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ABSTRACT
The combination of granular matrix sensors with a Hobo 4 analogue channel datalogger provides a relatively inexpensive continuous 
soil water monitoring system. However, the datalogger excites all 4 channels concomitantly as it reads the sensor measurement of 
each channel in sequence. This results in localised electrolysis causing measurement bias error in Channels 2, 3 and 4. To evaluate 
this channel bias, Watermark granular matrix sensors were connected to Hobo 4 channel dataloggers to measure electrical 
conductance of the soil. This study formed part of a larger study aimed at understanding water use by Eucalyptus plantations at 
different soil depths. The measured soil conductivity was calibrated against the gravimetric method in soil derived from Natal Group 
Sandstone and Dwyka Tillite that occur in southern KwaZulu-Natal. The channels of a Hobo 4 channel datalogger were successfully 
calibrated against the gravimetric method for both soil types (R2 > 0.92). The voltage measurements of each channel increased in 
the order 1 < 2 < 3 < 4 for both soil types at a soil water content range of 12 to 44% and 6 to 46% for Dwyka Tillite and Natal Group 
Sandstone soils, respectively. Channel measurements were similar at soil water content ranges below 12 and 6% for tillite and 
sandstone soils, respectively. The study showed that Channels 2, 3 and 4 of the Hobo 4 channel datalogger are affected by electrolysis. 
If this analogue datalogger is used with these types of sensors, these channels need to be calibrated back to Channel 1.
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INTRODUCTION

South Africa is generally classified as a water-scarce country 
with an average annual rainfall of 495 mm, compared to the 
global average of 860 mm (Schulze and Lynch, 2007). This 
rainfall is often not evenly distributed leading to regular 
and localised drought conditions (Phillips, 2016). The 
ever-increasing demand for water resources from different 
industrial sectors is a big concern for water security. The 
agricultural and forestry industries have not been spared the 
water supply challenges. It is becoming increasingly important 
to identify relatively inexpensive technology to monitor soil 
water status, fluxes and rates of change. Soil water status can 
be monitored as volumetric water content (VWC, cm3∙cm−3) 
or soil water potential (SWP, kPa), as described in detail by 
Smith and Mullins (2000); Kirkham (2005) and Jones (2008). 
The SWP is the preferred method since it is a measure of 
the suction energy (or matric potential) that drives water 
movement in the soil and gives an indication of the energy 
required by plants to extract water from the soil. This is 
considered a more direct indicator of the potential for plant 
water stress conditions (Jones, 2008). 

Granular matrix sensors have become popular for SWP 
measurement due to their relatively low cost, ease of use, 
robustness and compatibility with a variety of dataloggers 
(Spaans and Baker, 1992; Thompson et al., 2006; Nolz et al., 
2013). These sensors measure the resistance to flow of electricity 
between two electrodes encased within a porous matrix (either 
a stabilised matrix forming part of the electrode or the soil 
matrix itself). As the water content between the electrodes 
increases (i.e. matric potential increases toward saturation), 
the resistance between the electrodes decreases, thus providing 

a measure of change in soil water content. For a given soil, a 
calibration between water content and matric potential exists, 
which can be calibrated to sensor measurements (Whalley et 
al., 2013). Since most analogue logging devices can only read 
voltage, the resistance of the sensor needs to be converted using 
a half-bridge transformation (Fig. 1), as described in detail by 
Allen (1999; 2000). The voltage can be converted to resistance 
and then SWP using the calibration relationship developed by 
Shock et al. (1993). 

An ideal datalogging device and sensor combination, 
particularly in remote locations, should be low-cost, robust, 
easy to program, independent of AC power and have a large 
memory for long-term remote data recording (Gebregiorgis 
and Savage, 2006). It is also advantageous if the above-ground 
components of the device can be easily hidden to minimise 
potential theft and vandalism. The Onset Hobo 4 channel 
datalogger meets most of these requirements. This datalogger 
has a built-in LCD screen to view measurements in near real-
time and is powered by two AAA lithium batteries (providing 
several months of regular logging capability). The 4 MB 
recording memory stores up to 1.9 million measurements 
(Onset, 2016) and so allows the user to evaluate water status 
trends over time by downloading data to a notebook computer 
using proprietary Hobo software (HOBOware) during site 
visits. The 4 external channels of this logger can be wired to a 
variety of sensors, such as temperature, 4–20 mA and voltage 
input sensors (Onset, 2016). However, some limitations 
of this logger have been previously reported (Allen, 1999; 
2000). This datalogger excites all 4 channels concurrently 
using direct current (DC) as it measures the voltage of 
each channel in succession (Allen, 1999; 2000). Whenever 
the DC current delays for more than 2 ms, a bias in sensor 
measurements occurs due to localised electrolysis of water 
that is in direct contact with the sensor electrodes. After 
initiation of excitation, electrolysis creates micro-bubbles 
of gas and vapour that result in increased sensor resistance 
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measurement. Therefore, Channel 2 (CH 2), Channel 3 (CH 3) 
and Channel 4 (CH 4) generally have a progressively large bias 
in resistance measurements compared to Channel 1 (CH 1) 
(Allen, 1999; 2000; Jumman, 2009). The aim of the study was 
to measure soil water resistance using granular matrix sensors 
connected to a Hobo 4 channel datalogger and compare and 
calibrate different channels as influenced by electrolysis. To 
provide context for the study reported here, these sensors and 
logging units had been installed at several hillslope positions 
within two different soil types as part of a larger study 
investigating water and nutrient supply and movement under 
plantation forestry in southern KwaZulu-Natal, South Africa. 
To better interpret the logger measurements, it was necessary 
to develop simple calibrations of the sensors and logger 
outputs for the two soil types.   

MATERIALS AND METHODS

Soil samples were collected from the orthic A horizons in 
two KwaZulu-Natal soil types; the first derived from Natal 
Group Sandstone (30°16′7.72″S 30°15′35.39″E) and the 
second from Dwyka Tillite (30°12′12.02″S 30°16′7.28″E) at 
a depth of 0–20 cm (only mineral soil was collected). Basic 
characteristics and classification for these sites are shown 
in Table 1. Each soil type was air dried and loosely ground 
in the laboratory and packed in a 4.5 L container (length = 
33 cm, width = 22 cm and depth = 7 cm) at a bulk density of 
1.1 g∙cm−3 and 1.2 g∙cm−3 for sandstone and tillite derived soils, 
respectively. Granular matrix sensors (Watermark model 
253–L; Irrometer Co. Inc., Riverside, CA) were connected to a 
Hobo 4 channel analogue datalogger (model: UX120-006M) 
(Onset Computer Corp., Pocasset, MA) using a 2.5 mm stereo 
jack to measure soil voltage conductivity (mV). A soil voltage 
conductivity of 0 mV and 2.5 mV indicates a saturated and dry 
soil, respectively. Two Hobo 4 channel dataloggers were used 
in the experiment, each connected with 4 granular matrix 
sensors per soil type. An additional datalogger was wired with 
TMC6-HD soil temperature sensor (Onset Computer Corp) to 
measure soil temperature. 

Calibration experiment 

The experiment was conducted in the laboratory at the Institute 
for Commercial Forestry Research (ICFR) located at the 
University of KwaZulu-Natal, Pietermaritzburg, South Africa. 
Prior to the experiment, the granular matrix sensors were 
soaked in water for 24 h as recommended by the manufacturer. 
Thereafter, 4 sensors were inserted horizontally in a slurry 
(3 cm deep) in a uniformly spaced pattern (Fig. 2) in separate 
containers for each soil type to minimise the soil water gradient 
between the bottom and surface of the soil container. The 
TMC6-HD soil temperature sensor was also inserted vertically 
in the middle of the sandstone soil. Each soil type was then 
saturated with water for 24 h. Thereafter, all 4 sensors were 
connected one at a time to each datalogger channel and voltage 
measurements were recorded to determine sensor measurement 
bias error. This was conducted at both low voltage (wet range) 
and at maximum channel voltage output (dry range).

For the calibration experiment, the soil was dried by slow 
continuous evaporation aided by a fan. Sensor measurements 
were recorded hourly and commenced when all the free-flowing 
water had evaporated at the surface of each soil type. At the 
same time, each soil container was weighed 3 times a day using 
a mass balance to determine the gravimetric water content. 
This process was repeated until the sensor output reached the 
maximum output voltage of 2.5 mV. The gravimetric water 
content was converted to VWC by dividing it by the oven dry 
bulk density of the packed soil in the container and multiplying 
it by the water density (assumed as being 1 g∙cm−3). The VWC 
was then related to the logger measurements. 

Figure 1 
Attaching the Watermark sensor to a Hobo 4 channel analogue 
datalogger using a half bridge transformation to convert sensor 

resistance to voltage (reproduced from Allen, 1999) 

TABLE 1
The general characteristics of two sites near Highflats in 

KwaZulu-Natal

Characteristic Site 1 Site 2

Lithology Natal Group 
Sandstone Dwyka Tillite

Soil classificationa Oakleaf (Oa1110) Glenrosa (Gs1211)
World Reference 
Base (WRB)b Haplic Cambisol Gleyic Cambisol

Soil texture Clay loam Clay loam
Mean annual 
precipitation (mm) 870 800

Mean annual 
temperature (°C) 16.9 17.2

Altitude 958 900
aSoil Classification Working Group (1991)
bIUSS Working Group WRB (2006) Figure 2 

The layout of granular matrix sensors in a container 
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Allen (1999) recommends converting datalogger voltage 
output into resistance using:

   
 

  (1) 

 
 

  (2) 

 

 (1)

where R is the resistance of the granular matrix sensor 
(kOhms), 10 (in kOhms) is the fixed resistance, V the voltage 
that is measured by the logger (mV). The R may be converted to 
matric potential (kPa) using the calibration equation (Shock et 
al., 1993):

 
  (1) 

 
 

  (2) 

 
 (2)

where T is the average soil temperature (°C). 

Statistical analysis

Analysis of variance (ANOVA, Genstat 18, VSN international) 
was used to test for the effects of channel measurements on 
sensor output. Prior to statistical analysis, data were checked 
for assumptions of normality and homogeneity of variance, 
and no transformations were required. Where the overall 
F-statistic was significant (p < 0.05), treatment means were 
compared using Fischer’s Least Significant Difference at the 
5% level of significance (LSD5%). A regression analysis was 
used to determine the relationship between sensor output 
(mV) and VWC (cm3∙cm−3). Statistical parameters that were 
used included the co-efficient of determination (R2), root 
mean square error (RMSE) and standard error of a regression 
slope (SE slope) (Snedecor and Cochran, 1980). 

RESULTS

Sensor comparison within channels

There were no significant differences (p > 0.05) between sensor 
measurements within each channel at both the low and high 
voltage range, indicating a lack of sensor bias. The relatively 
small differences suggested that each individual sensor is unique 

in construction and may also have been influenced by sensor 
placement within the containers as reported by Allen (2000).

Sensor output versus volumetric water content

The relationship between the volumetric water content 
(cm3∙cm−3) and sensor output (mV) for CH 1 was linear for 
the soil water content range of 5 to 30% for tillite and of 2 
to 30% for sandstone, with R2 values of 0.96 for both soils. 
A similar relationship was observed for CH 2, CH 3 and CH 
4 with R2 of greater than 0.92 (Table 2). For water content 
above 30%, relationship was not linear, the best fit was 
through a 2nd order polynomial (R2 = 0.98) in both soil types 
(Figs 3 and 4). 

TABLE 2
The linear regression statistical results for Channel 1 (CH 1), 
Channel 2 (CH 2), Channel 3 (CH 3) and Channel 4 (CH 4) of 
a Hobo 4 channel analogue logger against the volumetric 

water content (VWC) determined using the gravimetric 
method

Natal Group Sandstone

Linear equation R2 RMSE SE slope

CH 1 y = −5.557x + 2.465 0.97 12.720 0.2922
CH 2 y = −4.608x + 2.528 0.97 12.553 0.2071
CH 3 y = −3.851x + 2.404 0.96 11.306 0.1961
CH 4 y = −4.102x + 2.509 0.98 12.457 0.1377

Dwyka Tillite

Linear equation R2 RMSE SE slope

CH 1 y = −6.209x + 2.786 0.96 13.832 0.3304
CH 2 y = −4.657x + 2.661 0.92 13.212 0.3549
CH 3 y = −4.893x + 2.672 0.93 13.267 0.3336
CH 4 y = −4.001x + 2.606 0.93 12.936 0.2772

Figure 3 
The relationship between sensor output (mV) for Channel 1 (CH 1) 

of the Hobo 4 channel datalogger and the volumetric water content 
(VWC) (cm3∙cm−3) on the Natal Group Sandstone soil

Figure 4 
The relationship between sensor output (mV) for Channel 1 (CH 1) 

of the Hobo 4 channel datalogger and the volumetric water content 
(VWC) (cm3∙cm−3) on the Dwyka Tillite soil
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TABLE 3 
The linear regression statistical results for Hobo 4 channel datalogger, Channel 1 (CH 1) compared to Channel 

2 (CH 2), Channel 3 (CH 3) and Channel 4 (CH 4) for Natal Group Sandstone and Dwyka Tillite soils

Natal Group Sandstone

Linear equation R2 RMSE SE slope

CH 1 versus CH 2 y = 0.8848x + 0.3028 0.98 1.347 0.0231
CH 1 versus CH 3 y = 0.8347x + 0.4503 0.99 1.806 0.0107
CH 1 versus CH 4 y = 0.8333x + 0.6950 0.96 3.214 0.0331

Dwyka Tillite

Linear equation R2 RMSE SE slope

CH 1 versus CH 2 y = 0.8961x + 0.3007 0.98 1.1796 0.0261
CH 1 versus CH 3 y = 0.8881x + 0.3419 0.99 1.3393 0.0179
CH 1 versus CH 4 y = 0.7485x + 0.6347 0.99 2.4846 0.0158

Figure 5
The average hourly relationship between Hobo 4 channel datalogger 

Channel 1 (CH 1) against Channel 2 (CH 2), Channel 3 (CH 3) and Channel 
4 (CH 4) for (a) Natal group sandstone and (b) Dwyka tillite soil

Sensor comparison between channels

Comparison of CH 2, CH 3 and CH 4 against CH 1 showed a 
linear relationship with R2 greater than 0.96 for all channels 
on both soil types (Table 3). CH 2 had the best linear fit at 95% 
slope and intercept confidence limits with the least RMSE 
(Table 3) on both soils. The measured voltage between different 
channels over time followed the order: CH 1 < CH 2 < CH 3 < 
CH 4 (Figs 5a and b). There were no significant differences (p 
> 0.05) between CH 1 and CH 2 for both soil types throughout 
the voltage range: 0.87 to 2.45 mV. However, CH 2 consistently 
measured high voltage. Significant differences (p < 0.05) were 
found between CH 1 and CH 3 at a voltage range of 0.87 to 2.0 
mV. In the case of CH 1 and CH 4, significant differences (p = 
0.016) were found in the voltage range of 0.87 to 2.49 mV. There 
was a shift in the calibration relationship at the voltage range 
of 1.5 to 2.0 mV in both soil types. This was due to a power 
failure during the experimental period which caused the fan to 
switch off, reducing evaporation in both soils. A strong non-
linearity was observed between CH 1 and CH 2 in sandstone 
soil at voltage conductivity above 2 mV (Fig. 5a). The cause 
of this is unclear. It may have been caused by a sensor bias; 
however, there were no statistical differences (p > 0.05) between 
channels. Of interest, channel measurement differences were 
larger at low voltage and decreased with increase in soil voltage 
conductivity (Figs 5a and b). The average soil temperature 
range was 18 to 23°C and did not significantly affect the sensor 
measurements.

DISCUSSION

The results from this study showed that there is a good linear 
relationship between VWC and sensor measured voltage 
(particularly for CH 1) at VWC less than 30%. For VWC 
greater than 30%, the relationship was not linear, suggesting 
that these sensors best estimate VWC below 30%. Van 
Antwerpen (1994) found that for South African soils in the clay 
loam textural range, this is about the equivalent of −10 kPa. 
This is supported by the study conducted by Shock et al. (1993), 
where changes in Watermark sensor resistance were highly 
non-linear in the saturation to field capacity (i.e., free pore 
water) SWP range: 0 to −10 kPa becoming nearly linear in the 
range: −10 to −75 kPa (free water drained). CH 1 consistently 
measured lower voltage, followed by CH 2, CH 3 and CH 4 
at low voltage conductivity. Jumman (2009) reported similar 
results using granular matrix sensors coupled with a Hobo 3 

channel datalogger, where voltage responses were higher for 
CH 3, followed by CH 2, compared to CH 1 under the same 
capillary pressure. According to Allen (1999; 2000) this is 
caused by using direct current (DC) instead of an alternating 
current (AC) to excite the datalogger channels. This results in 
electrolysis which forms micro gas bubbles, hence an increase 
in the resistance of the sensor. Electrolysis is more prominent 
at high water content and decreases with decrease in water 
content. Allen (2000) reported that CH 1 measurements are 
not affected by electrolysis and are presumed accurate. In this 
case, CH 2, CH 3 and CH 4 may then be calibrated to CH 1 
measurements using linear equations provided in Table 3 for 
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a specific soil type. This calibration is of utmost importance 
because large channel measurement differences are within the 
plant available water range (5–30% VWC). 

According to Spaans and Baker (1992), soil temperature 
differences can affect granular matrix sensors SWP 
measurements by 1 to 3% per 1°C change in soil temperature. 
Under testing conditions, soil temperature did not significantly 
affect sensor measurements. However, significant impacts 
may be possible in field conditions. Evidence of this has been 
reported by Shock et al. (1993), with the greatest effect of 
soil temperature at high voltage conductivity. This means 
that the greatest error happens when the SWP is low and the 
decision to irrigate or not irrigate needs to be taken. Therefore, 
the importance of soil temperature correction cannot be 
over-emphasised.  

CONCLUSIONS

The combination of Hobo 4 channel datalogger and granular 
matrix sensors may be used as a less expensive option for 
monitoring and storing SWP data for periodical evaluation of 
soil water status or irrigation water management throughout 
the growing season. This enables the grower to reflect on the 
impacts of the recorded SWP and conduct the necessary water 
management changes for the following growing season. This 
combination can also be used for scheduling irrigation as 
reported by Jumman and Lecler (2009). It is worth noting that 
soil-specific channel calibration is needed to correct for channel 
bias error.  
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