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ABSTRACT 
 

Structural porosity is a dynamic soil property with high spatio-temporal variability affected by many 
factors. In order to develop a quantitative understanding of root driven changes in soil hydraulic 
properties adequate measurement setups are required. A modular soil column setup for drainage 
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experiments providing all data for inverse determination of soil hydraulic properties was developed. 
The aim of this paper is to present the overall setup, and to assess if the influence of an 
experimental factor (plant roots) can be captured by the system.  
The designed setup facilitates simultaneous measurements of soil water content (TDR-sensor), 
matric potential (tensiometer) and column bottom flux (balance) in 12 soil filled columns. In total 
144 soil water sensors ensure a high spatial and temporal resolution (six 10 cm layers per column, 
time steps ≥ 5 min). An initial drainage experiment with 12 unplanted columns was combined with a 
second (final) drainage run investigating the variants mustard (Sinapis alba L.), rye (Secale cereale 
L.) and an unplanted control in four replicates. A specific data acquisition system was developed to 
operate the devices, and for data synchronization and management. The included semi-automatic 
trouble-shooting routine sustained long-term experiments. Our analyses showed very low inter-
sensor variability for TDR-sensors and tensiometers (0.2 - 0.5% and 1.2 - 4%, respectively). 
Cumulative outflow data indicated only a minor contribution to variability (6.1%) between columns 
due to heterogeneity from filling. Therefore, a significant effect of the experimental factor plant root 
was not overlaid by higher variability due to undesired effects, and could be clearly identified. We 
concluded that the setup is adequate to identify root induced changes of soil hydraulic properties 
using designed experiments. 
 

 
Keywords: Roots; soil column experiment; TDR-sensor; tensiometer; data acquisition system; soil 

hydraulic properties. 
 

1. INTRODUCTION 
 

Roots fulfil several key functions for plant growth 
and environmental sustainability such as water 
and nutrient uptake, assimilate storage, plant 
anchorage, soil structure stabilization and 
biopore formation. Root influences on soil 
structure are essential drivers of soil hydraulic 
properties, and consequently overall soil 
hydrology [1-3]. Soil hydraulic properties are 
commonly described by hydraulic conductivity 
and a water retention function. The latter 
expresses the relation between soil water 
content (amount of water within a certain volume 
of soil) and matric potential (energy needed to 
withdraw water from a certain point in the soil) 
[4]. Quantifying root-induced changes of soil 
hydraulic properties is complex due to the 
various possible influences and their spatio-
temporal variability. Major impacts arise from 
local compaction, microfissuring, hydrophobicity, 
pore clogging, enhanced microbial activity, 
biopore formation, and pore stabilization (e.g. 
Scanlan [5], Głąb & Szewczyk [6], Yuge et al. [7], 
Yunusa & Newton [8], Deborah et al. [9], Mitchell 
et al. [10], and Whalley et al. [11]). A quantitative 
understanding of the overall impact of plant roots 
resulting from these single factors is essential to 
consider the role of plant driven soil structural 
dynamics in water transport models. Currently, 
common soil water models or ecosystem models 
do not properly consider the manifold interactions 
between roots, soil and water; e.g. AquaCrop 
[12-13], Hydrus [14], SWAT [15] and Daisy [16]. 

In order to develop a quantitative understanding 
of root-soil interactions, adequate measurement 
setups are required. In situ measurements in the 
field allow studying root effects under natural 
conditions. However, in natural systems soil 
structure dynamics are affected by multiple biotic 
and abiotic factors. Therefore, it is difficult to 
determine the role of a single factor such as plant 
roots as they might be interfered by other 
processes [17-18]. In contrast to field 
measurements laboratory experiments allow 
studying root effects under controlled conditions. 

  

Laboratory setups to measure temporal changes 
of soil hydraulic properties under different 
influences are challenging. Particularly when 
considering biological factors such as growing 
plants, numerous system components have to be 
controlled properly esp. light, water, nutrients, 
and space to grow [19-20]. Soil texture and bulk 
density should be similar to natural conditions. 
Water inflow and outflow (irrigation, 
evapotranspiration, and lower boundary flux) 
have to be controlled to simulate a suitable 
hydraulic environment comparable to natural 
growing conditions. Furthermore, the size of the 
experimental pots/soil columns is crucial (cf. 
Poorter et al. [20-21]): It should allow good root 
development, with rooting intensity varying 
predominantly with depth and provide a hydraulic 
behavior (matric potential distribution) 
comparable to field conditions. 
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Besides an adequate model environment in 
terms of plant growth and soil hydraulic 
characteristics, the experimental design also has 
to allow a proper determination of the target 
variables, i.e. soil hydraulic property dynamics. 
Soil hydraulic properties of a dynamic system 
can be determined by inverse modelling [22]. 
Inverse methods require proper experiments, 
such as the multistep outflow approach [23]. 
Multistep outflow experiments are done in 
common soil sample cylinders (e.g. 250 cm

3
; 

6.1 cm height and 7.2 cm inner diameter). This 
allows an accurate inverse model formulation 
and a rather simple control of the system, but it is 
not suitable to study plant effects over time due 
to the size constraint for plant growth. For larger 
columns, drainage experiments have been used 
to determine soil hydraulic properties (e.g. 
Kosugi and Inoue [24], Ritter et al. [25]). A 
particular challenge of such experimental setups 
for inverse modelling of hydraulic properties is an 
adequate controlling and monitoring of all 
hydraulic parameters required for inverse 
optimization (water content, matric potential, 
outflow) [23]. For example, Scanlan [5] ran soil 
column experiments (column dimensions: 50 cm 
high, diameter of 10 cm) based on cumulative 
outflow data together with water content and 
matric potential time series just at one depth. He 
could not detect significant effects of spring 
wheat roots (Triticum aestivum L.) on soil 
hydraulic properties (sandy substrate). This also 
indicates another requirement: studying a 
heterogeneous property, which holds for both soil 
structure as well as plant roots, requires a proper 
number of replicates. This again is challenging in 
terms of experimental setup with multiple 
sensors and properties (upper and lower 
boundary fluxes) to be controlled. 
 
According to the soil column size suitable 
sensors have to be chosen. Not only sensor 
dimension, but also handling, calibration and 
reliability are crucial [26-27]. Furthermore, 
sensors have to provide data resolution being 
adequate for the purpose of the study. 
Especially, detection limits and instrument 
sensitivity have to be taken into consideration 
[28]. Šimůnek and de Vos [29] emphasised the 
importance of the input data set quality for the 
accuracy of any model predictions. Twarakavi et 
al. [28] stated that inverse modelling based on 
the nonlinear least-squares method is sensitive 
to outliers. Continuous monitoring with short 
measurement intervals and an adequate amount 
of replications facilitate outlier identification as 
well as handling of parameter optimization 

problems — e.g. convergence of parameter 
estimation method and non-uniqueness of 
optimized parameters (e.g. Hopmans et al. [23], 
Lazarovitch et al. [30]). 

  
In the present study we introduce an 
experimental setup that was built to determine 
root effects on soil hydraulic properties. It 
represents a column setup for drainage 
experiments with multi-layer sensor equipment to 
capture heterogeneous root effect with depth. 
The laboratory setup comprises different 
controlling and monitoring devices (sensors) as 
well as a specific software to operate the devices 
and to synchronize and manage the huge 
amount of data to be used for subsequent 
inverse parameter estimation of a hydraulic 
model. 

  
The main objectives of this paper are (1) to 
present in detail the established laboratory setup 
for data acquisition to be used in inverse 
hydraulic property determination, and (2) to 
assess if such a replicated multiple component 
system allows a reliable determination of an 
experimental factor effect (e.g. root influences) 
compared to components of residual system 
variance (sensors, column setup). While results 
from a specific application for root effects on soil 
hydraulic properties were presented in Scholl et 
al. [31], the aim here is to evaluate the technical 
setup and present general recommendations on 
setup, sensors and control software for different 
applications based on soil column experiments. 

 
2. MATERIALS AND METHODS 
 
The experimental system consists of soil 
columns, soil water sensors, several peripheral 
devices (e.g. balances, irrigation pump, growth 
lamps), and a control and data acquisition 
system. Fig.1 gives an overview of the system 
and all installed components. 

 
The experimental design is comparable to setups 
used for drainage experiments by e.g. Scanlan 
[5], Kosugi and Inoue [24], Ritter et al. [25], and 
Yang et al. [32]. Key elements of our design are 
(i) a higher number of columns (12) to allow 
proper replication, (ii) a controlled lower 
boundary condition with a ceramic pressure plate 
to increase the soil moisture range over the 
drainage process compared to a freely draining 
system, and (iii) sensor equipment in various 
depths (six layers) to provide information on 
spatial heterogeneity with depths (which is of 



obvious relevance when e.g. considering roots 
with decreasing density over depth). In 
comparison to this, Kosugi and Inoue [24] used
one column with free drainage. Ritter et al. [25] 
and Yang et al. [32] used only one column, 
whereas the setup established by Scanlan [5] 
featured several replicates but only one sensor 
per column. Our cylindrical soil columns were 
made of 4 mm thick plexiglass. Each cylinder 
was 60 cm high and had a diameter of 15
The transparent soil columns were wrapped with 
a black textile to keep them dark and thus 
minimize algae growth. Due to the cylindrical 
shape of the column the sidewall was not 
completely plane (circular arc). Therefore, we 
prepared spots for sensor installation by 
countersinking a hole with a diameter of 2
the wall and fitting a plane disk of 4
thickness on it. 
 

For controlled drainage experiments a micro drip 
irrigation system was installed at the top of each 
soil column ensuring water supply during plant 
growth as well as a controlled upper boundary 
flux condition at the beginning of a drainage 
experiment. It was connected to a 10
tank. All pipes featured the same length 
regardless of the distance between soil column 
 

Fig. 1. Overview of the experimental setup
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obvious relevance when e.g. considering roots 
with decreasing density over depth). In 
comparison to this, Kosugi and Inoue [24] used 
one column with free drainage. Ritter et al. [25] 
and Yang et al. [32] used only one column, 
whereas the setup established by Scanlan [5] 
featured several replicates but only one sensor 
per column. Our cylindrical soil columns were 

iglass. Each cylinder 
cm high and had a diameter of 15 cm. 

The transparent soil columns were wrapped with 
a black textile to keep them dark and thus 
minimize algae growth. Due to the cylindrical 
shape of the column the sidewall was not 

ane (circular arc). Therefore, we 
prepared spots for sensor installation by 
countersinking a hole with a diameter of 2 cm in 
the wall and fitting a plane disk of 4 mm 

For controlled drainage experiments a micro drip 
installed at the top of each 

soil column ensuring water supply during plant 
growth as well as a controlled upper boundary 
flux condition at the beginning of a drainage 
experiment. It was connected to a 10 L water 
tank. All pipes featured the same length 

gardless of the distance between soil column 

and water tank. The corresponding 12
dispensing pump (ISMATEC, IPC) was controlled 
by a microprocessor. Irrigation system accuracy 
was tested per column by simple flow 
measurements at different preset fl
(1–100 mm m−2 h−1). 

 
A porous ceramic suction plate (air entry point = 
−800 hPa) was placed at the bottom of each soil 
column as indicated in Fig. 1. The lower 
boundary condition was controlled by a vacuum 
pump (UMS, VS Vacuum System) connected to 
the ceramic plate. The vacuum pump provided a 
relative pressure of 0 to −850
accuracy of ±0.5 hPa. A pipe leading from the 
ceramic plate to a glass bottle (V 
collecting the outflow of each column separately. 
Each bottle was placed on a digital bala
(Kern, FCB 6K0.5; precision ±0.5
recorded bottom outflow continuously and in 
temporal synchronization with soil water content 
and matric potential measurements. Pipes from 
the column outlet to the collecting bottles were 
mounted in a way to avoid any disturbance of the 
balances. Leak-tightness and pressure stability 
of the whole vacuum system were checked 
repeatedly using an additional pressure gauge.

 
Fig. 1. Overview of the experimental setup 
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and water tank. The corresponding 12-channel-
dispensing pump (ISMATEC, IPC) was controlled 
by a microprocessor. Irrigation system accuracy 
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measurements at different preset flow rates         

A porous ceramic suction plate (air entry point = 
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recorded bottom outflow continuously and in 
temporal synchronization with soil water content 
and matric potential measurements. Pipes from 
the column outlet to the collecting bottles were 

void any disturbance of the 
tightness and pressure stability 

of the whole vacuum system were checked 
repeatedly using an additional pressure gauge. 
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As a peripheral hardware component of the 
experimental design, growth lamps (8 x Sylvania 
GroLux F 58 W, 4 x Narva LT 58 W) covered by 
a reflector were mounted one meter above the 
soil columns for ideal light conditions. They were 
controlled by a simple analogue timer, adjustable 
in 15 min steps (24 h d

−1
).  

 
2.1 Column Filling 
 
A careful soil column preparation is crucial to 
ensure the initial homogeneity of the system. The 
columns were filled with soil from an 
experimental site where parallel field research 
was performed [18]. The soil type was a 
calcareous chernozem with a silt loam texture 
(0.19 kg kg

−1
 sand, 0.56 kg kg

−1
 silt, 0.24 kg kg

−1
 

clay). Soil organic carbon content (0.025 kg kg−1) 
was calculated by subtracting inorganic carbon 
content (measurement device: SoliTIC; 
Elementar, Hanau, Germany) from total carbon 
amount, measured by a varioMAX CN 
(Elementar, Hanau, Germany). Soil material was 
air dried and sieved to a particle size <2 mm. 
Using an initially homogeneous substrate is 
supposed to allow better analysis of the effect of 
experimental factors (e.g. plant roots) via the 
distinct spatio-temporal heterogenization of soil 
properties. Sterilization of the substrate by steam 
autoclaving was done to simplify the 
interpretation of root induced changes excluding 
microbial effects. The columns were filled 
carefully to avoid any layering or displacement of 
fine soil particles with a stepwise compaction of 
5 cm thick layers to a target bulk density of 
1.3 g cm

−3
. Boundary compaction was prevented 

by loosening the contact area of each layer with 
a screwdriver. Finally, a 2 cm thick layer of fine 
gravel was added on top of the columns aiming 
to reduce evaporation as well as to prevent any 
potential changes of soil surface characteristics 
during irrigation. To reduce soil settlement over 
time, each column was saturated and drained at 
least three times before starting the experiments. 
Saturation was carefully performed from the 

bottom by gradually raising up a water reservoir 
in order to prevent shifting of small soil particles. 
 

2.2 Installed Sensors  
 

In order to consider vertically layered soil 
hydraulic properties at every 10 cm-depth from 5 
to 55 cm, one TDR-sensor (LP/ms EasyTest, 
Poland) and one tensiometer (LP/p EasyTest, 
Poland) were paired together. Both sensor 
systems are well-established techniques [4], but 
the choice of devices suitable for laboratory 
application is limited: The sensors should feature 
a small size and support data bus technology 
which enables handling of a comprehensive 
multi-sensor setup. The EasyTest sensors were 
selected following reports of favourable 
performance in laboratory use by Loiskandl et al. 
[26] and Himmelbauer et al. [27].  
 

2.2.1 TDR-sensors 
 
Time-domain reflectometry (TDR) is a well-
established technique for measuring volumetric 
soil water content (θv) [33]. A voltage pulse or 
signal is reflected from the ends of two parallel 
metal rods installed in a dielectric medium and 
returns to a receiver. The sensor analyses the 
time between sending and receiving the signal 
expressed as real permittivity (ɛr). According to 
the nature of the medium (soil with water) the 
measured value of ɛr varies. In a second step ɛr 
is recalculated by defined equations to θv [4]. 
 

The stainless steel rods of the used mini-TDR 
sensor type LP/ms are 53 mm long and 5 mm 
apart. According to the manufacturer the region 
of influence is a cylinder with a diameter of 5 mm 
and a height of 60 mm around the sensor rods. 
Further information about the EasyTest LP/ms 
sensors is given by Malicki et al. [34]. Originally, 
these small TDR-probes have been developed 
for analysing unsaturated soil water flow 
characteristics in undisturbed standard sampling 
cylinders [34]. The manufacturer equations for 
converting ɛr to θv are: 

 

�� = 0   if   �ɛ� < 1.48733 

 

(1)  

�� = 0.106387 × �ɛ� − 0.158247   if   �ɛ� < 6.0 

 

(2)  

�� = 1 − (1 − 0.106387 ×  6 − 0.158247) × �9 − �ɛ� �/3   if   �ɛ� ≥ 6.0 

 
 
 
 

(3)  
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According to organic matter content, texture, 
electrical conductivity and temperature of the 
used substrate, electromagnetic TDR-probe 
output might differ from given θv. Hence, LP/ms-
sensor standard converting equation (eq. 2) was 
validated for our soil conditions in the range of 
0.10–0.45 cm

3
 cm

−3
 by comparison of measured 

values to gravimetrically determined soil water 
contents. For this purpose four glass beakers 
were filled with 250 g substrate (bulk 
density = 1.3 g cm

−3
). Soil water content was 

adjusted by adding a controlled amount of water 
to achieve a certain saturation level. The 
compacted and wetted soil was covered by a top 
disk which facilitated the proper vertical 
installation of one TDR-sensor per glass beaker 
(cf. Fig. 5a). In order to ensure optimum soil-
sensor contact without air gaps we inserted the 
TDR sensors by using the plastic guide delivered 
with each sensor. Afterwards the glass beakers 
were made air tight by covering with para-film 
and left three days to ensure uniform soil water 
content within the whole soil volume. Thereafter 
the TDR-sensors were inserted for θv 
measurement. Particularly at high saturation 
handling has to be done with care to avoid any 
changes in structure and bulk density via 
pressure on the top disk. Measurements were 
done in four replicates. 
  
2.2.2 Tensiometers 
 
Tensiometers are devices to directly measure 
soil matric potential (ψ). A tensiometer consists 
of two air tight connected and water filled parts: 
(i) a porous ceramic cup at the end of a shaft and 
(ii) an electric pressure transducer or 
manometer. When the tensiometer is installed in 
the soil, pores of the ceramic cup allow a 
hydraulic contact of soil water and tensiometer 
water which tends to equilibrate. Soil matric 
potential performs a suction effect, which lead to 
a negative pressure head at the transducer [4]. 
 
A complete technical description of the used 
EasyTest LP/p tensiometers was published by 
Plagge et al. [35]. The pressure diaphragm of the 
LP/p sensor consists of a 15 mm long ceramic 
cup (diameter: 3 mm) fixed on a metal shaft. 
 

For preparation the 72 tensiometers were 
carefully filled with water. Air inside the ceramic 
tips was removed under vacuum and the tips 
were simultaneously filled with demineralised, 
deaerated water. The inside of the pressure 
transducer was filled by the help of a winged 
infusion set (smallest available size). This 

procedure was repeated for each experimental 
run. 
 
The LP/p-pressure transducer readings were 
validated by the use of an additional setup. Both 
air-water separators (one per six soil columns, 
displayed in Fig. 1) of the installed vacuum 
system were equipped with an exchangeable lid 
(Fig. 2). In this way it was possible to fix another 
base lid with accurately-fitting slots supporting up 
to nine LP/p sensors (cf. Fig. 6). The plexiglass 
cylinder was then filled with water up to the metal 
shafts of the installed tensiometers with the 
ceramic cups under water and leaving a small 
air-filled gap in the container. Finally the vacuum 
pump with an additional pressure gauge was 
connected. For validation pressure head was 
reduced stepwise in the range of 0 to −50 kPa.  
 
Discharge measurements of the irrigation system 
showed a high precision (range of 1-99 mm h

-1
) 

with negligible differences among columns. Also 
the vacuum system worked precisely and very 
reliably. In spite of the large system volume 
(~26 L) preset pressure heads were adjusted 
quickly. Special attention had to be paid on 
saturation of the ceramic plates during long-term 
measurements. Typically they dry out after a 
couple of weeks (depending on their porosity). 
Therefore, it is necessary to saturate them before 
each measurement series and check the 
tightness of the vacuum system regularly. 
Saturation of the ceramic suction plate was 
carefully done from the bottom of each column 
(Fig. 1) by connecting a small water reservoir 
(250 cm

3
) to the column bottom flux outlet. 

Balance precision only slightly differed under 
changing air temperature conditions. Still during 
measurement series over longer time regular 
cleaning of balances from dust and dirt is 
required to avoid biased readings. 
 

2.3 Control and Data Acquisition 
Software 

 
A key challenge for running the laboratory 
experiment was synchronisation of numerous 
different measuring devices, using various PC-
interfaces. The control of balances (Kern, FCB 
6K0.5), multiplexer (LOM, Easy Test) with 
connected TDR-sensors and tensiometers, 
vacuum system (UMS, VS Vacuum System) as 
well as the irrigation supplied by a high precision 
dispensing pump (ISMATEC, IPC) had to be 
merged in one control software. For this purpose 
a control software “Bokerlom” was developed 
which allowed an easy setup and synchronized 



the dataflow of the four data sources (balances, 
sensors, vacuum system, irrigation). 
Measurement values were recorded and 
assigned to distinct data files. The software was 
written in the programming language C# and is 
based on MS.Net Framework 4.0 since we used 
operating systems MS Windows XP and 
Windows 7, respectively. The TDR and 
tensiometer reading software provided by 
EasyTest [36] was just used at the beginning to 
create an input file including all digital sensor 
addresses.  

 
Fig. 3 gives an overview of the data flow 
managed by our software. Due to unstable 
RS 232-connections of the balances, their output 
signals had to be amplified from 3
Therefore, we developed a 4-channel RS

 

Fig. 2. Sketch of the tensiometer validation setup
   

Fig. 3. Overview of t
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the dataflow of the four data sources (balances, 
sensors, vacuum system, irrigation). 

easurement values were recorded and 
assigned to distinct data files. The software was 
written in the programming language C# and is 

4.0 since we used 
operating systems MS Windows XP and 

7, respectively. The TDR and 
eter reading software provided by 

EasyTest [36] was just used at the beginning to 
create an input file including all digital sensor 

3 gives an overview of the data flow 
managed by our software. Due to unstable 

lances, their output 
signals had to be amplified from 3 V to 10 V. 

channel RS 232 

line driver. This technical need however had no 
influence on the transmitted data-information.  
 

Experiments over longer time spans (e.g. several
months of plant growth) have a high requirement 
of failure safety to avoid data gaps. Therefore, a 
proper trouble shooting procedure was 
developed: Actions could be performed manually 
(by the user) or semi-automatically. Thus, in 
addition to the setup control function “Bokerlom” 
also included a validation procedure for all 
incoming information as a basis for trouble 
shooting. A comprehensive LOG
provides the user with the possibility of a fast 
assessment of the current system state. If there 
are any readings out of the normal range, the 
software will automatically start predefined 
trouble shooting actions (cf. section
according to the identified problem origin.

 

2. Sketch of the tensiometer validation setup 

 

Fig. 3. Overview of the data flow controlled by “Bokerlom” 
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line driver. This technical need however had no 
information.   

Experiments over longer time spans (e.g. several 
months of plant growth) have a high requirement 
of failure safety to avoid data gaps. Therefore, a 
proper trouble shooting procedure was 
developed: Actions could be performed manually 

automatically. Thus, in 
trol function “Bokerlom” 

also included a validation procedure for all 
incoming information as a basis for trouble 
shooting. A comprehensive LOG-Display 
provides the user with the possibility of a fast 
assessment of the current system state. If there 

y readings out of the normal range, the 
software will automatically start predefined 
trouble shooting actions (cf. section 3.2) 
according to the identified problem origin. 

 

 



2.4 Statistical Evaluation of Experimental 
Factor Identification 

 

There are various sources of influence on the 
measured data time series during a drainage 
experiment that is used for inverse determination 
of soil hydraulic properties. A drainage 
experiment [31] comprises an initial 
wetting/saturation of the soil columns until a 
constant outflow is obtained (steady flux initial 
condition). Thereafter irrigation is stopped and 
the columns are drained under a defined low
boundary pressure head (-50 kPa). Inverse 
optimization is based on the time series of water 
content, pressure head and cumulative outflow. 
Comparison is made between the initial hydraulic 
properties before any plant root influence and the 
final hydraulic properties modified by plant roots. 
Details can be found in Scholl et al. [31]. A flow 
chart of an experimental run within the system is 
given in Fig. 4.  
 

Fig. 4. Flowchart of the laboratory experiment
 

Influence on the measured time series include (i
undesired effects from sensor variance, non
homogeneous filling of the columns and 
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Experimental 

There are various sources of influence on the 
measured data time series during a drainage 
experiment that is used for inverse determination 

raulic properties. A drainage 
experiment [31] comprises an initial 
wetting/saturation of the soil columns until a 
constant outflow is obtained (steady flux initial 
condition). Thereafter irrigation is stopped and 
the columns are drained under a defined lower 

kPa). Inverse 
optimization is based on the time series of water 
content, pressure head and cumulative outflow. 
Comparison is made between the initial hydraulic 
properties before any plant root influence and the 

c properties modified by plant roots. 
Details can be found in Scholl et al. [31]. A flow 
chart of an experimental run within the system is 

 
laboratory experiment 

Influence on the measured time series include (i) 
undesired effects from sensor variance, non-
homogeneous filling of the columns and 

heterogeneous initial conditions in the drainage 
experiment, (ii) natural spatial differences in the 
system state over depth (bulk density) as well as 
changes over time not related to any designed 
experimental factor (e.g. soil settlement), and (iii) 
the influence of the designed experimental factor 
(e.g. rooted vs. unrooted). The overall 
experimental setup (sensor validation, column 
filling, initial settling, and irrigation control) has to 
ensure that the significance of any designed 
experimental factor (e.g. root influences) can be 
clearly identified and is not overlaid by higher 
variability due to undesired effects.
  
Results from sensor validation are given in 
section 3.1 providing an estimate of the sensor 
induced variability. Information on the column 
heterogeneity resulting from the filling procedure 
is obtained by analysing the contribution of the 
error variance compared to the other 
experimental factors with cumulati
data. Cumulative outflow is used as a 
comprehensive measurement parameter 
integrating over the whole column depth. 
Furthermore we analyse the variability of total 
porosity in the columns at the beginning of the 
experiment. Total porosity data are obtained from 
saturated water content measurement at the third 
saturation-drainage cycle before imposing the 
different treatments (here: two plant species with 
distinct root systems vs. an unplanted treatment) 
on the columns. 
 

Finally we use TDR and tensiometer readings 
during the initial and final drainage experiments 
at different saturation levels to obtain the 
significance of each factor that influences the soil 
water sensor readings. This again tests the 
significance of the designed experimental facto
(i.e. rooted vs. unrooted soil columns) as well as 
the expected effects within the experiment 
(column depth, time after starting of the drainage 
experiment) against the error variance which 
includes all undesired effects inducing inter
column variability (sensor variability, 
heterogeneous filling, and heterogeneous initial 
conditions). 
 

3. RESULTS AND DISCUSSION
 
3.1 Soil Water Sensors 
 
3.1.1 TDR-sensors 
 
Results of LP/ms sensor output validation 
(Fig. 5a) are presented in Fig. 5b. Table

selected statistical parameters (mean value 
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(e.g. rooted vs. unrooted). The overall 
experimental setup (sensor validation, column 

n control) has to 
ensure that the significance of any designed 
experimental factor (e.g. root influences) can be 
clearly identified and is not overlaid by higher 
variability due to undesired effects. 

Results from sensor validation are given in 
1 providing an estimate of the sensor 

induced variability. Information on the column 
heterogeneity resulting from the filling procedure 
is obtained by analysing the contribution of the 
error variance compared to the other 
experimental factors with cumulative outflow 
data. Cumulative outflow is used as a 
comprehensive measurement parameter 
integrating over the whole column depth. 
Furthermore we analyse the variability of total 
porosity in the columns at the beginning of the 

e obtained from 
saturated water content measurement at the third 

drainage cycle before imposing the 
different treatments (here: two plant species with 
distinct root systems vs. an unplanted treatment) 

iometer readings 
during the initial and final drainage experiments 
at different saturation levels to obtain the 
significance of each factor that influences the soil 
water sensor readings. This again tests the 
significance of the designed experimental factor 
(i.e. rooted vs. unrooted soil columns) as well as 
the expected effects within the experiment 
(column depth, time after starting of the drainage 
experiment) against the error variance which 
includes all undesired effects inducing inter-

(sensor variability, 
heterogeneous filling, and heterogeneous initial 
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Results of LP/ms sensor output validation 
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standard deviation σ; coefficient of variation CV; 
standard error SE) for the sensor variability of 
TDR outputs at the respective preset gravimetric 
water content range between low and high water 
saturation. 
 

Obtained water content readings were within the 
accuracy of ±2 vol% (n = 16) as specified by 
EasyTest for the LP/ms-sensor (Tab. 1), except 
for θ = 16 vol% (-2.3 vol%). The variability 
among sensors was in the range of 0.2 to 0.5%. 
Thus inter-sensor variability can be expected to 
only marginally affect treatment comparison with 
a replicated column experiment. For comparison 
of sensor accuracy of TDR to gravimetric 
reference measurements Evett et al. [37] 

reported a precision of 2 vol% (P = 95%) for a 
single measured value via TDR-sensor. 
Therefore, we considered the accuracy of our 
system as sufficient also in absolute terms and 
used the manufacturer equations for converting 
ɛr to θv. Measured θv-values were always larger 

than 20.0 cm3 cm−3, hence equation 2 ( �ɛ� <

6.0 ) was relevant for our LP/ms-application 
range.  

 
3.1.2 Tensiometers 

 
Fig. 6b and Table 2 give the results of the 
validation experiment of the pressure 
transducers readings of the LP/p tensiometers.  

 

 
 

Fig. 5. (a) Validation setup of the TDR-sensors, easy test LP/ms. (b) results of validation 
procedure, easy test LP/ms 

 

 
 

Fig. 6. (a) Validation setup of the tensiometers, easy test LP/p. (b) results of validation 
procedure, Easy Test LP/p 
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Table 1. TDR readings and statistical values during LP/ms validation procedure 
 
θ (vol%) TDR readings (easy test LP/ms) 

� (vol%) σ CV (%) SE 
11.29 9.28 0.05 0.539 0.025 
15.91 13.58 0.05 0.368 0.025 
31.13 30.18 0.13 0.417 0.063 
38.51 37.00 0.08 0.221 0.041 

 

Table 2. Tensiometer readings and statistical values during LP/p validation procedure 
 

ψ (mbar) Tensiometer readings (easy test LP/p) 
� (mbar) σ CV (%) SE 

0 -3.03 0.86 -28.369 0.303 
-200 -206.26 4.12 -2.000 1.458 
-300 -303.15 3.55 -1.170 1.254 
-350 -352.04 9.22 -2.619 3.260 
-400 -400.14 5.16 -1.289 1.824 
-500 -501.34 20.43 -4.076 7.224 

 
Logged LP/p-values were similar to the preset 
pressure heads. The tensiometers had 
(excluding one outlier) a mean relative error of 
+1% (n = 47, max. ±6%). Thus, the absolute 
readings of tensiometers do not need any further 
conversion. The inter-sensor variability was 
between 1.2% and 4% except for the readings at 
full saturation (0 mbar). This indicates that the 
experiment is not biased by tensiometer 
variability. 
  
In the course of the long-term experiment 
however some weakness in the LP/p sensors 
was detected. First the cup was not very 
resistant against small shearing forces due to 
shrinking and swelling processes of the soil. 
Especially the pass of ceramic cup to metal shaft 
was prone to break (Fig. 7). Furthermore we 
observed that some tensiometers tended to fail 
at lower pressure heads. Still the metal shaft did 
not allow checking if air entry might have 
interrupted hydraulic continuity. Hence, we chose 
an alternative tensiometer-tip (ceramic cups of 
the T5-tensiometer, UMS Munich) that was 
supposed to work robustly under variable soil 
and saturation conditions. This cup was 
connected to a slightly flexible plastic tube 
(Fig. 7). The two tensiometer types used different 
threads (T5 owns a fine thread, LP/p a coarse 
thread). Therefore, a short aluminium adapter 
was designed for connecting a UMS T5 ceramic 
tip with the pressure transducer of EasyTest. For 
functional reliability and measurement accuracy 
of the tensiometer, transition points 
(shaft/adaptor as well as adaptor/pressure 
transducer) were equipped with an o-ring and a 
custom-fitted silicon gasket. EasyTest LP/p-

installation guide had to be widened 
(diameter = 5.5 mm) for the UMS T5 tensiometer 
tip. 
 

In order to ensure that measurement is not 
interrupted by premature air entry, the first 
datasets after tensiometer installation and start of 
the drainage experiment were checked 
thoroughly. By this, problems could be 
discovered and solved immediately. Both the 
original LP/p-sensor as well as the adapted 
sensors with a T5-cup dried out within 10–15 
days. Any insufficient sealing of the main o-ring 
((a) in Fig. 7) between pressure transducer and 
tensiometer shaft can be easily detected during 
this drying process. Undamaged and still flexible 
o-rings for sensor assembling are a key to avoid 
air-entry and requires o-ring replacement before 
each measurement run as a precautionary 
measure. 
 

3.2 Control and Data Acquisition System  
 
The self-programmed “Bokerlom” control and 
data acquisition system was used for data 
collection at 10 minute intervals. Data were 
exported into a database (MS Access) for final 
evaluation. It matched sensor raw data (arranged 
according to sensor address) to the 
corresponding replicate of each variant (arranged 
according to sensor type and position). An 
implemented graphical output allowed a 
comfortable visual inspection of the recorded 
data series. A secure data backup of “Bokerlom” 
was established on a server; regularly once per 
hour data were synchronized via an independent 
background process. 
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Owing to the complex synchronization of different 
devices various failures may occur. Therefore, 
the automatic trouble shooting procedures in the 
“Bokerlom” software (cf. section 2.3) revealed to 
be highly important. These procedures were 
based on experiences gained during setup 
testing. Most problems caused by measurement 
errors and following erroneous data could be 
minimized. Table 3 gives a detailed overview on 
the main setup errors and our trouble shooting 
recommendations; examples are shown in 
Table 4 and Fig. 8. LP/ms sensor errors could be 
generally rectified by a restart of the multiplexers. 
Likewise LP/p sensor reading failures, except 
any problems occurred due to damaged 
transducers, were solved by multiplexer 

restarting. Crashed multiplexers could be 
reactivated by a restart of the devices. Balance 
reading errors mainly occurred due to an 
unsettled weighing plate (e.g. high bottom flux at 
reading time). “Bokerlom” retried to get a stable 
balance reading for up to five times. In most 
cases this was long enough to achieve one 
accurate value. 

  
Additionally to automatic trouble shooting, in 
most cases “Bokerlom” provided sufficient 
information about the actual error type in a LOG-
Display. For later data handling such a LOG-file 
that contains all settings and error messages is 
of high importance. 

 
Table 3. Lab setup error description and trouble shooting 

 

Error description Bokerlom      
message 

Error    
rate

1
 

Trouble shooting 

LP/ms:                                                           
reading error                           
cf. Fig. 8 (a) 

x *** What: Restart of the multiplexers: remove 
devices from the power supply and 
reconnect them after 10 seconds.                                                                             
When: After finished sensor reading                     
Conducted by: Bokerlom 

LP/ms:                                                               
sensor could not be found  

x * What: Check the last values of the TDR-
sensors. Value "99999.9" detects the lost 
sensor. Note sensor address and check the 
cable connection at the corresponding 
multiplexer.                                                                                                      
When: As required                                  
Conducted by: Bokerlom and user 

LP/p:                                                                 
reading error                            
cf. Fig. 8 (b) 

x *** What: Restart of the multiplexers: remove 
devices from the power supply and 
reconnect them after 10 seconds.                                                                            
When: After finished sensor reading                                      
Conducted by: Bokerlom 

LP/p:                                                     
sensor could not be found  

x * What: Check the last values of the 
tensiometers. Value "99999.9" detects the 
lost sensor. Note sensor address and check 
the cable connection at the corresponding 
multiplexer.                                                                                          
When: As required                                  
Conducted by: Bokerlom and user 

LP/p:                                       
value increases fast and 
unexpected during 
drainage 

  * What: Check the corresponding tensiometer 
about any air entry, high probability.                                                                                                
When: As required                                                           
Conducted by: Bokerlom and user 

LP/p:                                       
slower reactions in relation 
to other sensors at the 
same variant and column 
layer  

  * What: Check the corresponding tensiometer 
about any air entry, high probability.                                                                   
When: As required                                                                                
Conducted by: Bokerlom and user 
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Error description Bokerlom      
message 

Error    
rate

1
 

Trouble shooting 

Multiplexer:                                                              
device could not be found  

x * What: Values "99999.9" detect the lost 
device. Restart of the multiplexers: remove 
devices from the power supply and 
reconnect them after 10 seconds.                                                                             
When: After finished sensor reading                                      
Conducted by: Bokerlom 

Balance:                                                       
unsettled weighing plate 
due to high bottom flux at 
reading time 

x ***/* 
(start/run 
time) 

What: Retry accurate weighing for max. 5 
times. If there is a successfully retry, the 
measured value gets noted. Otherwise an 
error is recorded.                                                                                                    
When: As required                                                
Conducted by: Bokerlom 

Balance:                                                        
reading error-                    
value "-99999.9"                                         
cf. Tab. 4 (c) 

x ** What: Restart of the LAN-servers: remove 
servers from the power supply and 
reconnect them after 10 seconds.                                                                            
When: After finished sensor reading                         
Conducted by: Bokerlom 

LAN-server:                                                       
device could not be found                                           
cf. Tab. 4 (b) 

x * What: Balance values "-99999.9" detect the 
lost device. Restart of the LAN-servers: 
remove servers from the power supply and 
reconnect them after 10 seconds.                                                                            
When: After finished sensor reading                         
Conducted by: Bokerlom 

Vacuum pump:                                       
pressure loss 

x * Software induces the pump to hold the 
pressure according the set threshold. The 
max. possible actual pressure gets hold. 
Check the whole vacuum system for any 
errors.                                                                    
When: As required                                                 
Conducted by: Bokerlom and user 

Vacuum pump:                                                      
pressure low 

x * What: Check the whole vacuum system for 
any errors.                                                                                                       
When: As required                               
Conducted by: User 

Vacuum pump:                                               
control LED shines red 

  * What: Check the whole vacuum system for 
any errors and restart the vacuum pump 
manually. If problems still occur, connect 
the pump to the USB-adaptor and read out 
the system error code. Follow 
manufacturer’s trouble shooting 
instructions.                                                                                                                   
When: As required                                                        
Conducted by: User 

Irrigation pump:                                  
low water reservoir 

    What: NO automatic error message through 
“Bokerlom”! Ensure enough water in the 
storage container.                                   
When: As required                                 
Conducted by: User 

Legend:                *     ≤ 1error                                 
**   2-3                                                                            
*** > 3 

1
… frequency during a typical drainage 

experiment 

(duration: two weeks) 
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Table 4. Examples for reading errors (value: -99999.9) of the balances; (a) power blackout, (b) failure of LAN-server 2, (c) reading error of 
balance 10 

 
 Time 

(hh:mm:ss) 
LAN-server 1 LAN-server 2 LAN-server 3 

 Bal. 1 Bal. 2 Bal. 3 Bal. 4 Bal. 5 Bal. 6 Bal. 7 Bal. 8 Bal. 9 Bal. 10 Bal. 11 Bal. 12 
(a) 07:42:38 2 -2 -6.5 4.5 3 2 -1.5 -1.5 1 2 6.5 0 

07:45:45 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 
17:40:33 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 -99999.9 
18:01:46 -3.5 12 -4.5 5.5 2.5 4.5 -3 -5 4.5 9.5 17 -1.5 

(b) 14:20:00 250 238 230.5 260 247 268 245.5 302.5 269.5 269.5 281.5 262.5 
14:30:00 250 238 231 260.5 -99999.9 -99999.9 -99999.9 -99999.9 270.5 270.5 283 263 
14:40:00 250.5 238.5 232 261 248 269.5 246.5 303.5 270.5 270.5 283.5 263.5 

(c) 16:50:00 1232 1276 1438 1387 1338.5 1390 1356.5 1244.5 1284.5 1217.5 1335 1183.5 
17:00:00 1232.5 1276 1438.5 1387 1339 1390.5 1357 1245 1284.5 -99999.9 1336 1183.5 
17:10:00 1232.5 1276.5 1439.5 1386.5 1339 1391 1358 1245.5 1285 1219 1336.5 1184 
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Fig. 7. Original EasyTest LP/p-tensiometer tip vs. adapted UMS T5-tip for the use with the 
EasyTest pressure transducer 

 

 
 

Fig. 8. Examples for reading errors of (a) LP/ms and (b) LP/p and automatic Bokerlom  
trouble shooting procedure 

 

3.3 Experimental Factor Evaluation 
 

As described above, preliminary sensor tests 
ensured that sensor readings provide reliable 
absolute measurement data and inter-sensor 
variability will not bias any designed experiment. 
In spite of careful compaction and user 
experience in column filling with the sieved soil 
substrate, heterogeneous filling could constitute 
an undesired source of variance overlaying the 
effect of an experimental factor. Table 5 shows 
the contribution to total variance from fixed 
factors vs. residual variance obtained from a 
general linear model (GLM) analysis of variance. 
Fixed main factors are treatment (unplanted vs. 
two different plant species) as well as time (initial 
experiment before planting vs. final experiment 

after three months of plant growth in the planted 
treatments). Residual error represents the inter-
column variance.  
 
It is evident that there was a significant influence 
of time between initial and final experiment on 
cumulative outflow. This clearly indicates that in 
spite of an initial soil settlement from several 
wetting-drying cycles, there is continued soil 
settlement during longer experimental runs. This 
is in agreement with findings from Rühle et al. 
[38]. Inter-column variability contributed 6.1 % to 
overall variance when using cumulative outflow 
as an indicator for overall column heterogeneity. 
Although the treatment effect only had a minor 
contribution to variance, its influence was still 
significant. 
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Fig. 9 shows total porosity of the columns 
determined by saturating the columns with a 
rising water table before (initial) and after (final) 
imposing distinct planting treatments. The 
respective contribution to variance is given in 
Table 5. 
 

Table 5. Main effects sum of squares (SSQ), 
contribution to variance and p-value 

 

  SSQ Contribution 
(%) 

P > F 

Treatment 1.33 2.9 0.0323 
Experiment 33.53 72.4 < 0.0001 
Error 2.86 6.1   

 

Here we used a mixed model for analysing the 
significance of treatment effects to properly 
consider the repeated depths effect [39]. Among 
main factors only the temporal change between 
the initial and final state of the columns was 

significant (p = 0.0250), while both treatment 
(p = 0.1616) and depths (p = 0.6172) were not 
significant. As suggested by Fig. 9, there was a 
significant interaction between depth and time 
(p < 0.001); i.e. soil settlement over time resulted 
in an increasing compaction with depth. 
  
Finally we compared the significance of main 
effects for TDR and tensiometer sensor readings 
during the initial and final drainage experiments. 
Comparison was done at five stages (T = 0, 
1000, 2500, 4000, and 6250 min) of the drainage 
process to cover the whole range from near 
saturation to the lowest moisture obtained when 
draining for 104 h and 10 min (cf. Fig. 10). 
Significance (p-values) of the main effects of 
planting treatment, depth and time during the 
drainage process as well as their interactions are 
given in Table 6 for the initial and final 
experiments.  

 

 
 

Fig. 9. Total porosity of the soil before planting and after three months 
 

Table 6. P-values of the main effects during the drainage process 
 
   
  

                TDR             Tensiometer 
Initial Final Initial Final 

Treatment 0.0844 0.1675 0.7879 0.6155 
Depth < 0.0001 < 0.0001 < 0.0001 < 0.0001 
Time < 0.0001 < 0.0001 < 0.0001 < 0.0001 
Treatment x Depth 0.9606 0.4384 0.6305 0.0003 
Treatment x Time 0.1194 0.0168 0.8762 0.0367 
Depth x Time < 0.0001 < 0.0001 < 0.0001 < 0.0001 
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The results clearly indicate that the designed 
treatment effect, i.e. unplanted vs. planted 
columns with two distinctly rooted species had a 
significant effect on the sensor readings during 
the final drainage experiment. As plants were cut 
just before starting the final drainage experiment 
they had no direct effect via transpiration. 
Therefore, the treatment effect is a consequence 
of hydraulic property differentiation between 
differently treated columns. This was not the 
case during the initial, pre-planting experiment as 
expected. Also the significant influence of depth 
and time were expected. Time simply represents 
different stages during the drainage process from 
wet to dry. The moisture state at depth is strongly 

influenced by the distance to the lower boundary 
pressure. Thus, the residual inter-column 
variance due to sensor and filling effects was 
smaller compared to the different effects of 
interest in the experiments. 
 
Fig. 10 above shows the TDR and tensiometer 
measurements during the initial and final 
drainage experiment. Displayed data confirm the 
statistical analyses discussed above. Induced by 
soil settlement over time and decreasing             
total porosity with depth saturated soil water 
content was higher at the beginning of the            
initial than for the final drainage experiment                   
(very obvious in 40-50 and 50-60 cm depth).

 

 
 

Fig. 10. TDR and tensiometer readings at different moisture levels during the initial and final 
drainage experiment 
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Treatment effects (planted vs. unplanted) due to 
changes in soil structure were significant. 
Occurring phenomena and processes are 
discussed in detail in Scholl et al. [31]. The 
highest range of moisture was obtained at the 
lowest layer (sensor depth = 55 cm) near the 
suction plate (e.g. mean values during initial 
drainage: 40.8 to 27.8 vol%). The hydraulic 
resistance of the soil reduced the applied 
boundary pressure head quickly and thereby the 
range of moisture changes during drainage. Still 
the range of pressure head we obtained was 
higher compared to other setups, e.g. Ritter et al. 
[25] stated a pressure head from saturation to -
100 cm.  
 

3.4 Further Potential Applications  
 
The modular setup design allows an easy up or 
downgrade according to individual requirements. 
Technical limitations would be primarily driven by 
the recordable data amount. One reading 
procedure for the described setup with 12 
columns and 144 soil water sensors took about 
4:45 min. For a higher number of sensors, the 
reading intervals have to be adapted; especially 
delays due to errors or a reset of the system 
have to be considered. This limits the application 
of a multi-sensor setup for experiments that 
require monitoring water flow processes at very 
short time scales. Otherwise the experimental 
setup is suitable for a series of research topics of 
interest for soil hydraulics such as:  
 
 Short- and long-term changes of soil 

structural properties occurring on different 
time scales [40] and their effect on soil 
hydraulic behaviour. 

 Altering irrigation and drainage phases can 
be applied to stimulate wetting-drying 
cycles and study their role for hydraulic 
property evolution. 

 Soil hydraulic properties of diverse 
substrates (e.g. different soil textures, soil 
amendments) can be tested in combination 
with manifold irrigation schemes.  

 The comparison of soil water balance 
components of different plant species, e.g. 
to study the interaction of plant physiology 
and soil hydrology.  

 Different root systems (tap roots vs. fibrous 
roots) can be studied under controlled 
conditions focussing on drought tolerance. 

 Chemical analysis of the collected bottom 
outflow in combination with fertilizer 
application to better understand solute 
transport and nutrient turnover. 

Additionally, pore water samplers can be 
installed. For studying contaminant flow 
and uptake (phytoremediation) an inclusion 
of suction cups in different depths could be 
of interest. 

 Tracer experiments could be easily 
performed for different research objectives: 
Tracer (e.g. dye tracer, stable isotopes) 
can be applied by the automatic irrigation 
system.  

 

4. CONCLUSION 
 
We designed, tested and ran a laboratory setup 
in order to quantify root induced changes on soil 
hydraulic properties under controlled conditions. 
Inter-sensor variability of TDR-sensors and 
tensiometers amounted to 0.2 - 0.5 % and 
1.2 - 4 %, respectively, i.e. any bias could be 
excluded for the replicated column setup. The 
developed Data Acquisition System (D.A.S.) 
enabled management of datasets derived from 
144 sensors and related peripheral devices. The 
included semi-automatic trouble-shooting routine 
facilitated experiments running over long time 
spans such as for investigating plant effects on 
soil hydraulic properties; longest runtime we 
tested was eight months. Experimental factor 
evaluation confirmed that the setup is suitable to 
capture temporal changes of soil hydraulic 
properties, and thus to reveal soil settlement and 
root induced impacts. The provided data sets 
feature a high spatio-temporal resolution (six 
10 cm layers per column, time steps ≥ 5 min) and 
fit the prerequisites for a subsequent inverse 
modelling of hydraulic property dynamics. For 
further applications the modular setup can be 
easily up or downgraded and is supposed to 
improve water flow and solute transport 
modelling by providing the data required for a 
dynamic description of soil hydraulic properties in 
simulation studies. 
 
According to our investigations, we concluded 
that the introduced soil column setup is a reliable 
and promising tool to better understand the 
dynamic nature of soil hydraulic properties and 
the role of different biotic and abiotic drivers. 
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