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Abstract: Established measurement methods for hydraulic soil properties cover a limited soil
moisture range. Simulations of soil water dynamics based on such observations are therefore rarely
representative for all conditions from saturation to drought. Recent technical developments facilitate
efficient and cheap collecting of soil water characteristics data, but the quantitative benefit of extended
measurement campaigns has not been adequately tested yet. In this study, a combination of four
methods to measure water retention and hydraulic conductivity at different moisture ranges was
applied. Evaporation method, dewpoint psychrometry, hood infiltrometer experiments, and falling
head method for saturated conductivity were conducted at two experimental sites in eastern
Austria. Effects of including the particular methods in the measurement strategy were examined
by visual evaluation and a 1D-modelling sensitivity study including drainage, infiltration and
drought conditions. The evaporation method was considered essential due to its broad measurement
range both for water retention and hydraulic conductivity. In addition to that, the highest effect
on simulated water balance components was induced by the inclusion of separate conductivity
measurements near saturation. Water content after three days of drainage was 15 percent higher and
the transpiration rate in a drought period was 22 percent higher without near-saturated conductivity
measurements. Based on relative comparisons between different combinations, we suggested
combining evaporation method and hood infiltrometer experiments as the basis for representative
predictions of soil water dynamics.

Keywords: hydraulic soil properties; soil water simulations; measurement method evaluation;
functional evaluation

1. Introduction

Numerical simulations of soil water dynamics are supposed to comprise a wide range of soil
moisture conditions; matching simulation data with reality is a fundamental issue of soil science [1,2].
The components which control a model’s ability to represent reality over the full moisture range
are the hydraulic soil properties (HSP). In most modelling applications, HSP are formalized in two
mathematical functions: (i) the water retention function θ(h), the relation of volumetric soil water
content θ and soil water head h; and (ii) the hydraulic conductivity function K(h), where K is the
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hydraulic conductivity of soil [1,3]. These functions are defined by parameters which may be derived
indirectly by empirical pedotransfer functions (PTF) [4,5] or from direct measurements of θ(h) and
K(h) [6].

In contrast to PTF, direct measurements of HSP allow for site-specific capture of soil physical
characteristics with high spatial and temporal resolution. Most of the established direct measurement
methods yield data only for the retention function or for a limited range of soil moisture [7,8].
Furthermore, HSP-parameters are often obtained from fits to the retention curve and the corresponding
conductivity curve is scaled by a single measured value, the saturated conductivity (e.g., [9]).
Consequently, shape information of K(h) is neglected. Extensive overviews of options to determine
HSP were presented before [6]. One of the most established methods is a multi-step outflow experiment,
where a sequence of positive pressure values is applied to a soil sample and water content and outflow
is recorded. Depending on the actual setup, measurements near saturation (h = 0 to −10 cm) and
at dry conditions (h < −1000 cm) are hardly possible or very time consuming. The same principle
is applied in hanging water column, pressure cell or sand box experiments. Their setup is simpler,
but the ranges of measurements are even narrower [6]. Multi-step outflow experiments are also done
in centrifuges. A sequence of water heads is applied via rotation and centrifugal force and water
content and outflow rates are measured [10,11]. This approach has been continuously developed to
eliminate practical issues like consolidation of undisturbed samples [12]. In addition, the evaporation
method [13] is widely used, which allows high-resolution observation of HSP from saturation (only
retention curve) to around h = −1000 cm and in an extended version up to h = −8800 cm [14]. In the
field, the instantaneous profile approach describes various types of soil profiles equipped with sensors
for water content and soil water head in at least two depths [15]. The importance of this method is
small due to its high demands on equipment and logistics.

A major part of actual studies calls for a sounder data basis for the parametrization of HSP,
especially concerning the range of represented soil moisture and the sampled soil volume (e.g., [16,17]).
Additionally, simultaneous determination of θ(h) and K(h) is desired to use the full capacity
of wide-range measurements of both HSP-functions [7]. For such simultaneous determination,
two general approaches are used: (i) recordings of a water flow process and subsequent inverse
modelling; and (ii) fitting of HSP-functions to measured data of θ(h) and K(h). Exemplary observation
setups for (i) are: one- or multistep outflow lab experiments (e.g., [18,19]), evaporation experiments [20],
infiltration experiments in the field [17,21,22], or field monitoring of soil water state [23,24]. Inverse
modelling rapidly gives reliable results and is the most established method to obtain HSP. Nevertheless,
reference observations are needed which require considerable time or equipment resources, especially
in field-based studies.

In contrast to inverse simulation, wide-moisture-range measurement of data for both HSP-
functions with subsequent direct fitting is rarely done. Multi-step flux experiments are advancements
of multi-step outflow methods and allow to measure HSP directly in disturbed samples [25,26].
Peters and Durner [27] used virtual evaporation experiments as the data basis for simultaneous
HSP-fitting, interpreted their results as reliable and pointed out the need for additional information in
K(h) near saturation. The intention of their study was to test models, not to evaluate measurement
methods. In a comparative study, Mermoud and Xu [28] obtained HSP-parameters from direct field
and lab measurements as well as by using four PTF. By modelling they examined which results are
most appropriate to reproduce field-observed water content. They found best agreement with HSP
from field measurements, less quality with lab experiments and poor results with PTF. Their field
experiments were intensively equipped and laborious and the data analysis was done for each method
separately. A combination of methods in the parametrization procedure might allow a reduction of
effort in field measurements. Siltecho et al. [29] also compared different approaches including rapid
and cheap field and lab measurements, PTF and inverse modelling. No method was found to be
superior and they suggested the use of the cheapest and easiest method to obtain starting values for a
more elaborate inverse parametrization or model calibration.



Water 2018, 10, 1021 3 of 15

To establish statements about the appropriateness of different HSP-parametrization approaches,
measures for the goodness of fits are usually used [30]. They allow a statement about the alignment of
reference values to a simplifying model. Nevertheless, information about the representation of natural
water dynamics or the effects of changing options in the measuring-fitting procedure may be only
gained by subsequent modelling. Such functional approaches were applied to evaluate effectivity
of uni- or bimodal soil hydraulic characterization [31], to compare the ability of different models to
account for dry periods [32] or to evaluate different PTF [33].

In summary, the potential of combining methods, preferably field and lab experiments, to yield
a comprehensive data basis for the parametrization of HSP was repeatedly pointed out. Nevertheless,
there are few studies which conclusively suggest an optimum strategy for HSP measurements due to
high experimental efforts with uncertain benefit. There is a need to develop and evaluate methods to
measure data over a wide range of soil moisture states. Especially for studies on field- or catchment
scale, rapid and cheap technologies are required which allow a high number of replications to capture
a possibly representative soil volume. The aim of this study was to show if combining multiple
methods for acquisition of HSP-data is an efficient strategy to subsequently obtain reliable results in
modelling applications.

2. Materials and Methods

2.1. Summary of Methodology

Four rapid methods were applied to measure HSP: (i) the evaporation method (EM) [14]; (ii) a dew
point hygrometer [34]; (iii) the falling head method for saturated hydraulic conductivity [35], and (iv)
the hood infiltrometer (HI), a type of tension infiltrometer [36]. The widely used bimodal HSP-functions
of Priesack and Durner [37], based on van Genuchten [38] and Mualem [39], were fitted simultaneously
to different combinations of measured data. To evaluate the measurements, we used a functional
approach [31] and conducted a numerical sensitivity study including drainage, infiltration, and drying
conditions. This allowed to estimate quantitatively how different measurement methods alter soil
water balance. Additionally, we discussed characteristics of used methods concerning application
issues and reliability.

2.2. Sampling Sites and Procedure

Experiments and soil sampling were carried out at two long-term tillage experiments in
north-eastern Austria (Table 1). In each soil unit (defined by same site and tillage treatment),
measurements and sampling were replicated 11 times (Table 2, values 10 and 12 resulted from a mapping
error). Sampling positions were predetermined on a 6 × 12 m raster and placed in inter-row space
avoiding machine tracks. The measurements were carried out in early summer when soil water status
was neither around saturation nor drying cracks were present on the soil surface (i.e., vol. water
content θ = 0.20 to 0.35 cm3 cm−3). At sampling time, plant cover was established over the whole
field area, minimizing structural degradation like crusting, shrinking or splash erosion. Fraction of
stable soil aggregates (measured after Kemper and Koch [40]) ranged from 0.15 to 0.5 with a median
at 0.31 depending on site and tillage treatment. Similarly, macro-porous soil structure development
was considerably variable as visual estimation showed. This plurality was appreciated to account for
a majority of possible conditions of agricultural soils in the study region.

2.3. Field and Lab Measurement Methods

To measure hydraulic soil properties, four methods were applied sequentially to the same soil
sample. The field measurement procedure included the following steps:

(i) hood infiltrometer experiment, see Section 2.3—HI;
(ii) percolation and drying time, at least 2 h, to minimize soil smearing during subsequent sampling;
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(iii) soil core sampling, one ring placed at the centre of the infiltration area from (i), carefully pushed
in without hammering to avoid sample disturbance or tilting, steel rings with inner diameter
din = 84 mm and height h = 50 mm, another ring in a distance of approximately one meter for
measurement of initial water content and as backup sample;

(iv) collecting disturbed soil samples (ca. 500 cm3) from the immediate surroundings of the core.

Table 1. Study site description. Grain size distribution classified as: 2 mm ≥ sand > 0.063 mm ≥ silt >
0.002 mm ≥ clay [41]. Coordinates refer to the Universal Transverse Mercator system (UTM), zone 33N.

Site A Site B

location name Obersiebenbrunn Hollabrunn
crop winter wheat sunflower
sand 34% 24%
silt 50% 55%
clay 16% 21%

soil type Chernozem Chernozem
mean annual precipitation 520 mm 519 mm

soil organic carbon 1–2% 1–2%
coordinates field site E 625720, N 5347520 E 578580, N 5379390

coordinates weather station E 625992, N 5347056 E 578953, N 5380331
measurement dates 2016 02, 05, and 06 May 13, 14, and 16 June

Table 2. Number of replicates per analysed unit. T1 to T4 are different tillage treatments (not in the
focus of this study, hence not explained).

Treatments
Sites

Site A Site B

T1 11 11
T2 11 11
T3 11 12
T4 11 10

The methods are listed below and each of them yields data at a certain range of soil moisture
state (Figure 1). During all measurements, soil water head decreased to more negative, which means
we nominally measured drainage conditions to avoid bias due to hysteresis. Still, the infiltration
observed with the HI may also be considered as wetting process. Consequently, measurements of HI
and EM (draining process) could not be combined. Nevertheless, hysteresis in tension infiltrometer
measurements is present, but does not impact quantitative outcomes in application cases [42,43].
As the HI additionally yields data for a very narrow range of h near saturation, where hysteresis in
HSP is minimal, hysteresis was negligible in this study setup. To determine bulk density for calculation
of volumetric water content θ, sample rings were dried after the experiments at 105 ◦C for 24 h. As the
samples were taken a few hours after infiltration experiments, bulk density corresponds to conditions
near field capacity.

HI Hood Infiltrometer

The hood infiltrometer [36] is a type of tension infiltrometer which lets water infiltrate into the soil
directly from an open-bottomed, semi-spheric hood without any artificial contact layer. Via a connected
Mariotte bottle system, tension is established which has to be overcome by the soil matrix to initiate
infiltration. The achievable minimum water head is restricted by entrance of air from soil into the
water-filled hood, which usually occurred at around h = −3 cm in this study (range ca. −1.5 to −7 cm).

To prepare the measurement, a level area in the micro-relief was chosen where loose plant and
soil clod material was carefully removed. After installing the infiltrometer hood, the first tension step
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was set at approximately h = −0.5 cm and infiltration started for a few minutes without measuring
to initially wet the soil body. Tension was kept constant until a steady infiltration rate for at least
3 min was reached (reading time steps were 15 to 60 s). Subsequently, two further pressure steps were
measured, one around h = −2 cm and the last one slightly less negative than air entry pressure. As a
result, three data points for near-saturated hydraulic conductivity are derived from the infiltration rate.
Calculation of K(hi) from readings of water outflow Qi (in cm3 s−1) and water head hi followed the
suggested procedure in Schwärzel and Punzel [36].

FH Falling Head Method

Saturated hydraulic conductivity Ks was measured directly in undisturbed soil core samples
by the falling head method with rising water level [44], modified after Klute and Dirksen [35]. As a
simplification for further analysis, the corresponding water head for Ks was nominally set to h = −0.01
cm (pF = −2).

EM Evaporation Method

Undisturbed soil cores were placed on a digital measuring device (HYPROP R© METER Group
AG, Munich, Germany; cf. Schindler et al. [14] for details). Two tensiometers measure the water head
h in different depths and water content θ is determined by weighing. Additionally, the measurement
range was extended to the tensiometer’s air-entry point at h = −8800 cm [14]. Measured data were
transformed to data points at the retention curve θ(h) (range: h = 0 to −8800 cm) and the hydraulic
conductivity curve K(h) (range: h = ca. −20 to −8800 cm). The experiments were run in a lab at
a temperature of 21–23 ◦C and air humidity of 20–40%.

DP Dew Point Method

A dew point hygrometer (WP4C PotentiaMeter R© METER Group AG, Munich, Germany ) was
used to measure water retention θ(h) under dry conditions (pF = 3.5–6.2). Here, the liquid water phase
in the soil sample and the vapour phase in surrounding air is equilibrated in a sealed chamber. Finally,
water potentials of vapour and liquid phase are equal and the former is measured via the dew point
on a cooled mirror inside of the chamber. A detailed description of the measurement principle is given
elsewhere [34,45]. Water content for each reading is measured gravimetrically and transformed to
volumetric θ via the average bulk density of the corresponding EM-cores. Before DP-measurements,
samples of the same treatments were mixed and two replicates of the mixed samples were analysed.
3–4 g of air-dry soil was put into circular steel cups (d = 37 mm) and wetted using deionized water
to around θ = 0.2 cm3 cm−3. During air drying the sample, up to seven measurements in precise
mode—repeated readings until they remain within a defined level of tolerance—were taken of each
sample with the intention to obtain values evenly distributed between pF = 3.5 and 6.2.

For further analysis, six combinations of measurement methods were defined and compared.
Only EM was included in all combinations. It serves as the backbone method due to its wide measuring
range at both HSP-curves. Data from all other methods were variably omitted and the following
combinations were analysed: ALL, EM + FH + HI, EM + FH, EM + HI, EM + DP, EM.
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Figure 1. Example of measurements for hydraulic soil properties to illustrate ranges of different
methods; 11 replicates measured in one treatment (site B, T1). Subplot (a) is the water retention curve
θ(h), (b) is the hydraulic conductivity curve K(h). For both, h is transformed to pF by pF = log10|h|.

2.4. Fitting of Functions for Hydraulic Soil Properties

For the formalization of HSP, we used the van Genuchten-Mualem model (VGM) [38,39] in its
bimodal version (Equations (1)–(3) [37]). This model was chosen because of its high acceptance
and its compatibility to the later used modelling software HYDRUS-1D (PC-Progress, Prague,
Czech Republic) [46]. The bimodal version superimposes two subcurves to be able to account for
two different flow domains in soil, usually macropore system and soil matrix. In this case, a pre-study
comparing goodness of fit for uni- and bimodal model did not show significant differences. Nevertheless,
the bimodal model was used to enable usage of the approach also for highly structured soils.

Introduced variables and parameters in VGM are: θs is the volumetric water content at saturation
(cm3 cm−3), Se is the degree of saturation (Se = θ/θs, dimensionless), α (cm−1, commonly denoted as
reciprocal of the air-entry point of soil), n, and τ (both dimensionless, parameter defining the slope
of the retention curve and tortuosity parameter, respectively) are fitting parameters of VGM, J is the
number of subcurves in the used model (i.e., J = 1 for uni-modal and J = 2 for bi-modal functions),
w is a dimensionless weighing factor for the respective subcurve j. Herein, the index j = 1 always
relates to the subcurve for the flow domain comprising the coarser pores (i.e., α1 > α2). Furthermore,
we used a simplified form with residual water content θr = 0 and m = 1− 1/n.

θ(h) = (θs − θr)Se(h) (1)

Se(h) =
J

∑
j=1

wj
[
1 + (αjh)

nj
]−mj (2)

K(h) = Ks

(
J

∑
j=1

wj
[
1 + (αjh)

nj
]−mj

)τ
∑J

j=1 wjαj{1−
(
αjh
)nj
[
1 + (αjh)

nj
]−mj}

∑J
j=1 wjαj

2

(3)

The functions θ(h) and K(h) (Equations (1)–(3)) were fitted simultaneously to measured data by
use of the artificial bee colony global optimization algorithm ([47], implemented in [48]) minimizing
the objective function given in Equation (4). There, Φ is the evaluation criterion to be minimized,
r and k are the number of observations in the respective data class, b is the parameter vector, hence
θ̂i(b) and K̂i(b) are model predicted values and θ̄i and K̄i are measurements. The weighting factor
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of 0.5 for the conductivity curve in Equation (4) was based on a pre-study (unpublished) using
a representative part of the dataset. Additionally, ranges for the parameters were predestined according
to literature [9,49,50] and visual plausibility evaluations (Table 3). For the physically related parameters
θs and Ks, information from measurements was also used.

Φ(b) =
r

∑
i=1

[
θ̄i − θ̂i(b)

]2
+ 0.5

k

∑
i=1

[
log10(K̄i)− log10(K̂i)(b)

]2 (4)

Table 3. Boundaries for parameters of bimodal van Genuchten-Mualem model. Parameters are: αj in
cm−1, nj and τ, both dimensionless, are fitting parameters; θs, in cm3 cm−3, is saturated water content;
w2, dimensionless, is the weight of the second sub-function; and Ks in cm day−1 is saturated hydraulic
conductivity.

Parameter θs α1 n1 α2 n2 w2 Ks τ

upper boundary 1 0.5 15 0.5 15 1 105 10
lower boundary 0.1 10−5 1.01 10−5 1.01 0 1 −2

2.5. Numerical Simulations

A three-part sensitivity study using HYDRUS-1D [46] was run to assess the effects of different
method combinations on soil water balance components. The setup was adopted from Romano and
Nasta [31] and includes a drainage, an infiltration, and a drying process. Accordingly, simulations
were conducted without accounting for hysteresis considering the arguments given in Section 2.3.
Nevertheless, for the infiltration experiment, HSP during wetting are decisive and hysteresis would
have an effect. Consequently, the infiltration experiment will be interpreted with caution to potential
bias due to neglected hysteresis.

For all simulations, we defined a soil column of 200 cm depth but analysis comprised only the soil
region from z = 0–50 cm. The soil material was constant all over depth and its HSP were determined
by the different combinations of measurements following the procedure in Section 2.4. Separate
model runs were conducted for each sample and measurement combination (528 runs, see Section
2.6). The drainage process started at fully saturated state (h = 0 cm) and ran for 72 h with zero flux
as top boundary condition and free drainage at the bottom. The vertical distribution of water head
after the drainage simulation was taken as initial condition for the infiltration experiment. Therein,
boundary conditions were set to a constant water head of h = 0 cm at the top and free drainage at
bottom. The infiltration simulation was run for 24 h.

The drying process started with a global initial water head of h = −100 cm and was simulated
for 45 days. Boundary conditions were free drainage at the bottom and an atmospheric top with zero
precipitation and constant rates of potential evaporation (2 mm day−1) and potential transpiration
(7.5 mm day−1). These rates represent high but plausible summer values for the sampling regions.
We defined a grass vegetation cover with a constant height of 12 cm and rooting depth of 50 cm (water
uptake was equally distributed from z = 0–50 cm). Hence, the difference between actual and potential
transpiration was exclusively determined by HSP. The water stress response function after Feddes [51]
was applied with standard parameters for grass [46].

2.6. Data Processing and Statistics

The measurement procedure was applied at 88 soil sampling units (Table 2). In the calculations,
each was described with six combinations of measurement methods, what leads to 528 data sets.
The fitting procedure (Section 2.4) was applied to each data set resulting in a set of parameters as
input for a separate model run. Results of the modelling study were normalized by the corresponding
value of ALL to eliminate the influence of treatment and site as disturbing factors. More in detail,
the presented numbers (Section 3.2) were calculated in three steps: (i) averaging replicate results for
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identical site, treatment and method combination (from 528 to 48 values); (ii) divide these by the result
from ALL on the same site and same tillage treatment (48 absolute to 48 relative values); (iii) calculate
average of relative values for each combination of measurement methods (48 to 6).

For all data processing we used the statistical software environment R, version 3.3.1 [52].
Differences between results for data units were detected by ANOVA, Tukey‘s HSD-test [53] was
used as post-hoc test to define coherent groups [54]. Data sets for θ(h) and K(h) will be provided as
supplementary material.

3. Results

3.1. Fitting of HSP-Functions

Goodness of fits may be estimated visually in Figure 2. The values for θsim and Ksim were
calculated for all measured values of h (combination ALL) using Equations (1)–(3). Irregular patterns
occurred in both combinations without measurements for (near-)saturated conductivity: EM and
EM + DP (subsequently denoted as NoCon). In contrast, all other combinations (subsequently denoted
as YesCon) gave a good overall picture without a systematic pattern of deviations. The methods
FH and HI represented the near-saturated conductivity curve, where FH induces higher variability
(Figures 1 and 2).
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Figure 2. (a) comparison of volumetric water content θ(h) (cm3 cm−3) observed (θobs) and calculated
(θsim) with fitted parameters; (b) comparison of hydraulic soil conductivity K(h) (log10 (m day−1))
observed (Kobs) and calculated (Ksim) with fitted parameters; points are printed in semi-transparent
black colour, hence dark parts show high point density; 88 samples included in each subplot.

Table 4 shows a summary of fitted parameters. Most of them were clearly different between
NoCon and YesCon. Lower values of Ks and θs of NoCon indicated a smaller fraction of observed
macropores and lower α1 a shift of the first (coarser) mode of the bimodal pore size distribution to
smaller sizes. Only n2, the shape parameter of the second subcurve (representing the finer part of
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the pore size distribution) and w2, the extent of bimodality, were not significantly different (α = 0.05)
between methods.

Table 4. Fitted parameters of bimodal van Genuchten-Mualem model and evaluation criterion root
mean square error (RMSE).

ALL EM + FH + HI EM + FH EM + HI EM + DP EM

log10(Ks/cm day−1)
mean (sd) 2.50 (0.61) 2.55 (0.62) 2.39 (0.90) 2.35 (0.59) 0.10 (0.26) 0.11 (0.28)
min–max 0.99–3.61 1.12–4.08 0.00–4.11 1.14–3.75 −0.75–0.44 −0.86–0.46

θs/cm3 cm−3 mean (sd) 0.48 (0.04) 0.48 (0.04) 0.48 (0.04) 0.48 (0.04) 0.45 (0.03) 0.45 (0.03)
min–max 0.41–0.62 0.41–0.61 0.40–0.62 0.42–0.62 0.39–0.59 0.39–0.57

log10(α1/cm−1)
mean (sd) −0.9 (0.5) −0.9 (0.4) −0.9 (0.5) −1.0 (0.5) −1.8 (0.4) −1.8 (0.4)
min–max −1.8–−0.3 −1.9–−0.3 −2.1–−0.3 −2.0–−0.3 −2.5–−1.0 −2.6–−1.1

n1
mean (sd) 1.60 (0.56) 1.66 (0.56) 1.59 (0.67) 1.82 (1.10) 2.40 (1.53) 2.38 (1.50)
min–max 1.01–4.10 1.01–3.98 1.08–5.24 1.08–10.00 1.25–10.00 1.43–10.00

τ
mean (sd) 0.2 (2.2) 0.2 (2.1) −0.4 (2.0) 0.5 (2.2) −2.2 (1.1) −2.2 (1.1)
min–max −3.0–5.9 −3.0–6.0 −3.0–6.0 −3.0–6.0 −3.0–1.3 −3.0–2.2

log10(α2/cm−1)
mean (sd) −3.5 (0.8) −3.4 (0.8) −3.5 (0.9) −3.5 (0.8) −3.9 (1.1) −3.9 (1.1)
min–max −5.0–−1.9 −5.0–−1.0 −5.0–−1.2 −5.0–−2.3 −5.0–−2.2 −5.0–−2.1

n2
mean (sd) 1.70 (1.02) 1.70 (1.13) 1.82 (1.41) 1.55 (0.28) 1.60 (0.29) 1.59 (0.29)
min–max 1.16–8.27 1.20–9.06 1.14–10.00 1.18–2.73 1.21–2.03 1.01–2.01

w2
mean (sd) 0.53 (0.21) 0.57 (0.20) 0.51 (0.21) 0.55 (0.20) 0.50 (0.28) 0.51 (0.29)
min–max 0.19–0.93 0.11–0.93 0.06–0.89 0.18–0.87 0.07–0.93 0.00–0.95

RMSE mean (sd) 1.26 (0.77) 1.12 (0.50) 1.19 (0.62) 1.12 (0.66) 1.10 (0.61) 1.10 (0.49)
min–max 0.29–5.05 0.30–2.43 0.30–2.98 0.27–2.84 0.23–2.95 0.33–2.31

3.2. Numerical Simulations

Figure 3 shows summary boxplots of simulated water balance components. The influence of
different sites and tillage treatments on absolute results and variability was not eliminated or pointed
out. Hence, these illustrations only serve as an impression about orders of magnitude of modelling
results and the differences between methods. To enable statistically sound comparison, results were
normalized to the combination of all measurement methods (Section 2.6). The ranges of water head
in the numerical experiments ranged from h = 0 to −150 cm in the drainage experiment, during
infiltration it went up to between h = 0 and −5 cm, and in the drying period it reached the model
constraint of h = −100,000 cm at the surface.

Again, most impressive differences occurred between the grouped combinations NoCon and
YesCon (Table 5). Under drainage conditions, the lower near-saturated hydraulic conductivity of NoCon
lead to less cumulative drainage and a final water content—representing field capacity [55]—which
was 15 percent higher than with YesCon. The infiltrating water volume in the infiltration experiment
was very small for NoCon (Figure 3c). During the drying period, transpiration was higher at NoCon
soils, after 45 days the surplus summed up to 22 percent (Table 5). Consequently, the mean water head
in the root zone (z = 0–50 cm) was also considerably lower (NoCon) at the end of the drying experiment.
Nevertheless, the temporal course of root zone water head was less negative during the first 14 days
and decreased faster in the second half of the experiment (Figure 4).

Including dewpoint potentiometry measurements did not change simulation results significantly
(difference between EM and EM + DP, and between EM + FH + HI and ALL). A difference between
hood infiltrometry (HI) and falling head method (FH) occurred only in the drainage experiment where
cumulative drainage based only on FH was nearly 10 percent lower.

Table 6 points out which HSP-parameters influenced simulated water balance quantities.
All results were significantly correlated with Ks and α1. On average, Ks, θs, and τ had higher influence
(means of absolute correlation coefficients were 0.34, 0.32, and 0.32, respectively) than the parameters
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describing the finer pore fraction (α2, n2, w2) and n1 which were hardly correlated with the resulting
water balance quantities.

Figure 3. Modelling results. (a) cumulative drainage in mm; (b) final water volume in mm, both
from drainage experiment; (c) cumulative infiltration in mm; (d) final water volume in mm, both
from infiltration experiment; site-based simulations: (e) transpiration in mm day−1; (f) mean water
head in the root zone in cm. Values of (b,d) refer to a soil column of 200 cm depth. Formal statistical
analysis is not validly applicable as site and tillage treatment are present in the results as disturbance
factors—graph only for visual expression.

Table 5. Relative comparison of modelling result; absolute model results were normalized by the
corresponding result for ALL within data units of the same site and tillage treatment. Here presented is
the mean of normalized values. Letters aside indicate corresponding groups identified by ANOVA and
a post-hoc Tukey HSD-Test, α = 0.05. FRZWH is final root zone water head, Cum. means cumulative.

Drainage Experiment Infiltration Experiment Drying Period

Cum. Drainage Water Storage Cum. Infiltration Water Storage Transpiration FRZWH

ALL 1.000 a 1.000 a 1.000 a 1.000 ab 1.000 a 1.000 a
EM + FH + HI 1.042 a 1.002 a 1.346 a 1.022 a 1.016 a 0.993 a

EM + HI 0.991 a 1.003 a 1.033 a 1.003 ab 1.026 a 0.927 a
EM + FH 0.915 b 1.023 a 1.572 a 0.980 bc 1.048 a 1.049 a

EM 0.297 c 1.157 b 0.013 b 0.955 b 1.215 b 1.266 b
EM + DP 0.293 c 1.157 b 0.013 b 0.955 b 1.222 b 1.245 b

Table 6. Pearson correlation coefficients (R) of simulation results with parameters for hydraulic soil
properties functions. * indicates significant relationships, α = 0.05.

Ks θs α1 n1 τ α2 n2 w2

Drainage exp. cumulative drainage 0.41 * 0.66 * 0.27 * 0.03 0.32 * 0.05 0.08 0.17 *
final water content −0.36 * 0.01 −0.17 * 0.04 −0.41 * −0.09 * 0.06 −0.08

Infiltration exp. cumulative infiltration 0.71 * 0.32 * 0.19 * 0.07 0.30 * 0.07 −0.09 * 0.15 *
final water content 0.17 * 0.75 * 0.15 * 0.09 * 0.03 0.00 0.00 0.11 *

Drying period transpiration −0.27 * 0.17 * −0.16 * 0.10 * −0.24 * −0.16 * 0.03 −0.06
root zone water head 0.14 * 0.02 0.10 * −0.08 0.61 * 0.17 * −0.37 * 0.07

mean of absolute values 0.34 0.32 0.17 0.07 0.32 0.09 0.10 0.11
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Figure 4. Development of water head in the root zone (a) and transpiration rate (b) during drying
period. Daily values, diurnal variations neglected.

4. Discussion

For the water retention curve, data were derived by two methods: EM and DP. Figure 1 shows
smooth transition between these methods which was observed for all samples. This was also reported
by Schelle et al. [56]. Higher discrepancy occurred in the conductivity curve. Three methods surveyed
unsaturated and saturated conductivity: FH, HI, EM. The backbone of the applied measurement
procedure was EM as it yielded data for retention and conductivity curve. Nevertheless, by EM only
matric flow was observed as no gravity-driven macropore flow occurred in the bottom-sealed experiment.
In contrast, macropore flow was the dominant flow process in FH and HI experiments and measured
values were two to four orders of magnitude higher then maximum conductivity values of EM (Figure 1).
Applying a functional approach [31], we could also quantify the effects of these differences. Especially
the results for experimental field capacity, infiltration rates, and actual transpiration in a dry period
were remarkable and caused by the better representation of macro-pore system with YesCon methods.
In contrast, drying simulations did not include drier conditions than h = −15,000 cm. The importance of
DP-measurements was supposed to rise during more intensive drying.

The herein applied evaluation procedure was designed on a basic level to keep the focus on the
comparison of measurement methods and their combination. Hence, phenomena like hysteresis or
shrinking were neglected and arise potential for further research. The sampled soils were silt-dominated,
hydrophilic and affected by agricultural management. Consequently, the results are not representative
for clay or sand soils, water repellent soils and differing land use systems like forests or fallows.

In a considerable number of fits, the parameters reached their predefined constraints. In concrete
studies, this behaviour should be examined in more detail. Especially τ was highly variable
together with high correlation to simulation results. This emphasized a need for further investigation,
especially considering the habit to set this parameter to a fixed value in fitting applications (e.g., [57]).
Accordingly, Dettmann et al. [58] yielded improved HSP-fits with τ as free fitting parameter and suggested
further modifications of fitting procedures. Additionally, it was surprising that w2, the weighing parameter
accounting for bimodality, did not differ between method combinations. Bimodality was expected to
be better observable with YesCon but the result might lead to the interpretation that the retention curve
includes enough information for determination of bimodality. Nevertheless, the lower variability for w2

in YesCon measurements pointed out more accurate determination of bimodality.
All measurements implied physical impacts on soil structure which might have caused bias in

observations of hydraulic soil properties or soil structure. During infiltration measurements in the
field, only a small part at the surface of the treated soil volume was exposed to considerable forces.
In contrast, undisturbed samples for lab measurements (FH and EM) underwent multiple steps of
sample handling also in saturated state where structural stability is lowest. Moreover, the variability
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of replicated FH measurements was considerably higher than that of HI. This was most likely a
result of different sampling volumes—the cross-sectional area of the flow domain for HI (483 cm2

at soil surface) was more than nine times larger than that of FH (55 cm2)—and the higher number
of measured data pairs (1 for FH, 2–3 for HI). In the small cores, the probability for a continuous
macro-pore to control saturated hydraulic conductivity was high, which partly explained the higher
variability in FH-measurements.

5. Conclusions

The intention of this study was to quali- and quantitatively evaluate different combinations of
measurement methods for the parametrization of hydraulic soil properties functions. Analysing the
results and practical considerations, we emphasized the importance of measurements of hydraulic
conductivity near saturation as the basis for soil water modelling in silt-dominated, structured,
arable soils. We suggested applying infiltration experiments in the field—in our case using hood
infiltrometer—additionally to the evaporation method. Compared to lab measurement with falling
head method, higher sampling volume and lower error-proneness increased representativeness of
parametrization, at least at profile scale. Nevertheless, we still saw a need to extend the measurement
range of infiltration experiments to account also for the transition range between macro- and mesopore
flow at h = −2.5 to −6.0 cm. Additionally, further research should concentrate on the evaluation of
combined measurement procedures for a wider range of land use and soil management systems.

Author Contributions: Conceptualization, T.W., G.B., S.J., A.S. and K.S.; Formal Analysis, K.-H.F.; Writing—Original
Draft Preparation, T.W.; Writing—Review & Editing, T.W., J.K., P.C.; Funding Acquisition, A.S., K.S., K.-H.F.

Funding: This research was funded by Austrian Science Fund (I2122-B16) and Deutsche Forschungsgemeinschaft
(SCHW 1448/6-1, FE 504/11-1.)

Acknowledgments: We are thankful to the administration of agricultural schools in the province Lower Austria for
supporting our field experiments and providing meteorological data. Special elevation deserves Christoph Häusler
for collaboration in field and lab work. Four anonymous reviewers helped to improve the manuscript significantly.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

HSP hydraulic soil properties, includes θ(h) and K(h)
h soil water head (cm)
θ volumetric water content (cm3 cm−3)
θ(h) water retention function
K soil hydraulic conductivity (cm day−1)
i index for data pair of θ(h)- or K(h)-series
z soil depth (cm, positive downwards)
PTF pedotransfer function(s)
pF decadic logarithm of absolute soil water head (pF = log10|h|)
EM evaporation method
DP dewpoint potentiometry
FH falling head method
HI hood infiltrometer
ALL combination of all methods (4 lines above)
YesCon combinations of measurement methods with separate conductivity measurements
NoCon combinations of measurement methods without separate conductivity measurements
VGM van Genuchten-Mualem model for HSP
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j index for subcurves in bimodal VGM
Ks saturated hydraulic conductivity (cm day−1)
θs saturated soil water content (cm3 cm−3)
θr residual soil water content (cm3 cm−3)
Se degree of saturation, θ/θs

α parameter in VGM, representing air-entry point (cm−1)
n parameter in VGM, representing slope of θ(h) (dimensionless)
m parameter in VGM, here simplified to m = 1− 1/n
τ parameter in VGM, representing tortuosity (dimensionless)
w2 weighing factor for subcurve i = 2 in VGM (dimensionless)
Φ evaluation criterion of objective function in parameter optimization (Equation 4)
r number of data pairs of θ(h)
k number of data pairs of K(h)
b parameter vector in parameter optimization
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