintained in the vicinity of field capacity
(Dasberg and Or 1999). Additionally, drier soil condi-
tions can occur when moderate water stresses are
intentionally applied to enhance product quality
(Sanders et al. 1989; Mitchell et al. 1991), or simply
because crop evapotranspiration was more than antici-
pated. To be effective for irrigation scheduling with drip-
irrigated vegetable crops, soil water sensors must be able
to provide accurate data in (a) relatively moist soil e.g.
—10 to —30 kPa under dynamic conditions of frequent
wetting and drying cycles, and (b) in drier soil e.g
< =30 kPa.

This work was conducted with the overall objective of
evaluating the performance of the Watermark sensor for
field measurement of SMP in high frequency, drip irri-
gated, vegetable production. Sequential pepper and
melon crops were grown in a sandy loam soil, and three
different irrigation treatments were periodically applied
to create a 0 to —80 kPa range of SMP. For this SMP
range, the following specific objectives were assessed: (1)
development and evaluation of a calibration equation
developed in-situ, (2) evaluation of the Thomson and
Armstrong (1987), Shock et al. (1998) and Allen (2000)
calibration equations, (3) evaluation of the use of a re-
parameterisation procedure with published calibration



equations, (4) comparison of the use of dynamic (con-
tinuous data) and static (6 a.m.) data sets for evaluating
calibration equations, and (5) identification of general
characteristics of the Watermark sensor under practical
working conditions.

Material and methods
Location and cropping details

The experiments were conducted within a greenhouse at
the field research station “Las Palmerillas” of Cajamar
in El Ejido, Almeria province, in southeastern Spain,
(2°43’W, 36°48’N and 151 m elevation). The plastic
greenhouse measured 58 m long by 24 m wide; it was
unheated, and passively ventilated. It was aligned with
an east-west orientation.

The soil within the greenhouse was an artificial lay-
ered soil, typical of the region (Wittwer and Castilla
1995), which was formed by placing a 20 cm layer of
sandy loam soil, imported from a quarry, over the nat-
urally occurring, stony, loam soil. A 10 cm layer of
coarse river sand was placed over the imported sandy
loam soil as a mulch. The original soil had 46% sand,
32% silt, and 22% clay, soil bulk density of 1.6 Mg m3,
and upper and lower soil water limit of 0.35 and 0.15 m*
m > respectively. The imported sandy loam soil had
55% sand, 28% silt, and 17% clay, with soil bulk density
of 1.5 Mg m >, and upper and lower soil water limit of
0.34 and 0.13 m® m ™7, respectively.

Drip irrigation tape was placed on the surface of the
sand mulch; emitters with a discharge rate of 2 L h™!
were positioned every 0.5 m. The irrigation water had an
electrical conductivity of 0.4 dS m~'. Nutrients were
applied through the irrigation system. Nutrient man-
agement was in accordance with local practice.

Sweet pepper (Capsicum annum, L.; cv. Vergasa) was
grown from 18 July 2002 to 14 February 2003, and
melon (Cucumis melo L. cv. Sirio ) from 21 February to
25 June 2003. Pepper plants were grown in double rows,
with 0.5 m spacing between adjacent plants within each
row, and 0.4 m between rows in each double row, and
1.1 m between the closest rows of adjacent double rows,
giving a plant population of 2.6 plants m 2. Drip tape
was positioned midway between the two rows of each
double row, with one emitter located centrally, 20 cm
from each of two parallel plants. Melon plants were
grown in single rows 1.5 m apart with 0.5 m spacing
between plants giving a plant population of
1.33 plants m 2. A drip irrigation emitter was located
adjacent to and 16 cm from each melon plant. In both
crops, plants were vertically supported by nylon cord
guides, and pruned and managed following local prac-
tice.

The greenhouse was divided into 12 experimental
plots, with six plots on either side of a central passage.
There were three drip lines in each plot; all measure-
ments were made in the middle drip line. Plots on the

southern side of the greenhouse measured 10.5 by 4.5 m,
and plots on the northern side measured 8.5 by 4.5 m.
Adjacent plots were partially hydraulically separated by
vertically placing plastic sheeting to a depth of 30 cm
from the surface of the imported soil.

Irrigation treatments and experimental design

Three periods of varied irrigation treatments were ap-
plied — two in pepper, and one in melon. Each of these
treatment periods consisted of three irrigation treat-
ments: Too — irrigated with 100% of estimated crop
water requirements, Tsy, — irrigated with 50% of the
water applied to Tygg, and To — no irrigation during the
period. Irrigation frequencies were identical in T;go and
Tso. The three different irrigation treatments provided
different ranges of SMP during each treatment period.
The varied irrigation periods were — for pepper: 16
December 2002 — 7 January 2003 and 20 January 2003 —
10 February 2003, and for melon: 26 May 2003 — 6 June
2003. Hereafter, these three varied irrigation periods are
referred to, respectively, as pepper treatment period 1,
pepper treatment period 2, and the melon treatment
period. In the melon treatment period, treatment T,
was generally maintained at SMP of > —10 kPa in order
to evaluate the performance of the Watermark sensor
under very moist soil conditions; in this period, two
daily irrigations were applied to treatments T g9 and T's.
Before and after the varied irrigation periods, the crops
were optimally irrigated using a computer programme to
calculate crop water requirements (Fernandez et al.
2001) and manual tensiometers (Irrometer Co., River-
side, CA, USA) to determine irrigation frequency
(threshold of —30 kPa ). The experimental design for
each treatment period was a randomised block design
within four blocks (two in the northern side, and two in
the southern side of the greenhouse), with the three
irrigation treatments randomly allocated to each block.

Measurements

Soil matric potential was measured with electric tensi-
ometers, equipped with pressure transducers, (Model
SKT 600/IE, Skye Instruments, Llandrindod Wells,
Wales, UK); measurements were made every 5 min,
which were then averaged and recorded every 30 min on
a Data Hog 2 data logger (Skye Instruments). Each
tensiometer had been individually calibrated by the
manufacturer. The Watermark 200SS sensors (Irrometer
Co., Riverside, CA, USA) were read every 30 s, with the
data averaged and then recorded every 30 min with a
Campbell CR10X data logger (Campbell Scientific
International, Logan, Utah, USA) used in combination
with a Campbell AM416 multiplexer (Campbell Scien-
tific International). The tensiometers and Watermark
sensors were positioned so that the mid-point of the
tensiometer ceramic capsule and the Watermark sensor



body were at 10 cm soil depth relative to the surface of
the imported soil. In each replicated plot, one tensiom-
eter and one Watermark sensor were symmetrically lo-
cated on either side of the same irrigation emitter and
plant, which were both aligned. In pepper, each tensi-
ometer and Watermark sensor was 14 cm from the
emitter (perpendicular to the drip line), and 11 cm from
emitter and plant in the direction parallel to the drip
line. In melon, the corresponding distances were 8 and
11 cm. All tensiometer and Watermark sensor data are
the means of four replicate sensors for individual irri-
gation treatments during the periods of varied irrigation.

The Watermark sensors were attached to 2 cm
diameter by 42 cm long PVC pipe to facilitate installa-
tion and removal. Prior to installation, Watermark
sensors were subjected to three wetting and drying cy-
cles, and were moist when installed. To install tensiom-
eters and Watermark sensors, the sand mulch was
removed, and holes the same diameter as the tensiometer
shaft or Watermark sensor were made to the appropri-
ate depth in the imported soil layer. Soil slurry was
added to ensure good contact between sensor and soil.
After installing the sensors, the soil at the surface was
raised slightly and firmed on the tensiometer shaft or
Watermark support pipe.

Climatic parameters were continuously monitored
within the greenhouse. Air temperature and relative
humidity were measured inside the greenhouse with a
ventilated psychrometer located immediately above the
crop. Solar radiation was measured with a pyranometer
installed at 2 m height. Soil temperature was measured
with a soil thermistor installed at the same depth and
distance from emitter and plants as the Watermark
sensors and tensiometers. Climatic data were recorded at
the same 30-min intervals as the Watermark and tensi-
ometer data.

Calibration of the Watermark sensor
1) In-situ calibration using static data analysis

An in-situ calibration equation was developed using
data from the three irrigation treatments in the first
pepper treatment period (16 December 2002 — 7 January
2003). Soil electrical resistance values obtained with
Watermark sensors were compared with SMP values
measured with the tensiometers, for data collected at 6
a.m. These data were selected because SMP is most
stable at this time of the day. Soil electrical resistance
was corrected to a reference temperature of 21°C fol-
lowing the recommendation of Campbell Scientific:

Rs

Ry=— >
T 1T Z(0.018AT)

(1)

where R, =resistance at 21°C (reference temperature)
Ry= measured sensor resistance (kQ) AT= T,—21(°C),
where Ty is the soil temperature (°C).

In the zero irrigation treatment (T(), measurements
began when the soil was close to saturation and con-
tinued until air entered the tensiometer, which occurred
at approximately —80 kPa, ensuring that the entire
range of SMP measured by tensiometers was examined.

To test the repeatability of the in-situ calibration,

(1) a second calibration equation was developed, in the
same way, for the second pepper treatment period
(20 January to 10 February 2003), and

(2) the in-situ calibration developed in the first pepper
treatment period was evaluated for its accuracy in
measuring SMP in the second pepper treatment
period.

The latter was done by calculating the absolute dif-
ferences between SMP values measured with tensiome-
ters and those estimated from electrical resistance data
using the in-situ calibration; these absolute differences
were tested for being statistically significantly different
(P <0.05) from zero with the Student’s ¢-test procedure.
All conventional statistical analyses were conducted
using Statgraphics Plus ver. 4.1°. (Manugistics, Inc.,
Maryland, USA).

2) Evaluation of published calibration equations

Complete data sets (all data recorded at 30 minute
intervals) from the two treatment periods in pepper and
the treatment period in melon, were used to evaluate the
Thomson and Armstrong (1987), Shock et al. (1998) and
Allen (2000) calibration equations for calculating SMP
from soil electrical resistance, obtained with the Water-
mark sensor.

The calibration equation of Thomson and Armstrong
(1987) is:

R
© 0.01306[1.062(34.21 — Ty + 0.0106072) — Ry]
(2)

SMP =

where all variables are as previously defined.
The calibration equation of Shock et al. (1998) is:

—(4.093 4+ 3.213R;)
1 — 0.009733R, — 0.012057,

where all variables are as previously defined.

Allen (2000) developed a composite equation con-
sisting of the Shock et al. (1998) equation complemented
with two additional equations derived from a standard
calibration table (Watermark calibration chart ver. 3;
Irrometer Co. USA). Resistance was considered as three
distinct ranges, using a linear function for
0< Ry <1kQ, the Shock et al. (1998) equation for
1 <R, <8 kQ, and a quadratic equation for R;>8 kQ.
Because the Shock et al. (1998) and Allen (2000) cali-
bration equations provided generally very similar SMP
values, only data from the Shock et al. (1998) will

SMP =

(3)



be presented. Wherever there were notable differences
between these two calibration equations, these will be
presented in the text.

To compare SMP values derived from Watermark
electrical resistance values, using the previously men-
tioned equations, with SMP values measured using
tensiometers, for each treatment period, the data were
filtered into four different ranges of SMP, being > —10,
—10 to —30, —30 to —50 and —50 to —80 kPa. For each
SMP range, the relative root mean square error
(RRMSE) and mean difference (Md) were calculated as
described by Leib et al. (2003). RRMSE and Md values
were also calculated for the full 0 to —80 kPa SMP range
for each treatment period. RRMSE and Md calculations
were made using Microsoft Excel 2000®.

The RRMSE parameter (measured in percentage)
provides an assessment of the magnitude of the relative
difference between Watermark derived SMP and tensi-
ometer-measured SMP values; it is a similar relative
parameter to the coefficient of variation (CV). RRMSE
analysis enables:

(1) comparison of different calibration equations within
particular SMP ranges, and

(2) comparison between different SMP ranges for a gi-
ven calibration equation.

The Md parameter provides the averaged absolute
difference (measured in kPa) between SMP values
determined with Watermark sensors and measured with
tensiometers, for given SMP ranges. Positive or negative
Md values, respectively, indicate over- and under-esti-
mation. The Md values were tested for being statistically
significant (P <0.05) with the Students -test procedure.

3) Evaluation of re-parameterisation procedure

A re-parameterisation procedure was evaluated to assess
whether it enhanced the accuracy of the published
equations. The SOLVER® procedure in Microsoft Excel
2000® was used to estimate new parameters for the
Thomson and Armstrong (1987) and Shock et al. (1998)
calibration equations, by minimising the RRMSE be-
tween SMP measured with tensiometers and estimated
using the calibration equation, using the complete data
set from the first pepper treatment period. The RRMSE
and Md procedures, described in the preceding section,
were used to evaluate the re-parameterised forms of the
Thomson and Armstrong (1987) and Shock et al. (1998)
calibration equations.

4) Assessment of variability

The variability associated with SMP measurements made
with the Watermark sensor was assessed by calculating
CV for the four replicate measurements, for mean SMP
values of —10+1, —30+1, and —50+ 1 kPa for each of
the two pepper treatment periods, and the melon treat-

ment period. The Watermark SMP data used were cal-
culated from electrical resistance values using the Shock
et al. (1998) calibration equation. CV’s were also calcu-
lated for equivalent SMP values measured with tensi-
ometers in each of the three treatment periods. Data were
filtered to obtain all mean SMP values in each selected
range for each treatment period; the four replicate values
for each mean value were then used to calculate the
standard deviation. The standard deviation was divided
by the corresponding mean to obtain the CV.

5) Comparison of static and dynamic approaches
for evaluation of calibration equations

A comparison was made of the use of static and dynamic
data sets for the evaluation of calibration equations. The
static data set consisted of the combined 6 a.m. data
collected from the T, irrigation treatments, during the
two treatment periods in the pepper crop. The dynamic
data set contained the equivalent complete data set, i.e.
all data collected at 30-min intervals, from the T, irri-
gation treatments during the two treatment periods of
the pepper crop. The reasons for combining data from
the two separate time periods was to ensure that the 0 to
—80 kPa range of SMP was fully covered with an ade-
quate number of data points for performing linear
regression analysis.

The Thomson and Armstrong (1987) and Shock et al.
(1998) calibration equations, and the in-situ calibration
developed for the site (Eqn. 4), were used to calculate
SMP values for both the static and dynamic data sets.
Linear regression analyses of SMP values derived from
Watermark electrical resistance data against tensiometer
SMP data were conducted with the static and dynamic
data sets. For each of the three calibration equations
evaluated, the linear regression equations derived from
the static and dynamic data sets were compared for
statistically significant differences (P <0.05) in slope and
intercept values.

Results
Climatic conditions

There were large differences between the climatic con-
ditions of the melon treatment period and the two
pepper treatment periods (Table 1) due to the spring-
summer growing season of the melon crop compared
with the autumn-winter growing season of the pepper.
Average daily mean, maximum and minimum air tem-
peratures and average daily soil temperature were 6—
10°C higher during the melon treatment period than
during the two pepper treatment periods. Comparing the
melon treatment period to the two pepper treatment
periods, the average daily mean vapour pressure deficit
(VPD) was 2-3 times higher, and the average daily
integral of solar radiation was almost double.



Table 1 Climatic data averaged
for each of the three treatment
periods for daily maximum,

daily mean, and daily minimum

Climatic parameter

Pepper treatment Melon treatment

air temperatures (°C), daily
mean vapour pressure deficit
(VPD, kPa), integral of dail?f
solar radiation (MJ m~2 d "),
and daily mean soil temperature
(10 cm depth, °C)

period
Period 1 Period 2
Maximum daily air temperature (°C) 20.6 20.7 29.3
Mean daily air temperature (°C) 14.1 12.5 22.0
Minimum daily air temperature (°C) 9.9 7.3 16.2
Daily mean VPD (kPa) 0.23 0.37 0.73
Daily integral solar radiation (MJ m~2 d~") 6.2 8.8 18.5
Daily mean soil temperature (°C) 16.6 15.0 23.3

In-situ calibration of the Watermark sensor

Using 6 a.m. data from the combined data set from the
three irrigation treatments, from the first treatment
period of the pepper crop, a second order polynomial
equation (SMP=—0.34R;-1.94R,—3.10; Eqn. (4)) pro-
vided the best fit (r>=0.99) between SMP in kPa, mea-
sured with tensiometers, and electrical resistance (R;) in
kQ, measured with the Watermark sensor, for the sandy
loam soil used in this study (Fig. 1a). In the second
treatment period of pepper, a very similar second order
polynomial equation was obtained, with an r* of 0.96
(Fig. 1b).

In the second pepper treatment period, the absolute
differences between SMP values measured with tensi-
ometers and those estimated from electrical resistance
data using Eqn. (4) were not statistically significant
(P<0.05, Student’s t-test) indicating that Eqn. (4) de-
scribed the relationship between tensiometer-measured
SMP and electrical resistance in both treatment periods
of the pepper crop.

Evaluation of published and in-situ calibration
equations

Visual analysis

SMP values calculated from Watermark sensor resis-
tance data using the calibration equations of Thomson
and Armstrong (1987) [Eqn.(2)] and Shock et al. (1998)
[Eqn.(3)] for the first pepper treatment period are pre-
sented in Fig. 2, with treatments T,qg i.e 100% of ETc,
Tsg i.e 50% of ETc, and Ty i.e no irrigation in Fig. 2a, b
and c, respectively. SMP calculated from Watermark
sensor electrical resistance data using the in-situ cali-
bration equation, developed for this soil [Eqn.(4)], are
presented in Fig. 2d, e and f. SMP measured with ten-
siometers is included in each panel for comparison. In
the second pepper treatment period, the relationships
between SMP derived from the Watermark sensor, using
each of these three calibration equations, and SMP
measured with tensiometers (data not presented) were
very similar to those in the first pepper treatment period.

During the two pepper treatment periods, SMP
values derived from Watermark electrical resistance
readings, using the two published calibration equations

and the in-situ calibration equation [Eqn.(4)], qualita-
tively tracked relative changes in SMP in a similar
manner to the tensiometers. SMP determined with the
Watermark sensor, using the three calibration equa-
tions, clearly showed:

(1) each irrigation event in treatments Tigp and Tsq
(Fig. 2a, b), and

(2) subsequent soil drying caused by crop water uptake
and drainage.Where irrigation was withheld (treat-
ment Ty), SMP determined using the Watermark
sensor qualitatively followed the same drying trends
as the tensiometer SMP data (Fig. 2c, f).

During the pepper treatment periods, there were
quantitative differences between SMP values obtained
using the Thomson and Armstrong (1987) and Shock
et al. (1998) calibration equations. In the —5 to —25 kPa
range (moist soil conditions), the Thomson and Arm-
strong (1987) equation generally provided similar SMP
values to the tensiometers (Fig. 2a, b), whereas the
Shock et al. (1998) equation provided consistently lower
(drier) SMP  values. Under drier conditions
(< =30 kPa), the Shock et al. (1998) equation provided
generally more accurate SMP values than the Thomson
and Armstrong (1987) equation, which was most
apparent at —50 to —80 kPa when the Thomson and
Armstrong (1987) equation appreciably under-estimated
SMP (giving drier values) (Fig. 2b, ¢). In the first pepper
treatment period, at SMP of approx. <—60 kPa there
was clearly a large error with SMP calculated using the
Thomson and Armstrong (1987) equation (Fig. 2c). In
both pepper treatment periods, the in-situ calibration
equation (Eqn. 4) provided SMP values that were gen-
erally similar to those of the tensiometers, being more
accurate in treatment period 1 (Fig. 2d—f).

In the melon treatment period, there were larger
differences between Watermark-derived and tensiome-
ter-measured SMP than in the pepper treatment periods,
regardless of the calibration used (Fig. 3 c.f. Fig. 2).
Under the rapidly drying conditions of treatment T, in
the melon treatment period (Fig. 3c, f), Watermark-de-
rived SMP responded very slowly to soil drying resulting
in considerable over-estimation of SMP. In treatments
Tigo and Tso, Watermark-derived SMP also responded
slowly to soil drying between irrigations (Fig. 3a—). The
slow response to soil drying was apparent in smaller
daily fluctuations in Watermark-derived SMP (Fig. 3 all



Fig. 1 Relationship between
soil matric potential (SMP),
measured with tensiometers,
and electrical resistance (Rs)
measured with the Watermark
sensor for (a) the first pepper
treatment period and (b) the
second pepper treatment period
2. In each pepper treatment
period, 6 a.m. data from the
three irrigation treatments were
used. The best-fit equations and
their regression coefficients are
presented for each pepper
treatment period
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panels), and in increasing divergence between Water-
mark-derived and tensiometer-measured SMP, as the
soil increasingly dried (Fig. 3b, c, e, f).

Under the very moist conditions (0 to —12 kPa) of
treatment Tjgp in the melon treatment period, there
were clear differences between the Thomson and
Armstrong (1987), Shock et al. (1998) and in-situ cal-
ibration equations (Fig. 3a, d). The Thomson and
Armstrong (1987) equation effectively tracked changes
in SMP and was generally within 2 kPa of tensiometer
SMP  wvalues; it was unable to  measure
SMP > —2.5 kPa, and the magnitude of drying-wetting
fluctuations was somewhat less than measured with
tensiometers. The Shock et al. (1998) equation was
unable to measure SMP of > —8 kPa, and the fluctu-
ations were much smaller than those measured with
tensiometers. The Allen (2000) equation measured to
0 kPa, and generally provided “wetter’” values than the
tensiometers; some of the fluctuations were larger and

-40
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others smaller than those measured with the tensiom-
eters (data not presented).

Statistical evaluation

Considering the two published equations (Thomson and
Armstrong 1987 and Shock et al. 1998) in the two
pepper treatment periods, the Thomson and Armstrong
(1987) equation was more accurate (lower RRMSE) in
moist soil conditions at SMP of > —30 kPa (Table 2),
and the Shock et al. (1998) equation was more accurate
(lower RRMSE; Table 2) in drier soil water conditions,
at SMP of <—30 kPa. The RRMSE data suggested that
the Shock et al. (1998) equation was most accurate
within the —30 to —80 kPa range, appreciably less
accurate within the —10 to —30 kPa range, and very
inaccurate at SMP of >—10 kPa where it had RRMSE
values of >100%. The smallest RRMSE values with the
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Fig. 2 For the first pepper treatment period, SMP calculated from
the Watermark sensor using three calibration equations and
measured with tensiometers. In panels (a—c), SMP derived using
the Shock et al. (1998) and Thomson and Armstrong (1987)
calibration equations, and measured with tensiometers; in panels

Thomson and Armstrong (1987) equation were for the
—10 to —30 and —30 to —50 kPa ranges; the highest
values were for the > —10 kPa range, although these
values were much less than obtained for the Shock et al.
(1998) equation in this range. Relatively high RRMSE
and Md values were obtained for the Thomson and
Armstrong (1987) equation in pepper treatment period
1, in the —50 to —80 kPa range on account of the large
error at <—60 kPa, referred to previously (see Fig. 2c¢).

For each range of SMP values examined with the
Shock et al. (1998), Thomson and Armstrong (1987) and
in-situ calibration equations, RRMSE values were gen-
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Date

(d-f), SMP derived using the in-situ calibration equation, and
measured with tensiometers. In panels (a) and (d), SMP data from
irrigation treatment Tigo; in panels (b) and (e), SMP data from
treatment Tso, and in panels (c) and (f), SMP data from irrigation
treatment T. Continuous data collected every 30 min are presented

erally appreciably larger in the melon treatment period
than in the two pepper treatment periods, indicating a
much larger error for Watermark-derived SMP values in
the melon treatment period. The differences in RRMSE
values, between the melon treatment period and the
pepper treatment periods were largest at lower (drier)
SMP values (Table 2).

In pepper treatment period 1, the in-situ calibration
equation (Eqn. 4) had generally lower RRMSE values
than the Thomson and Armstrong (1987) and Shock et al.
(1998) equations, indicating that it was the most accurate
of these three calibration equations (Table 2). However,
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Fig. 3 For the melon treatment period, SMP calculated from the
Watermark sensor using three calibration equations measured with
tensiometers. In panels (a—c), SMP derived using the Shock et al.
(1998) and Thomson and Armstrong (1987) calibration equations,
and measured with tensiometers; in panels (d—f), SMP derived

in pepper treatment period 2, the RRMSE values of the
in-situ equation were generally similar to that of the
published equations; and in the melon treatment period
they were generally higher, suggesting that in the melon it
was the least accurate of these three equations.

The Allen (2000) equation compared with the Shock
et al. (1998) equation had slightly smaller RRMSE val-
ues for the —50 to —80 kPa range for the two pepper
treatment periods, being 9.2 and 15.0, respectively, for
the first and second pepper treatment periods. In the
> —10 kPa range of the melon treatment period, the
Allen (2000) equation had a RRMSE value of 81.7
which was much smaller than that of the equivalent

using the in-situ calibration equation, and measured with tensiom-
eters. In panels (a) and (d), SMP data from irrigation treatment
Too; in panels (b) and (e), SMP data from treatment Ts,, and in
panels (c) and (f), SMP data from irrigation treatment T,.
Continuous data collected every 30 min are presented

Shock et al. (1998) value, but still appreciably larger
than the equivalent RRMSE value for the Thomson and
Armstrong (1987) equation (Table 2). Otherwise,
RRMSE values from the Allen (2000) equation were
equal to or very similar to those for the Shock et al.
(1998) equation for each SMP range in each of the three
treatment periods.

Considering the Md values for the Thomson and
Armstrong (1987) equation in the two pepper treatment
periods, the mean differences (Md) from the tensiome-
ter-measured SMP values were approximately 2 kPa for
both the > —10 and —10 to —30 kPa ranges, and only
slightly larger for the —30 to —50 kPa range (Table 3).



Table 2 Values of relative root mean square error (RRMSE) comparing SMP measured with the Watermark sensor, using different

calibration equations, to SMP measured with tensiometers

Calibration Equation

Shock et al. (1998)

Thomson and Armstrong (1987)

Re-parameterised Original Re-parameterised

RRMSE (%) RRMSE (%)  RRMSE (%)

In-situ
Original

Crop Range (kPa) n RRMSE (%) RRMSE (%)
Pepper treatment period 1

>—10 321 29.5 100.7

—10 to =30 1,235 19.9 36.5

—30 to =50 704 18.9 15.3

—50 to —80 410 8.1 11.3

0 to —80 2,670 16.9 28.8
Pepper treatment period 2

>—10 307 48.6 127.8

—10 to =30 1,227 25.1 31.3

—30 to =50 511 20.3 14.7

—50 to —80 301 16.8 16.1

0 to —80 2,346 233 25.7
Melon treatment period

>—10 1,009 51.5 130.9

—10 to —30 263 55.6 28

—30 to —50 152 59.4 40

—50 to —80 160 60.4 51.3

0 to —80 1,584 97.7 81.8

33.7 35.9 37.5
20.4 254 20.2
16.5 23.0 16.4

5.6 36.9 59
15.1 37.0 15.2
49.6 53.5 54.7
239 25.1 23.2
17.7 21.6 17.6
14.6 19.9 14.7
21.1 25.3 20.9
67.7 49.3 46.4
49.6 49 473
46.6 48.1 48.1
46.6 45.6 49.8
77.2 75.9 80.6

The calibration equations used are two published equations in their original form, and after re-parameterisation, and an in-situ cali-
bration. RRMSE values were calculated for the given SMP ranges during the two treatment periods in pepper and one treatment period in
melon. Continuous data collected every 30 min were used. n denotes the number of observations

These data demonstrate that this calibration equation
was quantitatively accurate at > —50 kPa in both pep-
per treatment periods. The Shock et al. (1998) equation
had appreciable negative Md values of —7 to —8 kPa
and —5 to —6 kPa, in the >—10 and —10 to —30 kPa
ranges (Table 3), respectively, indicating a relatively
large under-estimation at > —30 kPa. The Md values of
1-2 kPa for the Shock et al. (1998) equation at —30 to
—50 kPa demonstrated its accuracy within this range. At
—50 to —80 kPa, Md values for the Shock et al. (1998)
equation were 67 kPa, indicating a relatively moderate
over-estimation.

For both the Thomson and Armstrong (1987) and
Shock et al. (1998) equations in the melon treatment
period, Md values in the —30 to —50 and —50 to
—80 kPa ranges were much larger than for the two
pepper treatment periods (Table 3). The large size and
positive nature of these Md values indicated that con-
siderable over-estimation occurred under the rapidly
drying soil conditions of the melon treatment period.

The in-situ calibration equation (Eqn. 4) had very
small Md values in the first pepper treatment period,
which were lower than those of the two published cali-
bration equations (Table 3). However, in the second
pepper treatment and melon treatment periods, the Md
values from the in-situ calibration were, respectively,
generally similar and generally higher than those of the
two published equations. An identical tendency was
observed for the RRMSE values for the in-situ equation

compared to the two published equations (Table 2).
These data suggest that whilst the most accurate of the
three calibration equations, in the treatment period in
which it was derived, the in-situ equation progressively
and then completely lost its advantage, relative to the
two published equations, as the growing conditions
increasingly differed from those in which the derivation
was conducted.

For the Thomson and Armstrong (1987), Shock et al.
(1998) and in-situ calibration equations in each SMP
range in the three treatment periods, the only Md value
that was not statistically significantly different (P <0.05)
from zero was the Thomson and Armstrong (1987)
equation in the —10 to —30 kPa range of pepper treat-
ment period 2 (Table 3).

Re-parameterisation of existing equations
Visual analysis

Soil matric potential data obtained using the forms of
the Shock et al. (1998) and Thomson and Armstrong
(1987) calibration equations that were re-parameterised
using the SOLVER® procedure of Microsoft Excel
2000, with data from the first pepper treatment period,
are presented in Fig. 4 for the first pepper treatment
period, and in Fig. 5 for the melon treatment period.
The re-parameterised Thomson and Armstrong (1987)



Table 3 Values of mean difference (Md) comparing soil matric potential (SMP) measured with the Watermark sensor, using different

calibration equations, to SMP measured with tensiometers

Calibration Equation

In-situ Shock et al. (1998) Thomson and Armstrong (1987)
Original Re-parameterised Original Re-parameterised

Crop Range (kPa) n Md (kPa) Md (kPa) Md (kPa) Md (kPa) Md (kPa)
Pepper treatment period 1

>—10 321 -1.3 -7.2 -1.1 —1.6 -1.8

—10 to =30 1235 1.2 —6.0 -1.1 -1.9 -1.3

—30 to =50 704 3.5 -1.6 0.3* —4.0 0.6*

—50 to —80 410 3.1 6.1 0.1° —21.1 0.1°

0 to —80 2670 1.7 -3.1 —0.5 —54 —0.6
Pepper treatment period 2

>—10 307 -24 -8.2 -2.0 -24 -2.6

—10 to =30 1227 24 —4.5 1.0 0.2° 0.8

—30 to —50 511 42 -1.0 2.4 —1.6 2.5

—50 to —80 301 6.8 6.9 5.6 =175 5.7

0 to —80 2346 2.7 -2.8 1.5 -1.5 1.4
Melon treatment period

>—10 1009 —0.7 —4.8 2.1 0.9 0.7

—10 to —-30 263 9.0 2.7 7.9 7.8 7.4

—30 to =50 152 21.7 14.1 16.5 17.1 17.2

—50 to —80 160 42.2 35.8 32.1 31.2 34.5

0 to —80 1584 7.4 24 7.4 6.7 6.8

4Md is not significantly different from zero at the 0.05 probability level using a r-test

®Md is not significantly different from zero at the 0.01 probability level using a r-test

The calibration equations used are two published equations in their original form, and after re-parameterisation, and an in-situ cali-
bration. Md values were calculated for the given SMP ranges during two treatment periods in pepper and one treatment period in melon.
Continuous data collected every 30 minutes were used. n denotes the number of observations

and Shock et al. (1998) equations provided very similar
data, consequently only data obtained using the re-
parameterised Shock et al. (1998) equation are pre-
sented in Fig. 4.

Re-parameterisation clearly improved the overall
accuracy of the Shock et al. (1998) equation in the
first pepper treatment period (Fig. 2 c.f. Fig. 4), par-
ticularly at > —40 kPa (Fig. 4), where the original
Shock et al. (1998) was notably inaccurate (Fig. 2a).
Re-parameterisation had little effect on the Thomson
and Armstrong (1987) equation at > —50 kPa, but
considerably improved its accuracy at <-—50 kPa
where the original equation was most inaccurate
(Fig. 2c¢). In the melon treatment period, re-parame-
terisation improved the accuracy of the Shock et al.
(1998) equation in very moist soil (>—10 kPa) in
treatment T, oo (Fig. 5a c.f Fig. 3a), but had little ef-
fect on the Thomson and Armstrong (1987) equation.
As with the original forms of these two published
equations, the re-parameterised forms were clearly
unable to accurately measure SMP under the rapid
drying conditions of treatments Tsy and T, in the
melon treatment period (Fig. 5b, ¢). Under rapidly
drying conditions, the re-parameterised equations
could not track overall changes in SMP nor the
magnitude of short-term fluctuations in SMP resulting
from drying between irrigations, moderate irrigations
or soil water re-distribution.

Statistical evaluation

Re-parameterisation of the Shock et al. (1998) equation
resulted in considerable overall improvement in accu-
racy, as indicated by smaller RRMSE values, in the first
pepper treatment period, most notably in the
>-30kPa and —50k to —80kPa SMP ranges
(Table 2). In the second pepper treatment period, re-
parameterisation of the Shock et al. (1998) equation
resulted in a relatively smaller improvement in accu-
racy; in the melon treatment period, there was no
overall improvement in accuracy. Re-parameterisation
reduced the overall error of the Thomson and
Armstrong (1987) equation in the first pepper treat-
ment period (Table 2), mostly by considerably reducing
the RRMSE associated with the large measurement
error at <—60 kPa (Fig. 2c). Otherwise, re-parame-
terisation of the Thomson and Armstrong (1987)
equation resulted in only slight improvements in overall
accuracy of the two pepper treatment periods, and had
no effect in the melon treatment period.

The re-parameterised forms of the Shock et al. (1998)
and Thomson and Armstrong (1987) equations were
more accurate than the original forms of these two
equations and than the in-situ calibration equation
(Eqn. 4), in the two pepper treatment periods, when
considering the lowest overall RRMSE and lowest
overall Md values for 0 to —80 kPa (Tables 2, 3). The



Fig. 4 For the first pepper crop
treatment period, SMP
calculated from the Watermark
sensor using the re-
parameterised Shock et al.
(1998) and measured with
tensiometers. In panels (a), (b)
and (c), SMP data from
irrigation treatments Tjgo, Tso,
and T, respectively.
Continuous data collected every
30 min are presented

largest overall improvements, obtained with re-param-
eterisation, were in the first pepper treatment period, the
data of which were used to conduct the re-parameteri-
sation procedure. The overall improvement was notice-
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melon treatment period.

ably smaller in the second pepper treatment period, and
there were no overall improvements, through re-pa-
rameterisation to the two published equations in the



Fig. 5 For the melon treatment
period, SMP calculated from
the Watermark sensor using the
re-parameterised Shock et al.
(1998) and Thomson and
Armstrong (1987) calibration
equations and measured with
tensiometers. In panels (a—),
SMP data from irrigation
treatments Tog, Tso, and Ty,
respectively. Continuous data
collected every 30 min are
presented
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Assessment of variability

Coefficients of variation (CV) for SMP values of
—10+1, =30+1, and —50=+1 kPa measured with ten-
siometers and with the Watermark sensor, using the
Shock et al. (1998) equation, are presented in Table 4.
CVs for the Watermark SMP values were between 12
and 24%, compared to between 12 and 38% for tensi-
ometer SMP values. In general, there was consistently
slightly less variation associated with SMP determined
with the Watermark sensor than those determined with
tensiometers.

Comparative evaluation of static and dynamic analyses

The approach of using dynamic data (data recorded every
30 min) to evaluate calibration equations, as done in the
previous sections, was compared to the commonly used
approach of using static data (6 a.m. data). These anal-
yses were conducted with combined data from treatment
Ty in the two pepper treatment periods. SMP calculated
from Watermark electrical resistance data was compared
to the corresponding tensiometer SMP data using linear
regression analysis. The Thomson and Armstrong (1987),
Shock et al. (1998) and in-situ [Eqn.(4)] calibration
equations were used to calculate SMP. An example of the
two approaches is presented in Fig. 6 for data of T from
pepper treatment period 1 only, using the Shock et al.
(1998) equation; the dynamic (30 min) data are presented
in Fig. 6a, and the static (6 a.m.) data in Fig. 6b. In this
case, the linear regression equations were very similar,
with similarly high r? values.

Linear regressions with high > values described the
relationship between the SMP calculated from Water-
mark electrical resistance data and SMP measured with

Table 4 Values of the coefficient of variation (CV) for SMP mea-
sured with tensiometers and calculated with Shock et al. (1998)
calibration equation from electrical resistance measured with the
Watermark sensor

Tensiometer Shock et al.
(1998)

Crop SMP (kPa) n CV (%) n CV (%)
Pepper treatment period 1

-10 138 23 51 20

-30 82 25 74 24

-50 23 24 53 18
Pepper treatment period 2

-10 127 23 39 13

-30 129 38 201 18

-50 21 29 44 18
Melon treatment period

—-10 52 27 182 22

-30 28 41 15 18

—50 4 14 55 12

Values were calculated for the given values of SMP (+/— 1 kPa)
for two treatment periods in pepper and one treatment period in
melon. n denotes the number of observations

tensiometers for each of the six cases examined, namely
the application of each of the Thomson and Armstrong
(1987), Shock et al. (1998) and in-situ (Eqn. 4) calibra-
tion equations to the dynamic and static data sets (Ta-
ble 5). For each of these three calibration equations,
there were no statistically significant differences
(P>0.05) between slopes and intercepts of the linear
regression equations obtained for the dynamic and static
data sets (Table 5), indicating that using dynamic or
static approaches for the evaluation of the three cali-
bration equations provided very similar results.

Discussion

In the three treatment periods examined, each with three
different irrigation treatments, the Watermark sensor
was generally able to detect changes in SMP associated
with irrigation and soil drying. The accuracy of the SMP
values derived from the Watermark sensor electrical
resistance readings were a function of:

(a) the calibration equation used and its performance

within a particular range of authentic SMP, and
(b) the general performance of the Watermark sensor
under the given environmental and soil water con-
ditions.In rapidly drying soil and in very moist soil
(> —10 kPa), the Watermark sensor displayed limi-
tations which will be discussed subsequently. The
best performance of the Watermark sensor was ob-
tained under conditions of moderate evaporative
demand in moist soil (—10 to —50 kPa).

Under conditions of moderate evaporative demand
during the two treatment periods of the pepper crop
grown in a mild winter climate in a greenhouse, the
Watermark sensor, depending on the calibration
equation used, provided an accurate indication of SMP
between —5 and —80 kPa. However, none of the three
published equations evaluated, the Thomson and
Armstrong (1987), Shock et al. (1998) and Allen (2000)
equations in their original forms, was accurate for the
complete —5 to —80 kPa SMP range. The Thomson
and Armstrong (1987) equation provided an accurate
indication of SMP for —5 to —50 kPa, and the Shock
et al. (1998) for —30 to —80 kPa. The Allen (2000)
equation was generally very similar to the Shock et al.
(1998) equation. The in-situ calibration equation, de-
rived under these conditions, and the re-parameterised
forms of the Thomson and Armstrong (1987) and
Shock et al. (1998) equations, which were re-parame-
terised under these conditions, all provided an accurate
indication of SMP for the complete —5 to —80 kPa
range, under conditions of moderate evaporative de-
mand. The limitations of the in-situ calibration equa-
tion, and of the re-parameterised equations will be
discussed subsequently.

In rapidly drying soil induced by the high evaporative
demand during the melon treatment period, the Water-
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mark sensor responded much more slowly than tensi-
ometers, regardless of the calibration equation used.
This occurred both for continuous drying when irriga-
tion was withheld, and between irrigations. Other stud-
ies have reported that the Watermark sensor responded
appreciably more slowly to rapid soil drying than ten-
siometers (Meron et al. 1996; Hanson et al. 2000; Taber
et al. 2002). Taber et al. (2002) suggested that this was
due to the Watermark sensor having a smaller exposed
surface area and a matrix with slower transmission. The
available data suggest that there may be considerable
uncertainty when using the Watermark to measure SMP
under rapidly drying soil conditions, when using stan-

SMP, Tensiometer (kPa)

dard published calibration equations or calibration
equations developed under conditions of moderate
evaporative demand.

The conditions of moderate evaporative demand in
the present study, in which the Watermark sensor pro-
vided the most accurate SMP data, are not representa-
tive of the most common cropping situations on account
of cool season (winter) growth and the reduced evapo-
rative demand inside greenhouses compared to open
fields (FAO 1991). Most irrigated crops are grown in
open field conditions with spring-summer growing cycles
where rapid soil drying is likely to occur. It is suggested
that care be taken when using the Watermark sensor to



Table S Linear regression analyses relating SMP measured with Watermark sensor, using different calibration equations, to SMP
measured with tensiometers, for a pepper crop during two treatment periods in which irrigation was withheld

Equation Analysis Intercept Slope P SE

Shock et al. (1998)
Dynamic 11.17 1.33 0.96 4.99
Static 10.97 1.24 0.98 2.83
Statistical comparison n.s. n.s.

Thomson and Armstrong (1987)
Dynamic -9.15 0.66 0.92 6.76
Static —5.71 0.69 0.99 2.28
Statistical comparison n.s. n.s.

In-situ
Dynamic —3.07 1.04 0.96 5.18
Static —1.59 1.00 0.99 1.53
Statistical comparison n.s. n.s.

n.s. indicates not statistically significantly different (P> 0.05)

The dynamic analysis used continuous data collected every 30 minutes (716 data points), and the static analysis used only 6 a.m. data (15
data points). Statistical comparison refers to the statistical comparison of the linear regressions based on dynamic and static data for
significant differences (P <0.05) in slope and intercept values. SE is the standard error of the estimation

determine when the soil has reached threshold SMP
values for irrigation management, particularly under
open field conditions. Site-specific in-situ calibration for
such conditions may be the most accurate option. Given
that the limited working range of tensiometers
(< —80 kPa) restricts their use as a calibration reference,
laboratory calibrations that simulate rapid drying, may
be a suitable approach for such calibration equations.

Under the more moderate soil drying conditions of
the pepper treatment periods, the accuracy of the Wa-
termark sensor at SMP of —50 to —80 kPa depended on
the calibration equation. A large error was associated
with the Thomson and Armstrong (1987) equation in the
first pepper treatment period at <—60 kPa, and there
was a suggestion of a similarly large error with this
equation in second pepper treatment at <—75 kPa.
Bausch and Bernard (1996) reported substantial errors
when applying the Thomson and Armstrong (1987)
equation at SMP values close to the minimum tensi-
ometer limit. This calibration equation appears to be
unreliable at SMP of < —60 kPa; whereas the Shock
et al. (1998) equation provided a good indication of
SMP within the —50 to —80 kPa range, under these
conditions.

The Watermark sensor is reported to have the
capacity to measure SMP in much drier soils than ten-
siometers (Thomson and Armstrong 1987; Spaans and
Baker 1992). However, given that the rate of soil drying
and the choice of calibration equation influence the
accuracy of the sensor in moderately dry soil (—50 to
—80 kPa), there may be appreciable uncertainty associ-
ated with results from drier soil. An additional consid-
eration is how to verify/calibrate the Watermark sensor
at SMP of <—80 kPa when tensiometers cannot be
used.

In very moist soil (>—10 kPa), the ability of the
Watermark sensor to track changes in SMP and the
maximum SMP value determined were both dependent
on the calibration equation used. The Thomson and

Armstrong (1987) equation measured SMP up to
—2.5 kPa with a moderate degree of accuracy indicated
by Md values of 1-3 kPa. The Shock et al. (1998)
equation, which was developed for a —10 to —75 kPa
range, was ineffective at > —8 kPa. The adaptations of
the Allen (2000) equation to the Shock et al (1998)
equation improved performance in these moist condi-
tions, but it was still inferior to the Thomson and
Armstrong (1987) equation at <—10 kPa. The in-situ
calibration equation provided SMP measurement up to
—4 kPa, with similar Md values to the Thomson and
Armstong (1987) equation. Following re-parameterisa-
tion, the Shock et al. (1998) equation performed simi-
larly to the original Thomson and Armstrong (1987)
equation in very moist soil conditions. Previous studies
(Thomson and Armstrong 1987; Spaans and Baker
1992) have reported that the maximum SMP limit for
the Watermark sensor as —10 kPa. In the current study,
depending on the calibration equation, moderately
accurate data was obtained up to —2.5 kPa.

The in-situ calibration equation (Eq. 4) was the most
accurate equation for the data set from which it was
derived (pepper treatment period 1). However, relative
to the Thomson and Armstrong (1987) and Shock et al.
(1998) calibration equations, it became increasingly
inaccurate as the growing conditions became more dif-
ferent from those in which it was derived. In the melon
treatment period, it was less accurate than the Thomson
and Armstrong (1987) and Shock et al. (1998) equations.
These data indicate that the in-situ calibration equation
developed in the present study was highly specific to the
conditions under which it was developed i.e. winter-
grown greenhouse crop. However, it was not sufficiently
robust to be adapted to other growing conditions e.g.
spring-summer crops, in the same soil. This suggests that
in-situ calibrations may be accurate in the specific
growing conditions in which they are developed, but that
care should be used when applying them in different
growing conditions.



The re-parameterisation procedure using the SOL-
VER® function of Microsoft Excel 2000® appreciably
enhanced the accuracy of both the Thomson and Arm-
strong (1987) and Shock et al. (1998) equations, for the
data set with which the re-parameterisation was con-
ducted (the first pepper treatment period). However,
with increasing divergence of the growing conditions
from those in which the re-parameterisation was con-
ducted, the improved accuracy of the re-parameterised
calibration equations was progressively reduced. In the
melon treatment period, the re-parameterised forms of
the Thomson and Armstrong (1987) and Shock et al.
(1998) were no more accurate than the original forms. It
was concluded that the re-parameterisation procedure is
most suitable for optimising calibration equations for
specific growing conditions (e.g. specific combinations of
soil and climatic conditions), but that re-parameterised
calibration equations do not appear to be sufficiently
robust to be used as standard calibration equations for a
range of growing conditions for a given site or soil type.
Irmak and Hamman (2001) used the same re-parame-
terisation procedure, with several published equations,
to improve their accuracy in a sandy soil. However, they
did not evaluate the re-parameterised equations, in the
same soil, under different growing conditions. They re-
ported that the re-parameterised calibration equations
were soil-specific and could not be applied to soils dif-
ferent from those in which the re-parameterisation had
been conducted.

Given that the in-situ and re-parameterised calibra-
tion equations appeared to be very specific to the con-
ditions in which they were derived, the published
calibration equations of Thomson and Armstrong
(1987), Shock et al. (1998) and Allen (2000) were con-
sidered to be more robust in terms of applicability to
different growing conditions. Considering the overall
performance of these published equations throughout
this study, the Thomson and Armstrong (1987) equation
was more accurate than the Shock et al. (1998) equation
in the —2.5 to —30 kPa range, and the Shock et al.
(1998) equation was comparatively more accurate in the
range —30 to —80 kPa. Whilst the Shock et al. (1998)
equation gave a relatively small error in the —10 to
—30 kPa range, it was clearly less accurate in this range
than the Thomson and Armstrong (1987) equation. The
Allen (2000) equation made only relatively minor
improvements to the overall accuracy of the Shock et al.
(1998) equation in the SMP range examined; however, it
did notably improve accuracy at < —10 kPa. The Shock
et al. (1998) equation is the default calibration equation
used by the manufacturer. In the current study, its use
would have resulted in appreciable under-estimation of
SMP at > —30 kPa.

For high frequency drip irrigation in a moderately
textured soil, where the target SMP range is likely to be
approximately —10 to —30 kPa, the data from the cur-
rent study suggest that the Thomson and Armstrong
(1987) equation provides a good indication of SMP; this
equation also has the advantage of being able to provide

a moderately accurate indication of SMP at > —10 kPa.
For drier soil conditions, the data from the current study
suggested that the Shock et al. (1998) or Allen (2000)
equations were more suitable.

The comparison of the use of dynamic (continuous
data) versus static (6 a.m. data points) data, for evalu-
ating Watermark sensor performance, indicated that no
clear advantage was obtained by using continuously
collected data (at 30 min intervals) compared to using
single daily data points. Nevertheless, we suggest that as
a general procedure, the use of dynamic data sets is
preferable because it more closely resembles the con-
stantly changing field conditions under which the sen-
sors would be used in commercial farming and in
research studies.

The presence of the mulch layer of river sand on the
soil surface in the present study would have had little
effect on the evaluations of the calibration equations.
The reduced soil temperature fluctuations would have
had no effect on the calibration because electrical resis-
tance measurements were corrected for direct tempera-
ture effects with soil temperature data measured at the
same time as each individual electrical resistance mea-
surement. Effects of the mulch on soil evaporation are
likely to have been small in the pepper treatment periods
when the evaporative demand was moderate. In the
melon treatment period, the reduced soil evaporation is
likely to have reduced somewhat the overall rate of soil
drying which may have ameliorated the effect of rapid
soil drying observed in this treatment period.

The CV determined in the current study for SMP
measured with the Watermark sensor were 12-24%
compared to 14-41% for tensiometers. The lower CVs
associated with the Watermark sensor are presumably
due to its smaller responsiveness compared to tensiom-
eters. The relatively small CV values suggest that with
accurate positioning in relation to the dripper and plant,
and sufficient replication, that variability between Wa-
termark sensors is not a major problem when used with
drip-irrigated vegetable crops.

Even with selection of the most accurate calibration
equation, SMP measured with the Watermark sensor is
best considered as providing an indication of SMP, ra-
ther than accurate measurement. Being an indirect
measurement, SMP values derived from Watermark
sensor electrical resistance readings are dependent upon
the calibration equation used. The data from the current
study suggest that even where calibrations equations are
specifically developed or verified for a particular soil,
different growing conditions can appreciably reduce the
accuracy of those calibration equations. Additional
factors may influence SMP data obtained with Water-
mark sensors. Small irrigations or rainfall events have
been reported to cause inadequate responses (McCann
et al. 1992). The effects of soil salinity on the calibration
of the Watermark sensor have yet to be described.

In conclusion, the data from the current study suggest
that the Watermark sensor can be used to provide a
good indication of SMP in moderately textured soils



receiving drip irrigation and subjected to moderate
evaporative conditions. It appears that there is consid-
erable uncertainty in SMP values measured with the
Watermark sensor in rapidly drying soils, at least with
the calibration equations considered in this study. To
optimise the accuracy of Watermark SMP data, it is
recommended that calibration equations be developed
or verified, for each set of growing conditions. This will
also serve to identify the effective SMP range for the
selected calibration equation in the given growing con-
ditions. The Watermark sensor is a potentially useful
sensor for SMP measurement, in both commercial
farming and research applications. However, selection of
the most appropriate calibration equations and knowl-
edge of performance characteristics are essential to the
quality of the SMP data obtained.
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