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Abstract: Hydraulic conductivity at and near saturation (Ks and K(#)) are among the most important
characteristics defining water behavior in soil. Characterization of possibilities, advantages and
limitations of the Mini Disk infiltrometer (MDI) for Ks and K(/) determination in comparison with
Hood infiltrometer (HI) was the main aim of this study. The MDI device was subjected to testing
on a cultivated silty clay loam soil under three different tillage treatments; conventional, reduced
and no-tillage plot. The results are based on 72 infiltration experiments carried out during four
experimental phases within one year. Steady-state and transient data analysis methods were applied.
K(h) values were determined for van Genuchten hydraulic parameters taken from different sources
(two versions of User’s manual, Rosetta). The results show suitability of MDI to determine K(/) of
tested soil; clear differences have been observed between the K(h) values measured on plots with
different tillage treatment. However, these values were significantly lower (ANOVA, « = 0.05) than
those measured by HI. MDI based data were reflecting seasonal changes in structure and pore-size
distribution with quantification of macropore contribution to the total saturated flux. Application of
K(h) MDI data for fine-textured and structural soils evaluated before 2010 should be reconsidered.

Keywords: Mini Disk infiltrometer; hydraulic conductivity; hood infiltrometer; macropores
quantification; tillage treatments

1. Introduction

Hydraulic conductivity characterizes the ability of soil to infiltrate and transport water through
the soil profile; saturated hydraulic conductivity Ks for the saturated soil and unsaturated hydraulic
conductivity K(h) for the unsaturated soil. The soil texture and the soil structure are the characteristics
defining the ability of soil to conduct water. The amount of conducted water is determined not only
by the size and volumetric proportion of the pores, but also their geometric configuration given by
their connectivity and tortuosity. These characteristics in a cultivated soil are subjected to changes in
relation to the vegetation season and applied agrology, such as soil tillage treatment. If the soil is not
able to infiltrate water, a surface runoff and soil erosion can occur. Many substances (e.g., pesticides,
chemicals, contaminants) are transported with water through the soil profile. Thus, the hydraulic
conductivity is a key parameter in practically all models dealing with water resources, environmental
and health risk, soil erosion assessment, etc. In situ techniques can produce more representative values
of hydraulic conductivity in comparison to laboratory measurements on soil core samples, as they
characterize larger volume of soil in its natural state with the undisturbed pore network [1-3].

Standard methods for Ks and K(/) determination are presented in national technical standards
(e.g., ASTM standards (American Society for Testing and Materials) [4,5], or ISO standard (International
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Organization for Standardization) [6]). The Ks and K(h) values are determined on the basis of some
other measured characteristic which is functionally related to Ks and K(/). No reference method
measuring directly the Ks or K(h) value exists and when comparing the results, the measurement
method should be always provided. The Ks is in fact the maximal value of the speed of water moving
through the soil profile, because all pores and fractures (macropores and preferential paths) can be
full of water and participating in the water movement [7]. However, most of the field soil-water
interactions is taking place in unsaturated soil, while the saturated state of the soil is only temporal.

There are several commercially available devices for K(/) determination in situ; i.e., Mini Disk
infiltrometer (MDI, METER Group, Inc., Pullman, WA, USA), Tension infiltrometer with detachable
membrane on 20 cm base (Eijkelkamp Soil&Water, The Netherlands or Soil Measurement System:s,
USA), Tension infiltrometer with 8 cm non-detachable membrane (Soil Measurement Systems, Tucson,
AZ, USA), and Hood infiltrometer (HI, Umwelt-Geréate-Technik, GmbH., Miincheberg, Germany). The
efficiency and precision of the measurements can be improved by automatic data recording. Tension
infiltrometers can employ differential pressure transducer to record water level heights in the reservoirs
at pre-set time intervals [8]; similar automation was presented by Madsen and Chandler [9] for MDI,
while Rodny et al. [10] automated the MDI on the basis of particle tracking principle.

MDI (originally by Decagon Devices, Inc.; now METER Group, Inc.) has been introduced to the
market in 1997 and thanks to its low price, small dimensions and simplicity in use, has become a very
popular device. The MDI is often employed as a simple tool for K(h) information for a single applied
pressure head based on User’s manual guidelines (usually -2 cm) [9,11,12]. On the contrary, this paper
is focused on specific details in K(h) determination by MDI considering its experimental settings and
data evaluation options.

As reviewed by Angullo-Jaramillo et al. [13], the methods used for deriving the hydraulic
conductivity from infiltration data obtained with tension infiltrometers commonly use Wooding’s
approximate analytical solution [14] for steady infiltration from a circular source with a constant
pressure head at the soil surface [15]. A widely used approach based on steady-state infiltration data
measured with a single disc at several pressure heads is that proposed by Reynolds and Elrick [16]
which considers the hydraulic conductivity function of unsaturated soils to be a piece-wise continuous
exponential function whose parameters vary between the pairs of adjacent consecutive pressure heads.
However, these analytical methods are based on the assumptions that steady-state infiltration rates
are measured at each applied pressure head. This can pose a series of practical problems, because
achieving the steady-state can be very time-consuming and requires the infiltration of large volumes of
water. There are also inherent uncertainties regarding the time required for steady-state conditions
which may be difficult to achieve for fine-textured soils [17]. More recently, it has been shown that
parameter optimization by inverse simulation of transient flow data from tension infiltrometers to
estimate soil hydraulic functions can provide an alternative to analytical methods [17-21].

Effects of different factors affecting the hydraulic properties of an agricultural soil, such as soil
texture, crop type, soil tillage, soil compaction or irrigation, were reviewed by Strudley et al. [22].
Land-use practice is considered as a key factor of the soil hydrology attributed to the effect of tillage,
erosion, compaction and pore volume and connectivity [23,24]. There are different methods for soil
tillage operations employing different tillage tools such as ploughs, field cultivators, chisels and
disks cultivating the soil to different depths with different intensity. Trends, concepts and challenges
in engineering for conservation agriculture reducing tillage intensity due to economic reasons are
discussed by Friedrich [25]. Recently, the traditional conventional tillage is often alternated with
soil conservation practices such as reduced and no-tillage systems [26]. The effect of tillage on soil
macroporosity and water infiltration was extensively studied e.g., [2,27-30]. Results of studies dealing
with the temporal effect of tillage mostly concluded that the hydraulic conductivity in ploughed
soils increases after tillage events and then decreases during the growing season due to the topsoil
consolidation [31-35].
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The aim of this study was to characterize possibilities, advantages and limitations of the Mini Disk
infiltrometer (METER Group, Inc. USA) for K(/) and Ks determination in non-irrigated cultivated field
with soil typical for the lowlands in temperate continental climate in Central Europe. The following
research questions were formulated:

(i) Does the MDI provide K(k) and Ks information comparable with HI?

(ii) Does the MDI reflect the differences in topsoil properties caused by contrasting soil tillage
operations (conventional tillage CT, reduced tillage RT, and no-tillage NT)?

(iii) Is the MDI able to characterize and quantify the macropore contribution to the total water flux?

(iv) How the data analysis method affects the resulting K(#) and Ks values with respect to different
sources of van Genuchten [36] hydraulic parameters?

2. Materials and Methods

2.1. Study Area Description

The experimental site is located in the area of Crop Research Institute in Prague, Czech Republic
(altitude 345 m a.s.1., 50°5"17.264” N, 14°17’50.024” E) with mean annual precipitation 473 mm and
mean annual temperature 7.9 °C. The experimental field was established in 1994 and since 1995
three tillage practices have been with the following crop rotation: pea (Pisum sativum)—winter wheat
(Triticum aestivum)—oil seed rape (Brassica napus subsp. napus)—winter wheat (Triticum aestivum). The
following tillage practices were applied: (i) conventional tillage (CT) with moldboard ploughing up to
22 cm; (ii) reduced tillage (RT) with non-inversion treatment with chisel plough of top 10 cm; and iii)
no-tillage (NT) with application of direct drilling. The soil texture of the experimental field is silty clay
loam [37] and the soil was classified as Orthic Luvisol [38]. Basic soil characteristics for the surface
layer, namely particle size distribution by Hydrometer method [39], particle density (Water pycnometer
method), dry bulk density (four 100 cm® undisturbed soil samples per each tillage treatment and
each experimental phase), organic matter content (total organic carbon content by Walkley—Black
procedure [40]) were determined during each experimental phase. Collection of undisturbed soil
samples was carried out within the same week as the MDI measurements were performed. Volumetric
water contents prior and after the infiltration experiments by employing ThetaProbe ML2x (Delta-T
Devices Ltd., UK) were also determined. Own soil specific calibration was carried out in order to
obtain high measurement accuracy; determined as + 1.5 % by vol. The following parameters in the
readout unit (HH2 Moisture meter) to display the volumetric water content were set: a4y = 1.859 and a1
= 10.123. The four experimental phases were as follows: (1) June and July 2008 (before harvesting
the preceding crop—winter wheat); (2) September 2008 (two weeks after planting the main crop—oil
seed rape); (3) April 2009 (the flowering season of the main crop); and (4) June and July 2009 (before
harvesting the main crop). The MDI measurements for each experimental phase were performed
within one week (5, 7, 6, and 4 days for exp. phase I, II, III, and 1V). The HI measurements were lasting
longer, only one measurement per day could be managed (almost 1 h of measurement for each applied
pressure head, ended by a soil bubbling point). The meteorological data; average and maximum daily
temperatures (°C) at 2 m and daily precipitation amounts (mm) is displayed in Figure 1. More detailed
evaluation of basic soil characteristics of the top 30 cm together with microbiological analysis and crop
yields for the experimental site can be found in a study presented by Miihlbachova et al. [41].
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Figure 1. Appearance indication of the experimental fields and basic meteorological data from June
2008 until July 2009 (source: Meteorological station at the Crop Research Institute; [42]).

2.2. Devices a Data Analyses Used for Hydraulic Conductivity Determination

2.2.1. Mini Disk Infiltrometer (METER Group, Inc. USA)

Mini Disk infiltrometer (MDI) consists of a single tube divided into two chambers: the lower one
serves as water reservoir (95 cm?®), which is closed at the bottom with the porous sintered stainless
steel disk (0.3 cm thick with diameter of 4.5 cm); and the upper one serves for setting of the pressure
head under which the infiltration takes place (from —7 to —0.5 cm). More detailed description of the
devices can be found in the User’s manuals [43,44].

The water level drop was recorded manually in regular time intervals between 30 s and 2 min.
Three consecutive pressure heads have been applied: =5 cm, —3 cm and —1 cm. The infiltration at each
pressure head was allowed for at least 20 min and the infiltration experiment was finished when all
water from the reservoir was infiltrated. The measured infiltration data were analyzed based on the
steady-state data analysis method proposed by Zhang [45] and recommended in User’s manuals [43,44],
fitting the cumulative infiltration data and time with the Philip [46] infiltration equation (Equation (1)):

I=C1+C2‘/Z, 1)

where C; (L T™!) and C, (L T-12) are parameters related to hydraulic conductivity and soil sorptivity
respectively, I (L) is the cumulative infiltration, and ¢ (T) the time.
The K(h) is than calculated as follows (Equation (2)):

K(h) = — 2)
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where C; is the slope of the curve of the cumulative infiltration vs. the square root of time, and A is a
value relating the van Genuchten parameters for 12 soil texture classes to the radius of the disk and
applied pressure head. The A parameter for the silty clay loam (a = 0.01 and # = 1.23) can be calculated
according to the following formula (Equation (3)) or can be taken directly from a table presented in the
User’s manual. Corrected and slightly different values were presented in an updated version of the
User’s manual in 2014. However, it should be stated that those values of parameter A are derived from
the USDA database covering soils from United States [47].

~ 11.65(n™! —1) exp[7.5(n - 1.9) ]

A
(ar)"

n<1.9, 3)

Additionally to that, a detailed study carried out by Dohnal et al. [48] showed that for soils with
van Genuchten parameter n < 1.35 the original proposed procedure failed to deliver correct results.
The use of the following equation (Equation (4)) is recommended for such soils (with n < 1.35) in order
to obtain more reliable K(h) values.

B C1(arg)*®
©11.65(n082 — 1) exp[34.65 (1 — 1.19) ahy]

K(h) n <1.35, 4)

In order to bring the measured data into a wider context, also the well-known computer program
Rosetta [49] was used to obtain estimates of Ks together with a and n parameters. The program
estimates soil hydraulic parameters with hierarchical pedotransfer functions. In this study, Model 3
(SSCBD) based on percentage content of clay, sand, and silt together with the dry bulk density value
was applied. Overview of the used «, n and A parameters for the particular data analysis is presented
in Table 1.

Table 1. Overview of a, n and A parameters used in Mini Disk infiltrometer (MDI) data analyses.

Manual 2005 Manual 2014 Dohnal et al. [48]
a=0.01 n=1.23 a=0.01 n=1.23 a=0.01 n=123

Pressure Parameter A Parameter A Parameter A
head
—5cm 10.1 9.90 225
-3 cm 9.1 8.95 21.9
—1cm 8.3 8.09 21.3
Rosetta for CT Rosetta for RT Rosetta for NT
a = 0.0087 n =1.4998 a = 0.0083 n =1.5089 a = 0.0083 n =1.5129
Pressure Parameter A Parameter A Parameter A
head
—5cm 20.1 21.1 21.2
-3 cm 19.1 20.1 20.2
—1cm 18.1 19.1 19.3

Results derived from MDI data by analytical solution presented in MDI Manuals in 2005 and 2014
(with the upgraded equation by Dohnal et al. [48]) were confronted with the inverse solution carried
out by means of HYDRUS 2D/3D model [50]. The inverse optimization procedure is based on adjusting
the soil hydraulic parameters in order to obtain the best possible agreement between measured and
calculated cumulative infiltration data. The inverse solution provides a numerical solution of the
Richard’s equation for given initial and boundary conditions, which are specified within the input
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data. The soil hydraulic functions are commonly described by the expressions of Mualem [51] and van
Genuchten [36] (Equations (5) and (6)):

1 m
o =iy ©
{1 (k) 1+ (ah)"]""}2
Ki(h) = 7 , (©)
[1+ (am)"]?

where 6 is effective water content (dimensionless), O = (68 — 6,)/(6, — 6s), 65 (L3L3) is the volumetric
water content at saturation, 6, (L3L73) is the residual volumetric water content, & (L™1) is the
dimensionless parameter and m and n are fitting parameters (m = 1-1/n), K, (h) is the hydraulic
conductivity at a certain applied pressure head & (L).

In order to optimize the parameters of Equations (5) and (6), an objective function (Equation
(7)) needs to be minimized. The objective function expresses the differences between cumulative
infiltration rates determined experimentally for several consecutive pressure heads and cumulative
infiltration rates predicted by the model.

2
Nj

M
OP(‘B, Q1 ceveeennnn. , QM) = Z Z)]Z w,][Q;(t,) - Q]'(tl', ﬁ)] , (7)

==

where M represents the different sets of measurements such as the cumulative infiltration data or
additional information, N; is the number of measurements in a particular set, Q;*(#;) are the specific
measurements at time ¢#; for the jth measurement set, § is the vector of optimized parameters, Q;(t;, f)
are the corresponding model predictions for the parameter vector $, v; and w;; are weights associated
with a particular measurement set or point, respectively. The weighting coefficients v}, are given by
Clausnitzer and Hopmans [52], Clausnitzer et al. [53], and Simtinek et al. [19] as vj = 1/N; sz_ This
defines the objective function as an average weighted squared deviation normalized by measurement
variances. If variance of the measurement is not known, v; and w;; values are set equal to unity [17].
For all inverse solutions carried out in this study, all v; and w;; values were set to be equal to 1.

The axisymetrical vertical flow of water was simulated on a generally described domain with
denser structure close to the soil surface (width of 200 cm X depth of 400 cm). The domain was
discretized into 85 1D elements, 1111 2D elements with 599 nodes. No hysteresis and no horizontal
flow of water has been assumed in the simulation. The initial condition was specified in terms of
initial soil water content, expressed as an average value from three measurements. The number of
cumulative infiltration data points in the objective function varied between 40 and 80, because each
infiltration experiment was unique with its own time intervals between the data records. The following
parameters were used in the model in order to optimize parameters @, n and Ks from Equation (6):
(i) 05, the saturated soil water content (individually set according to the measured data); (ii) 0,, the
residual soil water content (in order to avoid fitting to the non-realistic values too close or equal to 0,
the parameter was set to the value of 0.08 cm® cm™3 for all soil treatments and experimental phases);
(iii) /, the pore connectivity parameter was also set uniformly to the value of 0.5; (iv) additionally, the
values of Ofp, (individually set according to the measured data) were also used as input parameters in
order to improve the optimization procedure. The boundary conditions were as follows: (i) “Variable
head” on the part of the soil surface, where the MDI was located; (ii) “No flux” on the rest of the soil
surface and also on the sides of the domain; (iii) “Free drainage” at the bottom of the domain.
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2.2.2. Hood Infiltrometer (Umwelt-Gerdte-Technik, GmbH., Germany)

The Hood infiltrometer (HI; Umwelt-Gerate-Technik, GmbH., Germany) is an automated device
for K(h) and Ks measurement in the field. It consists of a Marriote type water reservoir, circular hood
ensuring constant water level and U-tube manometer to control the pressure head. To automate the
measurement of infiltrated water, a differential pressure sensor (Honeywell 26 PCA, Honeywell Inc.,
Charlotte, NC, USA) is used. Measured data are displayed, stored, and transferred to the PC via an
UGT micrologger IL-2700.

The infiltration started at pressure head 0 cm (for Ks determination) and then the following
pressure heads have been applied: —1 cm, —3 cm, —5 c¢m (identical with those set by MDI), —=7 cm, and
—9 cm. If the soil was not bubbling at pressure head smaller than -9 cm, the soil bubbling point was
determined at the end of each experiment by increasing the pressure head until a certain moment,
when soil started to take air from the soil pores instead of from Mariotte bottle of the HI. The time
interval between the data records was set to 30 s. The infiltration time for each applied pressure head
was allowed long enough to enable data analysis based on the steady-state infiltration data, between
20 and 60 min. To determine K(/) and Ks from HI data, steady-state data analysis (procedure proposed
in the User’s manual [54]), based on the Wooding [14] solution of steady-state infiltration data from a
circular source was used (Equation (8)):

000 = k) (14 ), ®)

QgTiry

where g(h) (L T!) is steady-state infiltration rate, K(k) (L T~!) is the unsaturated hydraulic conductivity
at the applied pressure head (K(h) = K; exp (ah)), ag (L™1) is the sorptive number (Gardner’s scaling
parameter), 4 (L) is radius of the disc.

The data analysis procedure described in the User Manual for the HI is using the steady-state
infiltration data measured by one disc applying several pressure heads. Parameter « is determined for
two neighboring values of steady-state infiltration rates at two neighboring pressure heads (Equation

o)
()

(hj —hj;1)
Consequently, the hydraulic unsaturated hydraulic conductivities K(i;) and K(h;41) at the applied
pressure heads h are then calculated as follows (Equations (10) and (11)):

g = (hlth < 0)/ 9)

Q.
K(h;) = —4 (10)
(1 + Wga)
9i
al
K(hiy1) = —— (11)

2.3. Evaluation of Soil Water Conductive Pore System

Tension or disk infiltrometers (MDI, HI) measurements enable determination of K(%) of the soil
matrix by exclusion of pores of certain diameter (macropores) from the infiltration by setting the
corresponding water pressure head. Thomas and Phillips discussed the importance and consequences
of macropore flow already in 1979 [55]. Luxmoore [56] classified soil pores into three classes; micro-,
meso-, and macroporosity. Soil micropores were defined as those pores which drain at soil water
pressure head h < —300 cm, mesopores drain at h between —300 cm and —3 cm, and macropores drain at
h > -3 cm. According to the capillary rise theory, this indicates that macropores are larger than 0.1 cm
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in diameter. Macropores, such as interaggregate voids, earthworm channels, shrinkage cracks and root
channels, are highly influencing the water flow and thus increasing the risk of leaching contaminants
to the groundwater. Watson and Luxmoore [57] found out, that even a small amount of macropores
contributes to the total saturated water flux ¢; by 73%. [56]

The number of water conductive pores per unit area Nj, was calculated based on Equation (12),
while contribution of each soil pores group (macro- and mesopores) to the total saturated water flux ¢;
in % was determined based on Equation (13).

_ 8uK(h)
B pgnAﬁ’

Ny, (12)

where u (M L™! T71) is the dynamic viscosity of water, K(k) in L T~! is the hydraulic conductivity at
the particular pressure head / (L), p (M L73) is the density of water, g (L T~2) is the acceleration due to
gravity, 7t is the dimensionless Ludolph’s number and Aj, (L) is the representative mean pore radius.

The contribution of macropores and mesopores to the total saturated water flux ¢; (%), can be
calculated according to Watson and Luxmoore [57]:

K(h;) — K(hi-
i = % 100; i=1,.....,N, (13)
S

where N is the number of measurements performed in a sequence, h (L) is the corresponding soil
water pressure head, K(h;) and K(h;_1) are the hydraulic conductivities (L T~!) obtained for two water
pressure heads, and K; (L T™!) is the saturated hydraulic conductivity.

2.4. Statistical Evaluation

Analysis of variance (ANOVA) on a significance level 0.05 was carried out in order to evaluate
differences between the hydraulic conductivity data. ANOVA was also applied on the macro- and
mesoporosity data. The Fisher’s least significant difference (LSD) procedure was used to discriminate
among the means. Firstly, the Ks and K(h) values were transformed (logarithm to the base of 10) in
order to obtain normal distribution of the data. Effects of infiltrometer type and data analysis method
have been studied in connection with the space variability (different soil treatment: CT, RT, NT) and
time variability (four experimental phases). Amount of variability contributed by the individual
factors was evaluated based on Variance component analysis. This procedure is designed to estimate
the contribution of multiple factors in a hierarchical manner to the variability of a single dependent
variable. Coefficient of variation (CV) has been used to characterize the variations within the particular
soil treatment. Statistical software Statgraphics Centurion XV, version 15.2.14 (StatPoint, Inc.) was
employed to carry out the statistical evaluation of the data.

3. Results and Discussion

3.1. Basic Soil Characteristics

The soil texture provides an initial indication about the water movement within the soil profile.
The particle size distribution curves were determined for the top 10 cm layer in 4 replicates for each soil
treatment. No significant differences have been found between the soil treatments showing practically
no effect of tillage on particle size distribution data. The soil contained on average 13% of sand
(2-0.05 mm), 60% of silt (0.05-0.002 mm), and 21% of clay (<0.002 mm). Averaged values of the soil
basic properties (dry bulk density, particle density, porosity and organic matter content expressed as
oxidizable carbon Coy) determined for each soil treatment and experimental phase are presented in
Table 2. Values of particle density were within the same range during all four experimental phases
on all three soil treatments, while the other characteristics were not. A significant loosening effect
of soil tillage operations were found in September 2008 for RT and CT plots resulting in lower dry
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bulk density values and higher values of total porosity. When evaluating the organic matter content,
significant differences were found between the treatments; the highest contents were determined for
NT plot. The results are in agreement with findings of Celik et al. [26], who investigated possible
differences in physical properties of soils under different tillage treatments for 10 years.

Table 2. Summary of the basic soil characteristics determined for the top 10 cm of the tested soil,
superscript letters a, b, ¢ indicate membership in a homogeneous group based on Fisher’s least
significant difference (LSD) procedure with 95% confidence *.

Soil Ex Time Dry Bulk Particle Total Organic Matter
p: - Density Density Porosity Content Cox
Treatment Phase Indication - B o o
(g cm=3) (g cm™3) (%) (%)
RT L June 2008 1.272 2614 51.372 244b
IL. Sept. 2008 1.16° 2,632 55.75 2 2500
III. April 2009 1212 2,644 54.032 2.58b
Iv. June 2009 1262 2.64% 52194 2.58b
NT L June 2008 1.312 2.64% 48.46 " 3.01¢
IL. Sept. 2008 1.332 2,642 49.60 ° 2.67°¢
1. April 2009 1.292 2.60° 48.39°P 2.96 €
Iv. June 2009 1.362 2624 47.98b 3.23¢
CT L June 2008 1.262 2.602 51.552 1.812
1L Sept. 2008 1.13P 2.61° 56.54 @ 1.822
1. April 2009 1.272 2624 52.81a 1932
Iv. June 2009 1.28b 2614 51.122 1.832
Max 1.37 2.64 57.54 3.24
Min 1.13 2.6 46.98 1.74
Standard deviation 0.064 0.012 3.107 0.464
Coefficient of variation (%) 5.0 0.5 6.0 19.1

* Note: The statistics outcome denoted by superscripts a,b,c in the table are based on all data originating from all
four experimental phases and all three soil treatments. When the soil treatment effect was evaluated separately,
significantly higher dry bulk density value accompanied with significantly lower value of total porosity were
determined for NT plot (based on Fisher’s least significant difference (LSD) procedure with 95% confidence).

Initial (O;nitiar) and final (6fa1) soil moisture conditions have been observed during all infiltration
experiments. As reported by Matula et al. [58] and Radinja et al. [59], the MDI has shown a high
susceptibility to the Oji, for the first applied pressure head. For higher 0, significantly smaller
K(h) value was recorded, which was in accordance with findings of Zhou et al. [60]. Ojyjtia and Oy
are also essential input data for the HYDRUS 2D/3D software in order to obtain unique solution of
the inverse problem. The average 0yitj; and 6, values are summarized in Table 3 together with the
resulting values of the van Genuchten [36] parameters from Equations (5) and (6) obtained by the
inverse solution of the MDI data.

When the a and n parameters are compared to those presented in Table 1, higher values of @ were
fitted by the HYDRUS 2D/3D while the n parameter level remained unchanged. The quality of the fit
was evaluated on the basis of R? coefficient, and by graphical comparison of the measured and fitted
data; both were showing very good agreement between the measured and fitted data for all infiltration
experiments and all applied pressure heads.

3.2. Unsaturated Hydraulic Conductivity K(h)

The K(h) values were determined on the basis of MDI measurements for pressure heads of -5, =3,
and —1 cm and on the basis of the HI measurements for pressure heads of —1, -3, =5, =7 and if the
soil was not bubbling also —9 cm (in September 2008, when some effect of soil tillage treatment has
been expected, also pressure head of —0.5 was applied during the measurements). Relatively high
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natural variability within the soil treatments was expressed in relatively high values of coefficient of
variation (CV). Comparison of the resulting K(h) data together with CVs within the particular soil
treatments determined on the basis of HI and MDI measurements is displayed in Figure 2. The MDI
data in Figure 2 were analyzed according to the most up to date analysis suggested in the Manual,
method of Dohnal et al. [48].

Table 3. Initial (6;isia) and final (Ofpqr) soil moisture contents together with the resulting a and n
parameters obtained by the HYDRUS 2D/3D data analysis method applied on the MDI data; coefficient
of determination R? represents quality of the fit.

Exp. Phase Treatment ;45 (cm® cm~3) Oifinal (em® em=3) & (cm™1) n(-) R?
L CT 0.125 0.338 0.1397 2.1004 0.9986
NT 0.157 0.340 0.2052 1.8914 0.9950
RT 0.139 0.342 0.1999 1.8178 0.9983
II. CT 0.187 0.323 0.2190 1.8829 0.9985
NT 0.222 0.347 0.6050 1.2315 0.9963
RT 0.188 0.339 0.2512 1.5753 0.9983
III. CT 0.158 0.321 0.1627 1.5842 0.9987
NT 0.195 0.323 1.0524 1.4240 0.9928
RT 0.155 0.338 0.5248 1.3931 0.9967
I\ CT 0.234 0.385 0.5129 1.2259 0.9982
NT 0.319 0.381 0.6256 1.1253 0.9926
RT 0.290 0.406 0.5060 1.1780 0.9962
Pressure head (cm) Pressure head (cm) Pressure head (cm) Pressure head (cm})
eyt 28456789 0428496789 01234958789 0423456789
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Figure 2. Comparison of K(l) data determined by Hood infiltrometer (HI) and MDI by analytical
solutions suggested in the most up to date manuals.
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Log transformed K(h) data from HI and MDI were analyzed and compared. Although the K(h)
experiments by HI were measured up to the soil bubbling point, only the K(/) for the same pressure
heads as for the MDI were used in the statistical evaluation (-5, —3, and —1 cm). Considering two types
of steady-state data analyses using different o and n parameters as described in section “Materials
and Methods” and one transient data analysis, a total number of 324 logK () for MDI and 108 logK(h)
for HI was evaluated. The effect of the applied data analysis can be seen on an overview picture
comparing the averaged K(h) MDI data obtained by the four types of data analysis for each soil
treatment and experimental phase (Figure 3). Clear differences have been observed, especially the
HYDRUS and Manual 2005 data analyses were showing higher K() values which were determined as
statistically significant.

Pressure head (cm) Pressure head (cm) Pressure head (cm) Pressure head (cm)
0123456789 04123456789 01423456789 041-23-4-5-6-7-8-9

1x10°
1%10° MDI - June 2008 | | MDI - Sept. 2008 | | MDI - April 2009 | | MDI - June 2009
CT CT CT CT

1x10°*
R

K(h) (ms™)
r
7
1

=
1x10°F Tl

-,

+

1x107 ¢
———HYDRUS ~e—— Rosetta
1x10° | =— Manual 2005 «+&-. Dohnal

1x10° ——t ——t ‘ i i i : t : : — ———t
110t MDI - June 2008 | | MDI - Sept. 2008 | | MDI - April 2009 | | MDI - June 2009
RT RT RT RT

1x10°F

K(h) (ms™)

1x10° ¢

1%107
1%10*
1x10°

e NT NT

1x10°T : T t

Kh)(ms™)

1x10°

1x1074

1x10°

Figure 3. Overview of K(h) data determined by MDI with use of four different data analysis methods.

The statistical evaluation of the data has started with identification of the factors affecting the K(#)
results and thus explaining the variability of the determined logK(h) values (Table 4). The following
factors in this order have been evaluated by variance component analysis: (i) type of the infiltrometer
incl. type od the data analysis, (ii) applied pressure head, (iii) soil treatment, and (iv) experimental
phase. The factor contributing the most was the soil treatment explaining 29% of the total variability.
Almost the same level of contribution was determined for the infiltrometer type and data analysis
method; 28%. Applied pressure head explained 23% of the total variability, while the time factor
(experimental phase) contributed only by 12% and only 8% of total variability remained unexplained
by random factors. All tested factors have shown their significance in further statistical analysis
of variance.

Significantly higher logK(h) values were determined by HI (Figure 4). Statistically significant
differences have been observed between the logK(h) values determined on CT, RT and NT plots, that is
why only data from NT were used in further analyses in order to evaluate the effect the infiltrometer
type. When higher values of logK(h) determined for RT and CT plots were removed from the source
data, a certain shift of data along the y axis on Figure 5 when compared to Figure 4 was observed.
However, the order and shapes of the logK(h) curves remained very similar. Three homogeneous
groups were identified: i) the lowest values were determined by MDI with application of Dohnal’s and
Rosetta analyses; ii) higher values were determined by MDI with application of numerical analysis by
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HYDRUS and original analysis presented in Manual 2005; iii) the highest values were determined by
HI. When evaluating the LSD into more details in Figure 4 and 5, a different situation at pressure head
—1 cm can be observed when only data from NT were evaluated. Pressure head of —1 cm is close to
saturation and the numerical model HYDRUS has tried to match the recorded higher infiltration rates.
The analytical solution originally presented in Manual 2005 has been proven to provide inaccurate
estimates of K(/) values for soils with n < 1.35.

Table 4. Results of Variance component analysis evaluating factors contributing to total variability in
logK(h); The columns show: ! decomposition of the sum of squared deviations around the grand mean,
2 degree of freedom associated with each sum of squares, 3 sums of squares divided by their degrees of
freedom, 4 estimated variance components and ® percentage of the total process variance represented

by each component.

Source Sum of Squares ! Df 2 Mean Square®>  Var. Comp. 4 Percent °
TOTAL (CORRECTED) 329.176 485

Infiltrometer type & Analysis ~ 111.561 4 27.890 0.2032 27.65
Tension 81.515 10 8.151 0.1714 23.33
Treatment 77.508 30 2.584 0.2115 28.78
Experimental phase 38.808 132 0.294 0.0847 11.53
ERROR 19.784 309 0.064 0.0640 8.71

LogK(h) values for h= -5, -3, and -1 cm measured by MDI and HI
95.0 % of Fisher’s LSD Intervals

E Infiltrometer

e
E E and analysis
-45F 1 7 Hood
e B 4 — MiniDisk
w E F - E Dohnal
E55¢ 1 — MiniDisk
= 6 E HYDRUS
¥ - F 1 — MiniDisk
5 6.5 ]
o F Rosetta
TF 3 T MiniDisk
75 E — Manual 2005
-8 g

-5 -3 -1
Applied pressure head (cm)

Figure 4. ANOVA results for logK(h) data measured by MDI and HI on CT, RT an NT plots. NT, RT
and CT are representing No-tillage, Reduced-tillage, and Conventional-tillage treatments of soil.

LogK(h) values for h= -5, -3, and -1 cm measured by MDI and HI
95.0 % of Fisher's LSD Interval, data from NT plot only

-4 r Infiltrometer
F and analysis
4.5 i ~*~ Hood
_::}. 5F — MiniDisk
3 Dohnal
55 ]
E F 2 1~ MiniDisk
S 6fF = HYDRUS
x o — MiniDisk
E’ 8.5 £ Rosetta
-TE 1~ MiniDisk
75F = Manual 2005
8E 3

-5 =3 -1
Applied pressure head (cm)

Figure 5. ANOVA results for logK(h) data measured by MDI and HI without the influence of soil
treatment (data from NT only). NT is representing No-tillage treatment of soil.

Schwirzel and Punzel [61] in their detailed study presented a comparison of the HI performance
to disk infiltrometer measurements. They observed and discussed significantly higher values of K(h)
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measured by HI on a sandy loam soil in comparison with disk infiltrometer (placed on a contact
material). The difference was around one order of magnitude, which is similar to the differences
observed in this study on a silty clay loam soil (without any use of a contact material). The effect of
the contact layer was concluded by Schwirzel and Punzel [61] as negligible when compared with the
observed differences between the HI and disk infiltrometer results. They have also stated that the
preparation of the soil surface for disk infiltrometer measurements can lead to the sealing and smearing
of the pores of the soil surface and thus decreasing the infiltration rate from the disk infiltrometers
especially close to saturation. Some differences between the resulting K(%) values obtained by MDI and
HI can be also caused by an effect of the initial soil moisture content [58]. The differences between the
designs of the infiltrometers, providing different size of the infiltration area and different approach to
the contact between the infiltrometer and soil surface, together with different order of applied pressure
heads are probably the main reasons causing different results. Most of the currently used tension
infiltrometers including the MDI consist of a base with semi-permeable membrane, which allows
water to infiltrate into the soil under a set pressure head. Good contact between the membrane and the
infiltration surface is critically important for the correct measurement. In order to ensure the good
contact, a thin layer of a contact material is usually recommended in the User manuals. Some possible
effects of the contact material use in tension infiltrometry, such as discrepancy between the pressure
head applied on the contact material and soil surface, changes of the natural contact material during
the infiltration process due to a fine particles movement, were researched and discussed [62,63]. HI
does not require any contact material, since water is applied directly on the soil surface, this might
contribute to differences between MDI and HI results. Special care should be taken when the K(/) data
are recorded and compared to each other, because only data originating from the same infiltrometer
type and applied data analysis can be compared without an additional source of error. In a practical
point of view, different databases of soil hydraulic properties contain certain amount of K(#) and Ks data.
Not much is usually clarified about the device and data analysis method used for its determination.

3.3. Saturated Hydraulic Conductivity Ks

The Ks was directly measured by the HI; pressure head during the experiments was set to 0 cm.
The Ks from MDI was estimated by extrapolation based on the logK(h) data distribution and also by
inverse solution in HYDRUS 2D/3D. Inverse parametrization is a quite common technique applied
on near-saturated tension infiltrometer (MDI) data [19,64]. Schwen et al. [65] recommended careful
extrapolation of the near-saturated data with emphasis on possible over-extrapolation too far beyond
the measured range. The overview of the Ks data determined by MDI and HI is displayed in the
upper part of Figure 6. The Ks measured by HI were previously compared with data originating from
Pressure infiltrometer by Matula and Kozakova [66], device constructed for Ks measurement in-situ.
No significant differences have been found between the Ks data measured by Pressure infiltrometer
and HI, regardless of the soil treatment and experimental phase. Thus, the Ks from HI were taken as a
reference for data estimated on the basis of MDI data.

With respect to the soil treatment, the Ks values were in the following order during all four
experimental phases CT > RT > NT. The Ks determined on the basis of the MDI infiltration experiments
were significantly lower than those measured by HI. Generally, the Ks data obtained by the inverse
solution in HYDRUS 2D/3D were higher for all four experimental phases. This can be explained by
the effect of macropores starting to be active close to saturation accompanying by a large increase
in amount of infiltrated water per unit of time, which the software tried to match. Relatively high
variation of Ks data was observed (lower part of Figure 6). When evaluating the CV in terms of type of
the infiltrometer, similar values were observed for Ks data: 46% for HI, 49% for MDI-Dohnal and 46%
for MDI-HYDRUS. The CV values were not showing any trend supporting the high importance of spot
selection for the field infiltration experiment. This is documented by some randomly high CV values
during each experimental phase observed by different infiltrometers on different soil treatment types;
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values of CV higher than 100%. That is why more replicates on a carefully taken spots should be taken
in order to obtain representative values with smaller CV.

0" T ey
. CIRT June 2008 Sept. 2008 April 2009 June 2009
10 E g Nt _ N =
T 1x10° %
E =
8 1x10° %
1107 =
1%10* = =E 0=
HI  MDI HI MDI HI M HI  MDI MDI
Dohnal HYDRUS Dohnal HYDRUS Dohnal HYDRUS Dohnal HYDRUS

150

=]
=]

Coefficient of variation (%)
o
(=]

| HI

HI _MDI_ MDI H_MDI MDI _MD MDI_MD
Dohnal HYDRUS Dohnal HYDRUS Dohnal HYDRUS Dohnal HYDRUS

MDI HI

Figure 6. Comparison of Ks data determined by HI, and MDI (upper part), with corresponding variation
coefficients (lower part).

Significantly lower values systematically underestimating the logKs values on all three tillage
treatments determined by MDI based on extrapolation of the Dohnal et al. [48] data are displayed in
Figure 7.

Log Ks values determined by Hood infiltrometer and MiniDisk
infiltrometer with different analysis methods; 95.0 % of Fisher's LSD Intervals

38 q Infiltrometer
T and analysis
-4.2 - ' Hood
T — MiniDisk
w 4.6 I _—E Dohnal
E —— MiniDisk
w 0.0 I B HYDRUS
5 T —— MiniDisk
8 -54 E: :I:[ | Rosetta
58 I —— MiniDisk
-5. I ' Manual 2005
6.2 C m

CT NT RT
Soil treatment

Figure 7. ANOVA results for logKs data determined by HI and MDI with different applied data analyses.

The significant effect of the data analysis used for the MDI data evaluation is clearly seen on
Figure 7. The estimates obtained by HYDRUS 2D/3D modelling were the highest on all soil treatments,
while the results obtained by the method of Dohnal et al. [48] and on the basis of estimates of parameters
a and n by Rosetta showed almost no difference suggesting the proper approach to the MDI data.
HYDRUS 2D/3D in its simple settings probably overestimated the Ks values in spite of very high values
of R? between the measured and fitted infiltration data. Requirements for inverse modelling of soil
hydraulic properties has been discussed by Hopmans and Simunek [67] and Kumar et al. [3] who
pointed out the amount of measured variables, boundary condition setting, errors in the measured
variable and type of the soil as factors affecting the inverse solution. Also Zou et al. [68] attributed the
ill-posedness of the inverse problem to the high nonlinearity of the data in unsaturated flow problems.
Kumar et al. [3] reported the Ks values obtained in the laboratory one order of magnitude higher than
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those obtained in the field and also highlighted importance of results from the laboratory as input
data for the inverse modelling of the field data. More detailed study regarding the HYDRUS 2D data
analysis settings would be required. Only one hydraulic model; van Genuchten [36] — Mualem [51]
was used in this study. Further options are offered in the HYDRUS 2D software; e.g., Kosugi [69]
log-normal model, or Durner [70] dual porosity model. The dual porosity model especially could be
beneficial, because as shown further, the contribution of macropores to the total saturated flux is very
significant. Significant effect of data analysis selection on resulting K(h) and Ks results are also reported
by Fatehnia et al. [71].

When evaluating the Ks and K() measurements, the representativeness of the experimental area
and the spot selection for the infiltrometer placement are crucial. With increasing infiltration area
given by the dimensions of the infiltrometer base, the increasing representativeness and more stable
Ks data were reported by Lai et al. [72] who studied the size dependency of Ks using double-ring
infiltrometer. The recommended ring diameter was bigger than 80 cm in order to quantify the Ks reliably.
However, practically no other infiltrometer type, except the double ring, has such a large diameter
of the infiltration area. Naturally, an increased number of replicated measurements can lead to more
reliable results. Picciafuoco et al. [73] based on the selected width of 95% confidence interval and area
size, determined a number of replicates needed for reliable results. A minimum number of 5 replicates
was reported for a 110 m? area in order to obtain an accuracy level as suggested by Ahmed et al. [74].
Rienzner and Gandolfi [75] compared Ks values obtained by Guelph permeameter and by tension
infiltrometer concluding that the Ks values obtained by tension infiltrometer are systematically lower,
which is in agreement with our study where the Ks values obtained by MDI were compared to HI.
However, much smaller variability in both, space and time for the tension infiltrometers has been
observed when compared to our study. Reynolds et al. [76] compared the Ks values obtained by tension
infiltrometer, pressure infiltrometer and soil core determination in the laboratory with the following
results: (i) different methods yielded different Ks values; (ii) tension infiltrometer provided comparable
results to other methods only for Ks values smaller than 107 m s7!; (iii) the tension infiltrometer
yielded the smallest CV for the cracking clay loam; (iv) the soil core laboratory method performed well
on structure less sand and structured loam soil, however in the cracking clay it yielded high CV values;
and (v) the pressure infiltrometer provided comparable results to the other methods. Only for the
cracking clay loam soil it yielded in a large range of the Ks data accompanied by high CV. Laboratory
comparison of field infiltrometers, namely double ring infiltrometer, Philip-Dunne infiltrometer and
Mini Disk infiltrometer, on artificially prepared sandy profiles in three 208 dm? barrels, was studied
by Nestingen et al. [77]. Very low CV values were determined, in average 9.1% for the Double Ring
infiltrometer, 13.7% for the Philip-Dune infiltrometer and 22.7% for the Mini Disk infiltrometer. The
CV values determined for Ks values in our study ranged in average between 22% (HI on NT plot) and
72% (HI on RT plot). Although the CV values are higher than those reported by Nestingen et al. [77],
they are lower than values presented in studies of Ahmed et al. [74] and Olson et al. [78] reporting the
averaged CV values of 168% and 91%, respectively.

An increasing number of studies is dealing with the comparison of different techniques to
determine K(/) and Ks data e.g., Reynolds et al. [76] and Lai et al. [72] or more recent studies by
Morbidelli et al. [79], Nestingen et al. [77] and Ghosh et al. [80] are showing the importance of these
characteristics. This poses an increasing need of some benchmark or reference method to determine
them and consequently relate already existing data in order to obtain comparable and reliable data.

3.4. Mesopore and Macropore Contributions to the Total Saturated Flux

On average, the number of mesopores was approximately 12-times higher than the number of
macropores. There were about two times more macropores determined by HI than by MDI; however,
the difference was not statistically significant. That is probably due to a large increase in number
of macropores determined for the second experimental phase (after tillage operation in September
2008), when the number was reaching its maximum: 417/m? determined by MDI and 1212/m? by HI.
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On the other hand, there was about 1.5 times more mesopores determined by HI compared to the
numbers determined by MDIL. In spite of a smaller amount of macropores, their contribution to the
total saturated water flux was in average 76%. Numbers of mesopores and macropores with their
averaged contributions to the total saturated flux in % for each tillage treatment and each experimental
phase are displayed in Figure 8. Based on the results, it can be seen that such a small device as the MDI
can successfully quantify the macropore contribution to the water transport through the soil profile.

MDFDohnal HI

10000

EnNumbers of macropores per m’ [l Numbers of mesopores per m’

1000

8

Number of macro/meso pores per m*
8

-

MDFDohnal Hi

. Contribution of macropores to the lotal . Contribution of mesopores 1o the total
saturated water flux (%) saturated water flux (%)

5 2 g B

Contribution of macro/meso pores
to the total saturated flux (%)
B

Figure 8. Upper pair of graphs describes number of macro/meso pores per 1 m? determined from
MDI-Dohnal and HI data for each soil treatment (CT, RT, NT) and for each experimental phase (I-IV),
lower pair of graphs describes contribution of the macro/meso pores to the total saturated flux in %
with respect to the infiltrometer type, soil treatment and experimental phase.

Although the values determined based on the MDI and HI differ, it is clear from Figure 8 that the
macropores are crucial in water infiltration regardless of their number or tillage treatment. Importance
of macropores as preferential pathways for flow of water is highlighted also by other studies; e.g.,
Sauer et al. [27], Angulo-Jaramillo et al. [81], Cameira et al. [29], Moret and Arrte [30]. All of the
authors agreed that the water flow in soils is mainly conducted by macropores even though they
represent only a small fraction of the total porosity.

4. Conclusions

Relatively large K(h) and Ks dataset was collected during this study. Performance comparison of
MDI and HI was carried out for a silty clay loam soil under three different soil treatments (CT, RT, and
NT) during four experimental phases reflecting seasonal changes in a cultivated field. In spite of its
small size, the MDI performed very well. MDI based K(h) data were responding to changes in soil
structure due to tillage operations showing a significant soil loosening effect originating from tillage
operations performed just before the 2nd experimental phase. Based on the MDI infiltration data,
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number of macrospores and their contribution to the total saturated flux was successfully determined.
That is especially important for possible simulations of contaminant transport through the soil profile.

The steady-state data analysis method based on hydraulic input parameters originating from
different sources resulted in different K(/) values. More importantly, significantly higher K(%) values
were determined by the method described in MDI User’s manual from 2005 than from 2014 where
the n parameter correction was implemented. Based on our findings, the K(h) data of fine-textured
and structural soils evaluated without the correction by Dohnal et al. [48] are consistently almost one
order of magnitude higher. This finding should be addressed in utilization of older MDI data for
comparative studies and their use from hydraulic properties databases.

Results based on HI measurements were showing the same trends, higher values of K(1) and Ks
for CT and RT plots when compared to NT. However, the particular K(h) values were higher than
those determined by MDI. Similarly, a higher number of macropores and mesopores was calculated
based on HI data. Estimates of Ks values on the basis of MDI data (regardless of the data analysis) in
the present study are too divergent from the measured values by HI, and thus this approach to Ks
determination cannot be generally recommended.

The following evaluation table (Table 5) can be helpful in selection of K(#) and Ks determination method.

Table 5. Overall evaluation of MDI, comparison to HI and short justification of presented data. Used
scale: Very low-Low-Moderate-High—Very high.

Criteria MDI HI Rationale

MDI with its total length of 32.7 cm and tube
diameter of 3.1 cm belongs among the smallest
devices enabling measurements in distant areas with
limited or no source of water.

Portability Very high Very low

Only 95 mL can be infiltrated, and the device cannot
Very low Very high be refilled without removal from the infiltration
surface (which is possible with HI).

Amount of water for
infiltration

MDI offers only 16 cm? of infiltration area, but
Size of the infiltration area Low Medium thanks to its small dimensions and weight, a freshly
tilled soil can sustain its weight.

MDI can be ready to use relatively quickly; however,
Low High a special care needs to be paid to the infiltration
surface preparation.

Time requirement for in-situ
installation

Use of contact material, its type, thickness and

Need of contact material Moderate Very low suitability has been widely discussed (e.g., [62,63]).

MDI has a limited range of pressure head settings
(=0.5 to =7 cm), HI is limited by the soil bubbling
point (approx. —10 cm for our tested soil), Soil
Measurement Systems (USA) offer tension
infiltrometers operating at pressure heads up to —30
cm, Ankeny et al. [82] presented an automated
tension infiltrometer operating at pressure heads up
to-50 cm.

Suitability for K(h)

determination High Very high

MDI does not allow infiltration at pressure head 0
cm, the Ks value can only be estimated, e.g., by
extrapolation based on the K(h) values or by inverse
parametrization of the infiltration data.

Suitability for Ks

determination Low Very high

MDI was proved to determine different infiltration
rates for the same applied pressure head at the same
soil with different initial soil moisture content

(e.g., [9,58,59]).

Sensitivity to measurement
influence by initial soil High Very low
moisture content

MDI is a relatively low-cost device, when automated
some additional costs are required. Interesting

Very high Low automated settings of 6 MDI running simultaneously
at two applied pressure heads was presented by
Klipa et al. [83].

Affordability due to cost of
the device
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