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Abstract: Temporal variability of the soil hydraulic properties is still an open issue. The present study deals with results
of ponded infiltration experiments performed annually in a grid of permanent measurement points (18 spatial and 14
temporal replicates). Single ring infiltrometers were installed in 2003 at a meadow site in the Bohemian Forest highlands,
the Czech Republic. The soil at the plot is coarse sandy loam classified as oligotrophic Eutric Cambisol. Soil water flow
below infiltration rings has distinctly preferential character.

The results are marked with substantial interannual changes of observed infiltration rates. Considering just the results
from the initial four years of the study, the temporal variability did not exceed the spatial variability detected in
individual years. In later years, a shift to extremely high infiltration rates was observed. We hypothesize that it is related
to structural changes of the soil profile possibly related to combined effect of soil biota activity, climatic conditions and
experimental procedure. Interestingly, the temporal changes can partly be described as fluctuations between seemingly
stable infiltration modes. This phenomenon was detected in the majority of rings and was found independent of the initial
soil moisture conditions.
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INTRODUCTION

The infiltration of rainwater into soil is an important compo-
nent of hydrological cycle responsible for replenishing soil
moisture and groundwater reservoirs (e.g., Gomi et al., 2008).
Infiltration rate determines the amounts of surface runoff during
heavy rains and rapid snowmelt events. Soil profile ability to
take in water is often evaluated using soil infiltrability (also
referred to as potential infiltration rate), i.e. infiltration under
unlimited water supply. The soil infiltrability can be measured
by laboratory or field ponded infiltration experiments.

Field ponded infiltration experiments are usually performed
in a single- or double-ring configuration. The choice of the
more experimentally demanding double-ring configuration is
usually justified by the assumption of nearly one-dimensional
character of water flow below the inner ring, which, however,
has been many times questioned (e.g., Dohnal et al., 2016;
Dusek et al., 2009; Simanek, 1988). The single-ring configura-
tion is experimentally simpler with considerably easier installa-
tion and lower water consumption; fully developed three-
dimensional water flow can be assumed.

No single method is satisfactory for all field conditions
(Johnson, 1963). Conducting and evaluating a ponded infiltra-
tion experiment in soils with natural structure is accompanied
by a large number of complications, most importantly the dis-
turbance of soil around ring walls during ring insertion, the
intricate role of vegetation cover, and the limited representa-
tiveness of the determined values for the experimental site of
interest. A number of experimental problems are related to the
process of the ring insertion and the selection of the location.
Hence, when studying the temporal variability of the infiltration
rate it is sometimes recommended to carry out the infiltration
experiments in a grid of permanent infiltration rings. Bagarello
and Sgroi (2004) recommended installing the rings a few

months before starting the infiltration experiments to reduce the
influence of the small-scale variability of hydraulic conductivi-
ty on the data collected at different times and to improve their
representativeness at the field scale.

In general, soil hydraulic properties significantly vary with
time (Angulo-Jaramillo et al., 1997; Hu et al., 2009) as well as
with the spatial coordinate (Ferreira et al., 2015). Time changes
of surface hydraulic properties are frequently studied in agricul-
tural fields, including changes associated with disturbance of
surface layer by soil cultivation (Kargas et al., 2016; Starr,
1990) or plant growth (Ma et al., 2009). Studies dealing with
spatial variability of infiltration in natural catchments are rather
rare (e.g., Sharma et al., 1980).

Based on changes in final infiltration rates between two sub-
sequent ponded infiltrations at ryegrass meadow in the Bohe-
mian Forest, Czech Republic, Cislerova et al. (1988) speculated
that entrapped air alters the volume available for the gravity
dominated flow. Maza¢ et al. (1988) published a pioneering
study of concurrent application of geophysical methods and
infiltration experiment. Since then, the soil infiltrability of both
forest and meadow locations in a number of headwater areas of
the Bohemian Forest has been tested.

The present study deals with the results of infiltration exper-
iments conducted at the Liz experimental site (Bohemian
Forest, Czech Republic) between years 2003 and 2015. The
objective of the research was to assess and compare the spatial
and temporal variabilities of the soil infiltrability. For this pur-
pose, a permanent grid of single-ring infiltrometers was estab-
lished at the experimental site in summer 2003. Since then,
ponded infiltration experiments have been conducted every
year. In the present paper, temporal instability of the tested soil
system is demonstrated together with stepwise changes encoun-
tered in the individual infiltration rings. Observed phenomena
are discussed in terms of their possible causes. The issues of
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experimental shortcomings and general applicability of in-situ
ponded infiltration tests are addressed.

MATERIALS AND METHODS
Experimental site

The experimental site Liz is situated on a mildly-sloped
meadow next to a meteorological station belonging to the ex-
perimental watershed Liz in the Bohemian Forest mountain
range, southern Bohemia (Tesat et al., 2006). The altitude of
the site is about 830 m above the sea level, the mean annual
temperature is 6.3°C, and the mean annual precipitation is 861
mm. The soil is oligotrophic Eutric Cambisol developed upon
biotite paragneiss bedrock. Its textural class is coarse sandy
loam with clay content less than 1%. Transition to weathered
bedrock starts at about 1 m below the surface. The groundwater
table is about 8 m below the surface.

Soil water flow character

Results of the dye tracer experiment conducted in 2005
demonstrate the character of soil water flow below infiltration
rings at the Liz site (Jelinkova et al., 2006). Water propagates
through preferential pathways, while most of the soil profile is
bypassed, i.e. does not contribute to water flow. The portion of
the soil profile active in the flow process can be approximated
by the portion of the soil stained with the dye. The results of the
dye tracer experiment are presented in Fig. 1. The dyed portion
of the profile (relative to the infiltration ring area) drops fast
between the soil surface and the depth of 20 cm to value of
about 25%. Between 20 cm and 80 cm below the surface, it
grows to about 87%. It drops down to 25% below the depth of
90 cm. The peak at the 80-cm depth is probably related to the
transition between the soil and the more compact weathered
bedrock.

Experimental setup

In 2003, 17 plastic infiltration rings were installed; 12 in
spring and 5 additional in summer (Fig. 2) (Votrubova et al.,
2005, 2010). The inner diameter of the rings is 37.5 cm. The
insertion depth varies between 10 and 15 cm. In 2005, an addi-
tional plastic infiltration ring (No. 18) was installed and used to
conduct a dye tracer infiltration followed by excavation (Fig.1).
Also in 2005, a concrete infiltration ring (ring No. 19) with the

same inner diameter was set up for the purpose of monitoring
the infiltration process using Electric Resistivity Tomography
(Jelinkova et al., 2006). Results of infiltration experiments
conducted at this ring are also included in the present study.

Experimental methods

The ponded infiltration experiments were conducted manu-
ally. Prior to each experiment, grass within the infiltration ring
was cut short and a pin was installed with the pin tip approxi-
mately 3 cm above the ground level (= 0.5 cm). This measure,
controlling the water pressure at the upper boundary during the
infiltration experiment, varied among the infiltration rings and
changed between separate infiltrations. The minimum height of
the pin tip required is given by the surface elevation differences
within the infiltration ring (maximum slope at the experimental
site (Fig. 2) is 15%; the rings were installed at spots with lower
local slope so that the elevation differences within separate
rings did not exceed 3 cm).

Each experiment was started by filling the infiltration ring
with water to a level above the pin tip. The volume of this
initially applied water varied typically between 3 and 10 liters
(recorded approximately with accuracy of about one liter).
After that, each time the water surface fell to the level of the pin
tip the time was recorded and a 1-litre batch of water was added
to the infiltration ring (related water depth variation was 9 mm).
Initial decision to conduct the experiments manually was re-
spected throughout the years to maintain consistency.

Generally, each infiltration was continued for two hours or
until 40 | of water were infiltrated (excluding the initial batch).
This limit was increased to 50 | in 2007-2009. The length of
infiltration was decided based on the intent to observe the
steady infiltration rate. In 20032007, experiments were occa-
sionally terminated earlier when the observed infiltration rate
became steady, or due to heavy rain (second-day infiltrations in
2006). In later years, infiltration of 40 liters was not enough to
obtain steady infiltration rates; however, a decision was made
not to increase the amount of water used in one experiment.

The long-term research consists of separate measurement
campaigns comprising infiltration tests in all rings installed.
Each campaign was completed within one day. Two separate
campaigns with 60-day interval were executed in 2003 (the first
one included only 12 infiltration rings) and one in 2004. Each
year since 2005, two campaigns have been conducted on two
consecutive days. These paired experiments (first-day and
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Fig. 1. Results of dye tracer experiment conducted in 2005 (average infiltration rate 14.8 cm h™%, final infiltration rate 12.8 cm h™):
(a) photographs of uncovered profiles at various depths, (b) reconstructed profile of stained-soil fraction relative to the infiltration ring area.
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Fig. 2. Map of the experimental site Liz with half-meter elevation
contour lines and the established grid of permanent infiltration
rings.

second-day infiltrations) can be viewed as the recurrent ponded
infiltrations with a one-day interval between the first and the
second infiltration runs. In 2005, one more infiltration cam-
paign was conducted 8 days after the second-day infiltration.
The results of this campaign were presented in Votrubova et al.
(2005); they are not included in the present study.

Data processing

Originally, the observed steady infiltration rate was used to
evaluate the infiltrability variations (Votrubova et al., 2005,
2010). However, the character of the infiltration changed dra-
matically over the years and steady infiltration rates were not
always achieved with the limited amount of water infiltrated.
Thus, a different quantitative evaluation of the results had to be
adopted.

In the present study, estimates of steady state infiltration rate
obtained by the extrapolation of the experimental data are eval-
uated and used in further analyses. For this purpose, the approx-
imation of the infiltration curve based on first two terms of
Philip’s expansion (Philip, 1957) was adopted:
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where t is the time from the start of infiltration (s), | is cumula-
tive infiltration per unit area (m), i is the actual infiltration rate
(ms™), and C, and C, are optimized parameters (m s “? and
m s respectively). Assuming linear-in-time effect of lateral
flow on cumulative infiltration (Smettem et al., 1994), this
approximation can also be used to describe transient infiltration
in case of three-dimensional flow below the infiltration ring. An
estimate of the transient infiltration rate asymptote is given by
the C, value. The value of the C, coefficient is closely related to
the effect of capillary forces and as such is a function of the
initial soil water content.

Methods attempting a more rigorous evaluation of the satu-
rated hydraulic conductivity and sorptivity have been devel-
oped (Bagarello et al., 2014; Braud et al., 2005; Lassabateére,
2006) based on the infiltration equation presented by Haver-
kamp et al. (1994). However, apart from assuming homogene-
ous soil profile with uniform low initial water content, they rely
strongly on the Richards type water flow assumption. In our
case, the flow is carried by only a portion of the soil profile
below the infiltration ring (through preferential pathways).
Therefore applicability of these methods is questionable and
their results could be misleading. Still, when analyzing variabil-
ity of the infiltration curves using the parameters C; and C,, it is
instructive to consider their relationship to the well-defined soil
hydraulic characteristics, i.e. C; is predominantly affected by
the soil sorptivity, C, by the soil hydraulic conductivity.

Parameter values describing the observed data (i.e. parame-
ters of fitted infiltration curves) were found using differentiated
linearization of Eq. (1) (Vandervaere et al., 1997):

dl

d+/t

It can be seen that Eqg. (1) transforms into the linear relation-
ship between derivative of the cumulative infiltration, dI / dt,
and Vt. Visualization of data using this transformation provides
a simple gauge of how well the data follow the expected behav-
ior expressed by Eq. (2). Example selected from our data is
given in Fig. 3.
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Fig. 3. Infiltration data (ring no. 3, year 2009) and fitted infiltration curves: (a) Actual infiltration rates as a function of time (Eq. (2)),

(b) Differential linearization (Eq. (3)).
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A slightly concave relationship between the transformed var-
iables was observed (Fig. 3b). This demonstrates discrepancy
between the real infiltration process and the theoretical infiltra-
tion curve (Eq. (1)). In fact, a distinct change of slope was
frequently detected in the linearized projection of the infiltra-
tion data. Similar to the results presented in Fig 3, this change
was often observed just around the point related to 20" infiltra-
tion batch. We assume that it is caused by the wetting front in
preferential pathways reaching a less permeable layer of the
soil profile that starts about 1 m below the soil surface. Because
our main interest lies in the soil profile controlling infiltration
under natural conditions, we decided to disregard the later
stages of the infiltration. Thus, 20 data points from the begin-
ning of the experiment were generally considered for the infil-
tration curve fitting. This decision was supported by the fact
that the maximum daily rainfall observed at the site since 1976
was 161 mm (recorded on 7/31 1977). Considering the area of
the infiltration rings, it corresponds to infiltration of 17.8 liters.

Sometimes, excessive infiltration rates were observed at the
very beginning of infiltration (usually during the first-day infil-
tration). This phenomenon can be noted in Fig. 3b as two outli-
er points at short times of the first infiltration run. In these
cases, the initial data points were omitted from fitting. The
phenomenon is also assumed to be related to soil layering
(Dohnal et al., 2016); it is probably caused by contrasting hy-
draulic properties of the upper-most organic layer compared to
the main mineral soil profile (the former being more conductive
with higher porosity).

To characterize the soil infiltrability by a single number, the
time needed to infiltrate a given amount of water can be em-
ployed. The limit of 20 liters is used in the present study
(chosen arbitrarily) and the quantity is referred to as 20-liter-
infiltration time. The volume of the first infiltration batch was
approximately evaluated combining extrapolation of the initial
data points with information on the total volume of the water
batch used to start the experiment and the height of water level
maintained in the ring during experiment.

RESULTS AND DISCUSSION
Initial conditions

Data observed at the nearby meteorological station can be
used to illustrate soil moisture condition at the experimental site
prior the first-day infiltrations. In Fig. 4 the soil water pressure
heads at the depth of 25 cm are presented together with the
antecedent precipitation within 30 preceding days. Based on
these data the experimental sets can be divided into three
groups: dry initial conditions (2003a, 2003b, 2010, and 2015),
moderate initial conditions (2004, 2007, 2008, 2009, 2011, and
2012), and wet initial conditions (2005, 2006, 2013, and 2014).

Infiltration results overview

An overview of the determined infiltration curve parameters
C, (i.e. estimated infiltration rate asymptote) and C, (i.e. sorp-
tivity related parameter) is presented in Fig. 5. The box plots
show the ranges of values obtained for all rings in successive
years; results of the first- and the second-day infiltrations are
presented separately. An increasing trend is clear for both
parameters and both infiltration runs. For C,, a distinct stepwise
rise of the parameter values can be noted between years 2006
and 2007 as well as between 2012 and 2013. The C, values
detected during initial years are within the range of expected
saturated hydraulic conductivity of sandy loam (or loamy sand).
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Fig. 4. Initial conditions of the first-day infiltration sets: Anteced-
ent precipitation amount in previous 30 days and the soil water
pressure head measured at the depth of 25 cm (not available in
2003).

In final years they reach values common for gravels.

The infiltration rates observed are illustrated by the times at
which 20 liters infiltrated (20-liter-infiltration time) presented
in Fig. 6 and Table 1. The stepwise change between years 2006
and 2007 is especially pronounced in the first-day infiltration
results. Temporal and spatial variability of the results is dis-
cussed below.

Second-day infiltration

Generally, a downward shift of the estimated infiltration rate
asymptotes, C,, between the first and the second infiltration run
was observed (Fig. 5). That is in accordance with the previous
results of Cislerova et al. (1988). However, cases when it was
higher for the second infiltration run were relatively frequent:
only in 2009 it did not happen in any ring; in 2010 and 2015 it
happened in most rings; and there was no ring in which it
would not happen at all.

Considering the other parameter of the fitted infiltration
curve, Cy, it also generally decreases between the two infiltra-
tion runs (Fig. 5), which is an expected behavior considering
the higher initial soil water content before the second infiltra-
tions. The cases in which this general rule was not obeyed were
few (3 in 2006, 2 in 2011, 7 in 2013, and 5 in 2014). They
never coincided with the increase of the parameter C.,.

The results of the second-day infiltrations can be considered
as less affected by interannual differences in the initial soil
moisture conditions. Still, their temporal variations are similar
as observed for the first-day infiltrations, similar increasing
trend is obvious in both.

Considering the 20-liter-infiltration time (Fig. 6), as ex-
pected, it was longer during the second infiltration runs except
6 isolated occasions. Of these, five coincided with a rise of the
estimated infiltration rate asymptote, C,, and one with an in-
crease of the sorptivity related parameter, C;.

Spatial variability

A weak spatial pattern of increasing infiltrability along the
slope can be detected throughout the years. Fig. 7 presents
estimated infiltration rate asymptotes, C,, for the first-day infil-
trations. The results of consecutive campaigns with similar
overall results (Fig. 5) are presented separately. Results from all
years are presented in Fig. 8 in which the representation of the
range of values obtained in individual rings is visualized and
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Fig. 5. Parameters of the fitted infiltration curves (C,, and C;; Eq. (1)) obtained for all infiltration rings in separate experimental campaigns.
Median, quartiles, and extremes are presented for each experimental campaign.
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Fig. 6. The time at which 20 liters infiltrated, evaluated for all infiltration rings in separate experimental campaigns. Median, quartiles, and

extremes are presented for each experimental campaign.

related to the ring relative elevation. Correlating the ring eleva-
tion with extremes and quartiles of all results obtained for each
ring, the correlation coefficient ranges from —0.44 to —0.56 for
the first-day infiltrations, and from —0.24 to —0.47 for the sec-
ond-day infiltrations. Considering each infiltration campaign
separately, the correlation coefficients between the ring eleva-
tion and the estimated infiltration rate asymptotes are negative
in all cases (between —0.07 and —0.52 for the first-day infiltra-
tions, and between —0.02 and —0.50 for the second day infiltra-
tions) except second-day infiltrations in 2012. The prevalence
of negative values signals the persistence of the trend. The

variability between years reflects a considerable disorder in the
temporal changes observed in different infiltration rings.

For an idealized system with homogeneous soil without
preferential flow, the effect of differences in the ring insertion
and in the ponding depth on the estimated infiltration rate
asymptote, C,, can be evaluated (Dusek et al., 2009; Reynolds
and Elrick, 1990). For the ring insertion between 10 and 15 cm
and the ponding depth between 20 and 40 mm, the related
variability in detected C, would be less than 15%. The variabil-
ity of the results encountered in our study exceeds this level
significantly (Table 1).
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Table 1. Time at which 20 liters infiltrated: (a) the first day infiltrations, (b) the second day infiltrations. Color intensity highlights differ-
ences (categories below 20, 10, and 3 minutes are marked with increasing color intensity). Empty cells with high color intensity represent
instances when the infiltration was too fast to be measured. White empty cells denote that the experiment was not conducted.

(@)
20-liter-infiltration time (min), first-day infiltration sets

Ring 2003a 2003b 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
1 21 10 26 28 36 20 17 17 3 7 2 4 3 1
2 33 13 60 36 62 16 11 13 4 14 3 3 8 1
3 36 36 64 33 59 24 18 18 5 26 10 3 7 <0.5
4 50 12 87 43 91 25 11 15 3 15 3 4 2 1
5 86 45 39 89 92 22 12 5 4 7 7 8 4 1
6 15 12 10 6 31 17 12 12 7 10 25 4 16 2
7 31 13 34 14 16 6 5 6 3 10 10 4 8 1
8 37 8 11 33 12 7 6 3 16 7 3 6 2
9 26 13 15 28 9 6 6 5 2 2 3 1
10 55 20 12 17 9 4 4 2 5 3 2 4 1
11 22 9 21 15 25 10 17 8 2 37 4 3 4 1
12 30 23 12 2 20 5 1 8 2 8 4 1
13 45 54 31 50 15 10 4 3 18 7 8 8 1
14 18 27 8 17 6 6 3 1 4 1 2 3 <0.5
15 22 10 23 15 30 13 12 4 2 4 3 2 3 1
16 23 12 7 6 3 1 1 4 2 3 2 1
17 83 26 57 31 61 19 15 9 6 29 9 2 8 1
19 9 11 9 11 11 6 16 5 5 13 2

(b)
20-liter-infiltration time (min), second-day infiltration sets

Ring 2003a 2003b 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
1 70 62 44 40 44 7 8 4 6 4 2
2 86 81 55 13 24 9 17 11 8 10 2
3 113 86 94 46 49 12 55 70 5 11 2
4 93 73 87 18 31 7 22 8 4 3 2
5 short 107 57 25 7 6 11 17 5 5 8
6 8 27 28 10 18 8 18 44 6 19 4
7 28 22 11 7 11 4 22 39 8 11 1
8 short 24 13 14 7 16 31 8 6 3
9 27 44 17 14 18 9 7 4 8 2
10 23 19 27 8 8 4 8 12 4 5 2
11 37 31 25 42 22 6 70 4 4 5 2
12 46 short 3 24 7 1 4 10 3 4 2
13 122 73 29 24 12 8 31 15 4 10 2
14 53 21 16 10 6 4 6 6 8 4 1
15 38 18 20 6 7 3 3 1
16 7 4 4 4 1
17 49 74 49 28 21 16 28 36 8 11 8
19 21 15 30 23 17 20 35 9 18 6

Temporal variability in general

Generally, the infiltrability observed in the grid of perma-
nent infiltration rings increased throughout the years. Consider-
ing the estimated infiltration rate asymptotes (Fig. 5), stepwise
changes between years 2006 and 2007 as well as between 2012
and 2013 can be noted. Different character of changes is found
if the 20-liter infiltration times are examined (Fig. 6). Although
the stepwise decrease after 2006 can be noted too, the following

evolution can be described rather as a decrease with fluctua-
tions.

Confrontation of the infiltration results with the interannual
changes of the initial soil moisture conditions (Figs. 4, 5, 6)
discloses no general relationship between the infiltration char-
acter and the soil initial moisture conditions. It can be seen that
the estimated infiltration rate asymptote, C,, rises irrespective
of the changes in the initial soil moisture status. Considering
the sorptivity related C; parameter, a similar increase in time is
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combined with local rises in years with dry initial conditions
(2010, 2015). A corresponding gradual decrease with local
extremes can be noticed in the plot of 20-liter-infiltration time.
This reaction to the dry initial conditions is in accord with the
effect of the initial conditions on the soil sorptivity (the lower
the water content, the higher the soil sorptivity and faster the
initial infiltration rates).On the whole, however, the results do
not follow such trend consistently. The obvious shift in results
obtained in years with relatively similar initial moisture condi-
tion (compare results obtained for dry initial conditions, or for
wet initial conditions) indicates instability of the system tested.
After the gradual interannual infiltration rate increase was
detected, a possible impact of the experimental setup and un-
natural amount of water infiltrated was hypothesized. Therefore
an additional infiltration was conducted in a temporarily in-
stalled infiltration ring in 2010. The obtained estimated infiltra-
tion rate asymptote (34 cm h™') was the fourth lowest out of the
results of the first day infiltrations. Thus, the hypothesis was
not clearly supported and the natural temporal evolution of the
soil profile infiltration properties was not ruled out. After fur-
ther increase of the observed infiltration rates, two additional

control infiltrations were conducted in 2014. The obtained
estimated infiltration rate asymptotes stayed similar as in 2010
(41 cm h™ and 30 cm h™) and the results for all the permanent
rings were considerably higher (similar results were obtained
for the infiltration ring No. 19 (made of concrete). All results
obtained in temporarily installed rings lie between the third
quartile and the maximum of the values obtained in the first
experimental set in 2003. The fact that the control infiltrations
are at the faster end of the infiltration rates observed during the
initial experimental campaign can be a consequence of the soil
distortion during ring installation (while the permanent infiltra-
tion rings were installed several days prior the first infiltration
experiment, the temporal infiltration rings were installed just
before the experiment).

Temporal variability in separate infiltration rings

An interesting phenomenon can be seen when infiltration
curves observed in a certain ring in different years are confront-
ed (Fig. 9). The general trend of the interannual changes is
from lower to higher infiltration rates. This increase is not
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Fig. 9. Infiltration curves observed in three selected infiltration rings in different years during either the first-day infiltration or the second-
day infiltration (linearization according to Eq. (3) is employed; the slope of the infiltration lines serves as an estimate of the infiltration rate

asymptote).

monotonous; the infiltration curves in successive years switch
up or down between apparently stable infiltration modes. This
behavior was observed for both the first-day and the second-
day infiltrations in the majority of infiltration rings. Similarity
between certain years in respect to the first-day infiltration
curves is sometimes accompanied by alike similarity in respect
to the second-day infiltration curves (2008 and 2009 in Ring 8,
2007 and 2009 in Ring 11, or 2005 and 2007 in Ring 11). How-
ever, as can be seen in Fig. 9, such behavior is not a general
rule.

It is worth mentioning that the temporally most stable results
were obtained for the concrete infiltration ring, ring no. 19
(relative elevation 0.28 m in Fig. 8), which are also presented in
Fig. 9. Two reoccurring infiltration modes are notable for the
first-day infiltrations (indicating the infiltration rate asymptote
at about 50 cm h™* and 75 cm h™Y). Three reoccurring infiltration
modes can be seen in the second-day results (indicating infiltra-
tion rate asymptotes at 26 cm h™*, 38 cm h™*, and 49 cm h'™).
Even in this ring, the interannual infiltration rate changes are
not related to the initial soil moisture conditions and progres-
sively higher infiltration rates were observed in later years
(2013 and 2015). The reason why the extreme values are nota-
bly lower than in all other rings may be related to the fact, that
this infiltration ring was installed later (in 2005).

Possible sources of detected infiltration instability

Considering the presented character of soil water flow (i.e.
preferential flow demonstrated by the dye-tracer experiment),
the interannual switching between seemingly stable infiltration
modes may be explained by variable activation of otherwise
stable preferential pathways. The potential preferential path-
ways are determined by the soil profile internal structure that is
stable in time. The actual activation of the pathways is con-
trolled by the soil properties and conditions near the upper
boundary (the surface layer of the soil profile).

A possible impact of the vast amount of water infiltrated
each year at the same spots need to be considered (over
725 mm of water are infiltrated in two infiltrations runs, which
corresponds to 84% of the mean annual precipitation at the
site). It could possibly lead to gradual increase of the hydraulic
conductivity of the system due to fine particles displacement.
However, the fluctuations between distinct stable infiltration
modes described above do not support this. Moreover, the
extent of the infiltration rates increase would indicate more
radical changes of the soil structure.

Gradual occurrence of extremely high infiltration rates could
be related to the activity of burrowing animals, including both
invertebrates, like worms or ants and other insects, and small
mammals, like rodents, shrews or moles. Although no objective
record have been kept, the amount of visible burrows at the
experimental site seems to be increasing. Naturally, the biologi-
cal activity was present prior to the setting up the infiltration
rings, however, the burrows were distributed randomly and
their horizontal connectivity disrupted by the ring insertion
(within the upper 10 cm). After the rings were installed, gradual
establishment of deeper burrows connecting the inside of the
ring with the surroundings may have taken place. In this regard,
the animal preference for the place inside and/or near the in-
stalled infiltration ring cannot be ruled out. It should be noted
that the surface inside the infiltration rings were inspected prior
the infiltration and all burrows reaching the soil surface were
plugged with stones and soil mixture. Still, it is possible that
under the positive water pressure applied at the soil surface, the
burrows beneath the surface (even without an obvious connec-
tion to the soil surface) could get filled and conduct the water.
In few cases, borrow opening became obvious after the start of
the infiltration, in which cases the experiment was stopped.

It should be also noted, that the year 2002 (i.e. the year be-
fore the onset of the study) was the wettest year on record
(since 1976); also three out of ten days with maximum daily
precipitation amount on record were observed in 2002. The
extreme character of the year 2002 could cause reduction of
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burrowing mammals’ population at the site. The last year of the
study, 2015, was actually the driest year on record.

The fact that the most temporally stable results were ob-
tained for the concrete infiltration ring may imply that the ring
material affects the results (concrete ring is subject to less vol-
umetric changes due to temperature variations than the plastic
rings). On the other hand, it may be related to the later installa-
tion of this ring or it can be just a coincidence.

The character of the detected temporal changes was a subject
of a simulation study using a Richards-equation based dual-
continuum model (Dohnal et al., 2016). Various scenarios of
possible changes of the soil profile were tested. Only a scenario
with increased conductivity of surface organic layer combined
with large sink hole and significant volume of preferential
pathways was able to reproduce infiltration rates comparable to
those observed in later years of the long-term experimental
study presented in this paper.

CONCLUSIONS

A long-term testing of soil infiltrability was performed in a
grid of 18 permanent infiltration rings. Ponded infiltration
experiments were conducted annually between 2003 and 2015.
The original intent of the study was to assess the spatial and
temporal variability of the soil hydraulic properties.

The encountered temporal changes of infiltration rates ob-
served vastly overrode the spatial variability observed during
initial years. However, when only initial years until 2006 are
considered, the temporal variability of the infiltration rates
observed in individual rings is generally less than the spatial
variability among the rings in individual years. Perhaps, the fact
that temporal variability becomes greater than the spatial varia-
bility indicates changes of the soil profile induced by external
factors.

The main character of the temporal changes can be described
as switching between relatively stable infiltration modes. This
behavior is probably related to variable activation of preferen-
tial pathways within the soil profile. While the pathways them-
selves are probably stable in time, the overlying surface layer of
the soil is changing (reflecting changing meteorological condi-
tions and animal activity) and consequently the portion of the
pathways that become active during an infiltration event may
vary. The reoccurrence of certain infiltration modes was detect-
ed for infiltrations at both ends of the range of infiltration rates
observed.

The extreme infiltration rates observed in later years togeth-
er with the contrasting results obtained in temporally installed
rings in 2010 and 2014 lead to a conclusion that the results are
affected by the animal activity at the experimental plot and the
experimental procedure employed. Perhaps the large amount of
water infiltrated during an experiment may lead to stabilization
of once activated flow paths and their easier activation during
next infiltration events and possibly even to an increase in their
conductivity. In view of our results, repeated ponded infiltration
in stable infiltration rings may provide valuable information on
the temporal variability of the soil infiltrability, providing the
possible impact of burrowing animals is taken into account and
the volume of water used in experiments does not exceed rea-
sonable amounts for the soil under study.
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