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Anthropogenically modified soils are often characterized by a high heterogeneity of
substrates and show unique patterns of water infiltration. Such effects are not limited
to intensively used or disturbed agricultural and technogenic soils, but can also occur as
legacies of former land use in forested areas. The remains of historic charcoal hearths
represent a widespread legacy of historic land use. Soils at relict charcoal hearths (RCHs)
are most prominently altered by the deposition of a layer of charcoal-rich substrate on top
of the natural soil surface. The presence of such a technogenic layer can considerably
influence infiltration and soil wetness patterns on the sites. This study describes the
spatial patterns of infiltration and soil wetness at charcoal hearth sites compared with
undisturbed sandy forest soils for a historic charcoal production area north of Cottbus,
Germany. We characterized six plots on RCH and reference soils under pine, oak,
and mixed forest by visualizing preferential flow patterns of infiltrating water in dye
tracer experiments. Additionally, we characterized bulk density, soil organic matter (SOM)
contents and water repellency, using water drop penetration time (wdpt) tests, of the RCH
and reference soil horizons. The results reflect that the persistence of water repellency
of both the technogenic substrates and the natural topsoils is extremely high under dry
conditions, but is drastically reduced after wet antecedent conditions. The dye tracer
experiments reflect increased preferential flow on the RCHs for dry soil conditions, for
which infiltration is limited to very few flow paths in the technogenic substrate layer.
Differences between RCH and reference soils are less clear for higher antecedent
soil wetness, for which the results indicate more uniform wetting of the technogenic
substrates. We conclude that the structural properties of the additional technogenic
substrate layer of RCHs have characteristic effects on water infiltration, causing a high
temporal variation of preferential flow in relation to antecedent soil moisture conditions.
These effects can result in high heterogeneity of soil moisture for dry conditions, and
generally in a high temporal variation of soil wetness in RCHs soils.
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INTRODUCTION

Structural heterogeneity of soils can cause variable movement of
substances through the soil profile. An important phenomenon
related to soil structural heterogeneity is the preferential flow
of water, i.e., a faster than average movement of water through
parts of the soil porous matrix and a bypassing of other
areas of the matrix (Beven and Germann, 1982; Gerke, 2006;
Allaire et al,, 2009). In sandy soils, preferential flow mainly
occurs as unstable flow, and is often related to water repellency
(Hendrickx et al., 1993; Ritsema and Dekker, 2000). Human land
use often increases soil heterogeneity, disturbs established pore
networks and therefore affects preferential flow mechanisms.
Characteristic preferential flow processes in anthropogenically
modified soils have been shown for mine spoil soils, where water
flow is affected by internal technogenic layering structures, by
the interfaces between the substrate matrix and larger intermixed
fragments, and by spatially and temporally changing water
repellency (Hangen et al.,, 2004; Gerke et al., 2009; Badorreck
etal,, 2010). Infiltration patterns are also modified in agricultural,
tilled soils, where it has been shown that preferential flow
is diminished as compared with untilled soils in the mixed,
unstructured plow layer (Andreini and Steenhuis, 1990), and
that, on the other hand, preferential flow can be initiated
by horizon boundaries due to the tillage (Petersen et al,
2001). Among several other environmental implications, e.g., an
increased leaching of chemicals (Flury et al., 1994; Petersen et al.,
2001), preferential flow can also affect ecological site conditions
through the availability of water for plants, as plant available
water integrated over the soil profile is lower when only small
parts of the profile are wetted during infiltration events.

Anthropogenic disturbances and modifications to soils do
not only occur in recently and intensively used mining and
agricultural areas, but also as legacy effects of historic land use,
even in forested areas. The relicts of historic charcoal hearths
(RCHs) are one example of such a forest use legacy. RCHs are
widespread in many regions, as the production of charcoal in
hearths, pits, or kilns has been an important component of
forest use in many regions in central and northern Europe,
e.g., in England (Bond, 2007), the Netherlands (Groenewoudt,
2007), central (Knapp et al., 2015) and northern Germany
(Raab et al.,, 2015) since the Medieval Period. For later periods,
extensive charring of wood in hearths is also reported from the
northeastern USA (Gordon, 1996; Hart et al., 2008; Ko et al,,
2011; Raab.T et al, 2017). Even today, charcoal produced in
hearths represents a significant contribution to the energy supply
in many rural areas and in developing countries (Chidumayo and
Gumbo, 2013).

Several studies have characterized the effects of RCHs on
plant colonization (Mikan and Abrams, 1995), growth (Buras
et al.,, 2015; Criscuoli et al., 2017; Kerre et al., 2017), and cover
composition (Krause and Moseler, 1993; Carrari et al., 2016).
Several recent studies also deliberately address the architecture
and properties of the soils on such sites (Borchard et al., 2014;
Criscuoli et al., 2014; Hardy et al.,, 2016; Hirsch et al., 2017;
Mastrolonardo et al., 2018), mainly with a focus on soil chemistry.
The physical and soil hydraulic characteristics of RCH soils have

received relatively little attention so far. Several characteristic
features of RHC soils potentially affect the infiltration and
distribution of water in the soil profile.

The stratigraphy of RCHs is most prominently characterized
by the presence of a technogenic layer on top of the natural soil
profile that remained at the site after charcoal harvesting. This
layer can be made up of a single layer or multiple sublayers,
often alternating with layers of relocated mineral soil material,
depending on how often and over which time periods the site
was used for charring (Stolz et al., 2012; Raab.T et al., 2017).
The substrate in this layer is usually a heterogeneous mix of
charcoal fragments, organic and mineral soil material relocated
during charcoal harvesting, and mineral matter that originated in
the soil material used to seal the hearth. Thus, the bulk density,
pore volume and pore size distribution of this substrate can vary
considerably. The topsoil of natural soil profiles buried below the
technogenic layers within RCHs may be truncated, depending on
how the hearth site morphology and soils were prepared before
the stacking of the wood, and can be mechanically compacted
from the work involved in site preparation or from the weight of
the hearth, both potentially resulting in disturbances of the soil
porous system. Substrate hydrophobicity and water repellency
might be increased within the charcoal-rich RCH layer and
in the soil below the RCHs by the presence of hydrophobic
charcoal fragments, by heat during the charring process (Doerr
et al., 2000) and by modified input of hydrophobic organic
compounds after burial of the soils. However, little is known
about the relevance of such effects for soil conditions in RCHs.
Thermally induced effects on soil water repellency and the
hydrophobicity of charcoal decrease with time (Doerr et al., 2000;
Inbar et al., 2014; Pusceddo et al., 2017). While clearly increased
hydrophobicity has been found in soils enriched with freshly
produced biochar (Kinney et al., 2012), Criscuoli et al. (2014)
found decreased hydrophobicity in RCH soils, associated with
lower bulk densities.

The hypothesis of this study was that preferential flow on
RCHs is increased, as compared with undisturbed forest soils,
because of high porosity and hydrophobicity of the charcoal-
rich technogenic layer. The aim of our study was to characterize
the spatial patterns of infiltration on historic charcoal hearth
sites compared with undisturbed sandy forest soils by describing
the preferential pathways of water flow. Therefore, infiltration
experiments with a dye tracer solution were conducted, and soil
profiles were described and analyzed for soils on and around
three historic RCH sites in Brandenburg, Germany.

MATERIALS AND METHODS
Study Sites

The study sites are situated in the forefield of the open-cast
lignite mine Janschwalde and the forest area Tauersche Forst,
north of Cottbus, Germany (Figure 1). The area is characterized
by mainly flat topography with elevations of about 80 m a.s.l. and
was shaped by glacial and periglacial processes during the Saalian
and Weichselian glaciations. The sandy, quartz-rich substrate
is glaciofluvial in origin, but in some areas the presence of
thin stone layers containing ventifacts reflects the subsequent
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FIGURE 1 | Location of the study area north of Cottbus, Germany (A) in the position of the study sites on an aerial photograph of the area around the forefield of the
open-cast lignite mine Janschwalde and the forest area around Tauer (B). Sketches of the sites (not to scale) show the position of the individual plots.
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formation of coversands by periglacial processes (Kasse et al.,
2007). The dominant soils developed on these nutrient-poor
substrates are Brunic Arenosols (Protospodic), according to
the soil map (Bodeniibersichtskarte) CC4750 Cottbus (BGR,
2015). The climate in the area is continental, with a mean
annual temperature of 8.9°C and a mean annual precipitation of
549 mm, based on data from the Peitz climate station (Potsdam-
Institut fir Klimafolgenforschung., 2009). A high density of
RCHs has been documented in this area by archeological
excavations in the mine forefield (Rosler, 2008; Rosler et al., 2012)
and by mapping based on digital elevation models derived from
airborne LIDAR data (Raab et al., 2015; Raab.A et al., 2017).
RCHs are usually characterized by circular platforms elevated
about 20-40 cm above the surrounding area and slightly deeper
ditches around the platforms. Dendrochronological dating of
charcoal fragments from RCHs in the area suggests that each site
was usually used only once or during a time period of only a few
years (Raab et al., 2015).

Three hearth sites and the surrounding areas were studied,
and two plots were examined at each site (Figure 1).

Site P is located in the mine forefield and was covered by a
pine (Pinus sylvestris L.) forest until the forest was cleared, which
occurred shortly before the field work for this study in the course
of mining preparation. Archaeological rescue excavations were
conducted at this site in preparation for the mining and allowed
for a detailed description of the RCH layouts. The remains of
two adjacent charcoal hearths with diameters of 19 and 11.5m
were documented in the excavations. The ditch associated with
the larger RCH intersects that of the smaller site, indicating
that the two sites were constructed one after the other within a
short period of time. Two plots were studied on this site: Plot P-
Ref is located ~40 m from the RCHs in an area that shows no

indications of surface modification by former land use. Plot P-
RCH is located within the elevated platform of the smaller hearth
site (RCH 1088, Figure 1).

Site Q is covered by oaks (Quercus rubra L.) and is located
immediately outside of the mine forefield. However, the charcoal
found on the RCH was derived from pine wood, indicating that
the tree cover of the site was previously made up of conifers. The
RCH mound studied on this site (RCH 5814, Figure 1) has a
diameter of 18.5m. The undisturbed forest soil for this site was
studied in plot Q-Ref, which is located ~21 m from the center of
the RCH. Plot Q-RCH is located close to the center of the hearth
platform. Additionally, profile Q-RCH*, which is located a few
meters away from profile Q-RCH on the hearth platform, was
studied. However, dye tracer experiments for this plot could not
be analyzed because of strong edge effects, so that only results of
soil sample analyses are presented for this profile.

Site M is located about 8 km north of the mine forefield sites
in the Tauersche Forst. It is covered by mixed forest, dominated
by sessile oaks (Quercus petraea Liebl.) and pines (Pinus sylvestris
L.). As for site Q, charcoal fragments in the RCH indicate the use
of pine wood for charcoal production at the site. The diameter
of the RCH mound (RCH 29239, Figure 1) is 18 m. Plot M-RCH
is located on the hearth platform, and plot M-Ref is located in a
distance of 10 m to the RCH.

Dye Tracer Experiments

To characterize the spatial patterns of infiltrating water, dye tracer
experiments were conducted on plots with an area of 1.3 m?.
This plot size was chosen to be able to analyze tracer distribution
over a profile width of 1 m despite possible “edge effects” along
the plots’ boarders. The edges of each plot were defined with
a metal partition that was pushed into the ground about 5cm
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deep, until it was stable and no gaps between the frame and the
soil were observed, to prohibit the lateral runoff of the applied
dye tracer solution. We employed Brilliant Blue FCF as a tracer
because it is highly visible, it is not toxic to the environment,
and it displays low retardation in soils (Flury and Fliihler, 1994,
1995). One kilogram of Brilliant Blue FCF was dissolved in 600 L
of tap water. For each plot, 150L of the tracer solution were
applied. The necessary tracer concentration and amount of tracer
solution to reach a good visibility of staining patterns had been
determined beforehand in tests on smaller plots. The soil surface
within the plots was covered with a plastic sheet at the beginning
of the experiment and about 75L of the tracer solution were
applied to cover the complete area of each plot with 5-6 cm of
Brilliant Blue FCF solution. The remaining 75 L were gradually
poured on the plots after removal of the plastic sheet to maintain
similar flood conditions during the infiltration process as long as
possible. This procedure with infiltration under flood conditions
with (as far as possible) constant pressure was chosen to exceed
the infiltration capacity of the soil matrix and to reach high and
relatively constant infiltration through the large pores of the soil,
as recommended by Droogers et al. (1998) and Allaire et al.
(2009).

For site P, infiltration experiments were conducted in October
and November 2014 on the RCH and reference plot, respectively.
Weather conditions during the infiltration experiments and
sampling were similarly dry for both experiments, with only a
few medium-intensity precipitation events during the preceding
weeks. At site Q, the experiments were conducted in October
2015. Conditions were only slightly wetter than for site P, with
some medium-intensity precipitation events before and slightly
rainy conditions during the infiltration experiments. On site
M, the infiltration experiments were carried out in April 2017.
Several, but only low-intensity precipitation events had occurred
in the weeks before, however, soil moisture was clearly higher
than for the experiments conducted in autumn.

Beginning at the side of each plot, the soil profiles were
excavated into several horizontal and vertical profiles. The
excavation was performed several hours after the tracer solution
was added to plot P-RCH, and 1 day after the experiments
for all other plots. Three horizontal profiles were examined for
each plot. When possible, these profiles were arranged so that
they were separated from one another by 10cm, but profile
spacing had to be adapted in cases where profiles were disturbed
by large roots. The depth and number of the vertical profiles
were determined based on the soil stratigraphy revealed by the
horizontal profiles.

To study the distribution of dye tracer in the profiles,
we used orthorectified photographs and image analysis. For
each profile, several close-up photographs of the profiles were
taken and assembled into geometrically corrected image mosaics
using AgiSoft PhotoScan software (Agisoft LLC, St. Petersburg,
Russia). The measured distances between 9 and 12 raster
points marked with tile markers were used as reference scales.
The resolution of the images was reduced so that each pixel
represents 1 mm?, and the images were delimited to the 1-
m-wide area below the infiltration plot. In order to carry out
separate analyses for different parts of the soil profiles, horizon

and layer boundaries were marked in the photographs and
images were split along these boundaries. To delineate the dyed
areas, the images were processed using the free GNU Image
Manipulating Program (GIMP, version 2.8; GIMP Development
Team), Adobe Photoshop (Adobe Systems, San José, USA), and
Image] (Rasband, 2012) using the following steps: (1) Images
were corrected by a white balance, adjusted to the white tile
markers. (2) The range of the hue of the color within the stained
areas was determined and saturation was maximized within this
color range and minimized for the remaining hues. For the
pictures of site P, the range of hues within the stained areas
coincided well with the green, blue and turquoise components
(90-240°), while for pictures of sites Q and M, the range needed
to be extended into the yellow hues (50-240°) to cover all stained
parts of the profiles. (3) The image was decomposed into its Hue-
Saturation-Value (HSV) components, and the saturation channel
was extracted. (4) A threshold value was used to assign a pixel
value of 255 (white) to the dye-covered areas, and a value of
0 (black) was assigned to other areas of the profile. (5) The
areas of the tile markers, as well as stones and roots that were
to be excluded from further analyses, were delimited manually,
and pixel values of 125 (gray) were assigned to these areas. (6)
The images were then analyzed using the R software package (R
Core Team, 2017). Pixel values were redefined so that the dye-
covered areas had a value of 1, non-covered areas had a value of
0, and areas excluded from the analysis were assigned NA values.
Finally, the percentage of dye-covered pixels was computed for
each row of the image, for the delineated horizons and for the
whole image.

Soil Profile Description and

Characterization

For each tracer experiment plot, a soil pit about 30 cm outside
of the delimited plot area was excavated, described and sampled
before the stained profiles below the plots were excavated. The
soils were described according to the German Guidelines for Soil
Mapping (Ad-hoc-AG Boden, 2005) and classified according to
the World Reference Base for Soil Resources (IUSS Working
Group WRB, 2014). From the vertical profiles below the tracer
plots, undisturbed samples were taken at several depths using
metal cylinders with volumes of 100 cm? and heights of 4.05 cm.
The sampling depths were adapted to the stratigraphy of each
profile. For each depth, five replicate samples were taken at sites
P and Q. For site M, the number of replicates was increased to 15
to better represent the high substrate heterogeneity.

To characterize the persistence of hydrophobicity of the
substrates, water drop penetration time (wdpt) tests were
conducted on the air-dry surfaces of the undisturbed samples.
The wdpt test determines how long hydrophobicity persists
on a sample surface and has often been used as a relatively
easy method to characterize water repellency of sandy soils
(Wessel, 1988; Doerr, 1998). Three droplets of water were
applied to each sample, and the time required for the water
droplets to completely infiltrate into the samples was measured.
The penetration times were classified into five water repellency
classes, following the classification scheme of Dekker and
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Jungerius (1990), which was developed for sandy substrates.
Soil moisture at field conditions at the time of the infiltration
experiments was determined after drying the samples at 105°C
from bulk samples taken outside of the infiltration plots for sites
Q and M, and from five (unstained) undisturbed samples taken
within the plots for site P. The soil organic matter (SOM) content
of bulk samples was assessed by loss-on-ignition (LOI) at 550°C.
The bulk density of the undisturbed samples was determined
after the samples were dried at 105°C for 24 h, following Hartge
and Horn (2009).

RESULTS

Soil Profile Description and Properties
Except for the technogenic deposits that were present at the
RCHs, the studied soil profiles are similar in terms of their
stratigraphy. The Weichselian glaciofluvial sediments at the bases
of the profiles are covered by periglacial coversands containing
two stone layers. The grain size distributions are dominated by
medium sand throughout the profiles. The undisturbed forest
soils are Brunic Arenosols (Protospodic) with incipient podzolic
eluviation in the topmost few centimeters of the topsoil. The
thickness of the organic horizons (L/Of/Oh) varied between
4cm at the Pinus site and about 7cm at sites Q and M, and
the thickness of the organo-mineral topsoil (A horizons) varied
between about 13 cm at the mixed forest and Quercus sites and
18cm at the Pinus site. Fine charcoal fragments, most likely
derived from mechanical or aeolian translocation of charcoal
during hearth operation or harvesting, were found in the topsoils
at all the sites. The subsoil horizons of all studied profiles are
affected by weathering and brunification. Two distinct stone
layers containing ventifacts were found in the profiles on sites P
and M, separating 30-40 cm thick sediment layers. In the profiles
at site M, only one, less distinct stone layer occurred in a depth
of about 40 cm. In the lowest parts of the profiles, ie., from
depths of about 1 m for the RCH profiles and about 80 cm for
the reference profiles, the sandy sediments were stratified and
showed redoximorphic features that presumably developed when
the ground water table was higher in the past.

In the RCH plots, relatively thin organic horizons, which
have a maximum thickness of 5cm, are developed above
the technogenic deposit remaining from the charcoal hearths.
The soils that occur within the RCHs are classified as Spolic
Technosols overlying Brunic Arenosols. The remains of the
hearth operation are dark gray, relatively loose sediment layers
that are rich in charcoal fragments. These layers have a thickness
of up to 30cm in the central parts of the RCHs. The lower
boundary of each charcoal-rich layer is quite distinct and even.
The buried topsoil horizons have similar thickness, colors and
grain size distributions as the topsoil horizons in the undisturbed
soil profiles. In parts of the profiles, the upper 2-4 cm of these
topsoils have a slightly more reddish color, most probably as a
result of thermal alteration of iron (hydr-)oxides (Hirsch et al.,
2018). The uppermost centimeters of the buried topsoils, similar
to the topsoils of reference profiles, show signs of podzolic
eluviation. Together with the similar thickness, this shows that
topsoils were not removed in course of hearth site preparation.

TABLE 1 | Initial water contents at the time of the infiltration experiments and soil
organic matter contents as assessed by loss on ignition (LOI) of the profile
horizons (determined from bulk samples taken outside of the infiltration plots,
except for water content data for profile P, determined as the mean of 5
undisturbed samples from unstained areas within the plot, sampling depths in
parentheses).

Water content [%] LOI [%]
RCH PROFILES
Site P
RCH layer 3.9 (1-56cm) 3.2 (0-23cm)
Buried topsoil 4.7 (23-27 cm) 1.1 (23-31cm)
Subsoil 3.1 (40-44cm) 0.4 (31-90cm)
Site Q
RCH layer 5.9(0-20cm) 12.2 (0-20cm)
Buried topsoil 4.3 (20-30cm) 5.4 (20-30cm)
Subsoil 1.2 (30-80cm) 1.7 (30-80cm)
Site M
RCH layer 25.2 (6-28cm) 20.3 (6-28cm)
Buried topsoil 9.8 (28-43cm) 2.0 (28-43cm)
Subsoil 5.9 (43-69cm) 0.8 (43-69cm)
REFERENCE PROFILES
Site P
Topsoil 5.0 (1-5and 7-11cm) 2.3 (0-18cm)
Subsoil 3.8 (18-22 and 48-52 cm) 0.7 (18-80cm)
Site Q
Topsoil 4.5 (0-14cm) 7.7 (0-14cm)
Subsoil 2.5 (14-82cm) 3.1 (14-82cm)
Site M
Topsoil 8.9 (4-15cm) 2.8 (4-15cm)
Subsoil 4.2 (15-69.cm) 0.5 (15-69cm)

Detailed data for individual sampling depths are provided as supplementary material to
this article. For the location of sampled profiles, see Figure 1.

This is consistent with detailed observations on other RCH
soils in the area (Hirsch et al, 2018) and with the suggestion
made in the royal Prussian order regulating charcoal burning
in the region (Friedrich, 1779) to directly construct the hearth
on top of the undisturbed ground vegetation for sandy soils. A
slight disturbance of the uppermost centimeters of the topsoils,
however, cannot be excluded, and might be indicated by the sharp
upper boundary of the buried topsoil on site P.

As it might be expected, high LOI was determined
for the technogenic layers of the RCH profiles (Tablel,
Supplementary Table 1a), where LOI reflects both pyrogenic
and pedogenic SOM. In the buried soil horizons below the
RCH, LOI values are lower as compared with the topsoils of
the reference profiles for all sites. Comparing the sites with
different vegetation cover, relatively low LOI was determined for
all horizons of the Pinus site profiles, LOI values are relatively
high for all horizons of the Quercus site profiles, and a strong
decrease from high LOI values in topsoils to low values in the
subsoils was observed at the mixed forest site.

A high spatial heterogeneity of bulk density is reflected by the
variation between the undisturbed samples for all profiles, with
highest variances observed in the topsoils of the reference soil
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FIGURE 2 | Bulk density (mean and standard deviation) for horizons of the charcoal hearth and reference soils for both sites, determined from undisturbed soil
samples.

profiles. The bulk density (Figure 2) of the technogenic RCH
deposit is low, with values between 1.1 and 1.3g cm™>. The
bulk densities increase slightly with profile depth in most of the
profiles. The bulk density of the organo-mineral topsoil is higher
under the RCHs than for the reference profiles at sites P and Q,
while bulk densities of the buried and reference topsoil are similar
for site M.

Water contents determined from the unwetted profiles
(Table 1, Supplementary Table 1b), reflect the weather
conditions before the experiments: For sites P and Q, water
content is below 5% for most areas of the topsoil horizons,
except for the uppermost centimeters of the technogenic deposit
at the Q RCH plot, and water contents are even lower for the
subsoil horizons. No clear differences appear between the water
contents of sites P and Q or between the RCH and reference
plots within these sites. Initial soil moisture was, however, clearly
higher at site M as compared with the other sites, especially in
the technogenic and topsoil horizons. Here, the water contents
between the RCH and the reference plots differ, with wettest
conditions in the technogenic deposit.

Water Drop Penetration Time Tests

The wdpt tests showed a very high range of water drop
penetration times (Figure 3), ranging from complete infiltration
in <ls to values of more than 3h, and a clear relation

to antecedent soil wetness conditions. Clear hydrophobic
conditions were observed for the topsoil of all profiles on
sites P and Q. Hydrophobicity was most persistent for the
RCH sediment layer of site P, but also the topsoil and the
uppermost centimeters of the subsoil showed very high water
drop penetration times for this site. For site Q, hydrophobic,
but also wettable and only slightly hydrophobic conditions were
found in the topsoils of the RCH and the reference plot, but
persistent hydrophobicity was limited to the topsoil and buried
topsoil horizons. For the samples taken in early spring on site
M, water drop penetration times were very short for most of the
samples, and penetration times >1 min were only observed for
the buried topsoil on the RCH plot.

Dye Tracer Experiments

Infiltration of the dye tracer solution took between 6.5 and 37 min
and was slower on the RCH plots for sites P and Q, but faster
on the RCH plot for site M (Table 2). Tracer stains were found
up to the maximum excavated depths of the profiles for all plots.
Several discontinuities in the infiltration patterns were observed
in all the studied profiles (Figure 4).

In the uppermost centimeters of the profiles, it was hardly
possible to distinguish wet, stained areas within the dark black
organic horizons. However, tracer stains are clearly visible in
the uppermost, bleached centimeters of the A horizons. For the
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FIGURE 3 | Distribution of water drop penetration time categories for horizons of the charcoal hearth and reference soils of both sites. Wdpt classes were determined
for 16 water droplets distributed over five undisturbed samples for each horizon, with individual droplet results given for sites P and M and the wdpt category
determined from the mean infiltration time of three droplets on five samples for site Q.

reference soil profiles at sites P and Q, the very irregular dye
coverage in this part of the profiles reflects a clear preferential
infiltration through the organic horizons. Infiltration along
preferential flow paths continues within the organo-mineral
topsoil horizons, reflected in low dye coverage, for the Pinus
and Quercus plots (Table 2). Preferential flow paths are less
clear, but also observable, in the topsoil horizons at site M.
Within the A horizons, both interruptions of flow and a slight
vertical dispersion of the tracer stains, reflected in cone-shaped
stain patterns, can be observed. No clear discontinuities in the
stained flow paths appear at the boundary between the topsoil

and subsoil horizons for all the reference profiles. Discontinuities
in tracer staining mainly appear around the stone layers, i.e., in
depths between 60 and 70 cm, where flow fingers either cease
or disperse to form broader stains within the stratified loose
sediment below. Dye coverage in the subsoil of all the reference
profiles is relatively high, with mean coverage values between
50 and 75% for the sites (Table 2). For all reference plots, the
tracer stains in the topmost areas of the subsoil are relatively
large and well-connected (Figure 5). The stains decrease and
become slightly fragmented in deeper parts of the subsoil below
the Pinus plot but become larger and more continuous for the
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TABLE 2 | Infiltration times for the six plots and relative tracer coverage integrated
over a profile depth of 1 m (bold numbers), and over the specific horizons of each
profile.

Plot/horizon Infiltration time Tracer coverage [%]
mean, std
RCH PROFILES
P-RCH 37 min 29.4 + 5.0
RCH layer 11.2+6.7
Buried topsoil 32.0+15.2
Subsoil | 31.7+11.3
Subsoil Il 38.9 + 27.1
Q-RCH 13.5 min 28.0 + 15.5
RCH layer 19.9 £ 8.6
Buried topsoil 452 £ 85
Subsoil | 28.1£19.5
M-RCH 20 min 64.9 + 16.7
RCH layer No data
Buried topsoil 76.3 £ 18.4
Subsoil 48.1 + 241
REFERENCE PROFILES
P-Ref 22 min 51.0 £ 9.4
Topsoil 251 +£7.4
Subsoil | 51.7+11.0
Subsoil Il 67.4 £18.0
Q-Ref 6.5 min 63.5 + 3.6
Topsoil 109+73
Subsoil | 73.0+7.2
Subsoil Il 75.0+94
M-Ref 28 min 55.0 + 20.3
Topsoil 66.7 £ 9.9
Subsoil 51.8 +23.0

No horizon-specific data are given for the organic horizons of the reference profiles and
the RCH layer of profile M-RCH because of the bad visibility of the dye tracer in the dark
substrates. For the location of sampled profiles, see Figure 1.

deeper horizontal profiles below the Quercus and mixed forest
plots.

The tracer stain patterns in the RCH profiles were similar to
those of the reference profiles for the topmost sections of the
profiles, but clearly differed in the lower parts of the soils. For the
Pinus RCH plot (Figure 4), the few stained flow paths, resulting
in low dye coverage (Table 2) in the technogenic deposit can be
distinguished well from the very dry substrate. Correspondingly,
dye coverage was limited to relatively few stains in the horizontal
profile at the lower boundary of the layer (Figure5). Rapid
vertical dispersion and an increase in dye coverage to up to
50% were observed in the buried topsoil below the RCH,
which is also reflected in the horizontal profile, where tracer
stains are larger and more continuous. In the subsoil, both the
vertical and horizontal profiles show that the flow paths clearly
separate into several very narrow and discontinuous fingers.
As described for the reference profiles, these flow fingers show
further discontinuities at the depths of the stone layer.

Tracer coverage patterns observed in the vertical profiles of
the Quercus RCH plot were similar to those described for the

Pinus RCH profiles. Infiltration through the technogenic deposit
is limited to a few paths, and the dye coverage is relatively low
at the bottom of this layer. The dye coverage is higher due to
lateral dispersion in the buried topsoil as compared with the
RCH layer. In the subsoil, a clear fragmentation of tracer stains
is observable in the vertical profiles. In the subsoil horizontal
profiles, the average dye coverage is relatively high; however,
the stained areas can be clearly divided into small, fragmented
stained areas with high color intensity and larger stained areas
with low color intensity.

For the RCH profiles at site M, it is hardly possible to
distinguish stained areas in the wet and therefore dark black
charcoal-rich deposit. In the field, the RCH layer appeared
relatively uniformly wet after the infiltration experiment, and
no clear preferential flow paths were observable. A relatively
continuous wetting through the RCH layer is indicated by the
almost continuous dye coverage along the upper boundary of the
buried topsoil horizon. Dye coverage remains very high (Table 2)
all over this buried horizon, except for one profile of the mixed
forest RCH plot where infiltration was affected by an old root
channel. Clear discontinuities in the stained flow paths only
appear in the subsoil, originating in the buried topsoil. Although
less clear than observed at sites P and Q, this is reflected in a
decrease of dye coverage in the horizontal profiles and in the low
coverage observed in the horizontal profile. As observed for the
other profiles, flow fingers in the subsoil tend to cease around
the stone layer, i.e., in a depth of 60-70 cm below the ground
surface.

DISCUSSION

Bulk Density, Soil Organic Matter

Contents, and Water Repellency
The bulk densities measured for the technogenic deposits
associated with the RCHs were low (Figure2), and this
observation is consistent with observations on other historic
RCHs (Borchard, et al., 2014; Criscuoli, et al., 2014). However,
even larger differences between RCHs and reference soils have
been reported. The bulk densities observed at our plots were
slightly higher in the buried topsoil below the RCHs than in
the topsoil horizons of the reference soils for sites P and Q.
Higher density of these horizons might be caused by a physical
compaction due to RCH operation. A compaction by the weight
of the stacked wood is plausible, considering that the load
imposed by a 3-m-high charcoal hearth is ~2,040kg per m?,
based on a weight of 680 kg (Lohman, 1998) for a 1 m? pile of pine
logs with a moisture of 25-30%. Foot traffic on the site during
site preparation might further contribute to such a physical
compaction. Bulk density might also be higher in consequence
of a reduced bioturbation, and of lower SOM contents due to a
combustion of SOM below the hearth and interrupted input of
organic matter after to the burial by the technogenic deposit, as
also indicated by lower LOI values (Table 1).

The persistence of hydrophobicity (Figure 3), although
measured on the dry surfaces of samples under laboratory
conditions, clearly varied with the antecedent wetness of the
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FIGURE 4 | Dye tracer stain patterns in profile photos and plots of horizontally integrated one-dimensional vertical values of relative dye coverage vs. depth for vertical
soil profiles on the four experimental plots.
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FIGURE 5 | Dye tracer stain patterns for horizontal profiles and values of relative dye coverage integrated over the profiles. No horizon-specific quantification is given
for the RCH layer and topsoil of site M, where tracer stains can hardly be distinguished from the dark substrate.

soils (Table 1), both for the RCH and for the reference plots.
Under dry antecedent conditions (Pinus and Quercus site,
Figure 3), the persistence of hydrophobicity was very high in
the RCH substrates but also in the reference topsoils, while
no or only slightly persistent hydrophobicity was observed for
wet antecedent conditions (mixed forest site, Figure 3). The
results are consistent with the frequently made observation that
water repellency of wet, hydrophilic soil is not immediately
reestablished with drying, but only after at least several days
of dry conditions (Doerr et al.,, 2000). Results suggest seasonal
variations of water repellency, governed by seasonal variations
in soil moisture, both for the RCH and the undisturbed forest
topsoils. The observed differences are thus consistent with the
frequent observation of seasonal hydrophobicity variations, with
hydrophilic conditions or low hydrophobicity observed after long
wet periods and severely hydrophobic conditions during and
after extended dry periods (Ritsema and Dekker, 1994; Doerr
et al., 2000).

The differences in hydrophobicity observed between the sites
do not show a correlation to SOM contents as reflected by LOIL
While LOI values are slightly higher for site Q as compared with
site M, along with a slightly higher hydrophobicity in these layers,
LOI is considerably low for the extremely hydrophobic horizons
of site P. Generally, direct relations between organic matter
contents and the degree and persistence of water repellency have
hardly been shown, and even low organic matter contents can
considerably increase substrate hydrophobicity (MacGhie and
Posner, 1981; Bisdom et al., 1993; Doerr et al., 2000). Relations
between SOM and hydrophobicity might differ between the sites

and horizons as an effect of differing plant cover, root activity,
or soil fungi and microorganisms, however, such interactions are
hardly understood by now and could not be assessed within this
study.

The very high range of water drop penetration times found
for the RCH layer of site Q, with either extremely short or
extremely long times until water drop infiltration, might be
caused by the high spatial heterogeneity of the substrate with
local concentrations of hydrophobic charcoal fragments or SOM;
or by a high heterogeneity of antecedent wetness in this layer.
Water drop penetration times of the buried topsoils do not
generally reflect higher water repellency as compared with
the reference topsoils, and therefore do not indicate increased
hydrophobicity associated with heating of the soil. However,
water drop penetration times were found to differ between the
buried and the reference topsoils for all sites. For sites P and
Q, hydrophobicity in the reference profile topsoils was higher
as compared with the buried topsoils, which might be related to
SOM contents and composition in the reference horizons and to
a more uniform drying of the reference topsoils near the surface
as compared with the buried topsoils in depths of about 30 cm
in the RCH profiles. For site M, persistence of hydrophobicity
was found in the buried topsoil as compared with the reference
topsoil, which does not relate to higher LOI in this horizon
but can possibly be caused by a more uniform wetting of the
near-surface reference horizon during a wet antecedent period.

Overall, no clear differences in the persistence of
hydrophobicity were determined for RCH and reference
samples, however, it needs to be considered that hydrophobic
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behavior affects considerably larger parts of the soil profiles
on RCHs, with strong water repellency occurring in the upper
30 cm of the soil on these sites, but usually only in the topmost
centimeters on reference soils.

Preferential Flow Patterns

The infiltration patterns observed in the dye tracer experiments
show only slight differences in the uppermost horizons of the
RCH and the reference plots (Figure 4). Infiltration through the
technogenic deposits associated with the RCHs was concentrated
along very few preferential flow paths under dry conditions.
The dye patterns are furthermore highly irregular in this
layer, i.e., abrupt changes between relatively broad and narrow
stains were noted, which can be interpreted as indicating
abrupt changes between fingered flow in a heterogeneous soil
matrix and macroporous flow (Weiler and Flithler, 2004). These
infiltration patterns are most probably related to a high spatial
heterogeneity of pore volumes in this layer, associated with the
heterogeneous distribution of large charcoal fragments, and to a
spatial heterogeneity of hydrophobicity related to the distribution
of SOM and charcoal fragments. Tracer staining is also limited to
a few preferential flow paths in the organic horizons (L/Of/Oh)
of the reference profiles. The flow patterns in this layer can be
interpreted as the result of preferential flow through macropores
in the hydrophobic organic material. For the interpretation of
stain patterns on site P, it needs to be considered that profiles on
plot P-RCH were excavated and documented on the same day
that the tracer solution was applied, but the profiles associated
with plot P-Ref were documented on the next day, so that the
infiltrating dye solution might have spread further, forming larger
stain patterns for the reference soil plot. However, even higher
differences in tracer coverage were found for plots at site Q, where
time between infiltration and excavation was one whole day for
both plots.

In the RCH profiles of site M, infiltration in the technogenic
horizon appears more homogeneous with less clear indications
for preferential flow, reflecting a breakdown of the substrate’s
hydrophobicity in wet conditions. Although tracer coverage in
the dark black substrate could hardly be quantified, observations
from the field and the almost continuous dye coverage observed
in the upper part of the buried topsoil indicate that in this
situation, the high porosity and low continuity of pores in the
technogenic substrate favor a uniform wetting of the RCH layer.
Resulting from this effect, and probably enforced by lateral
spreading of infiltrating water, dye coverage is also high in the
buried topsoil below the RCH.

The variation of preferential flow observed in the experiments
reflects repellency, with persistent
hydrophobicity under dry conditions as in the autumn
experiments and smaller hydrophobicity effects under wet, early
spring conditions. Higher preferential flow in autumn might also
be related to a higher spatial heterogeneity of initial soil moisture,
due to heterogeneous initial wetting after dry conditions and
a heterogeneous water uptake by roots. This is similarly noted
by Hangen et al. (2004), who also observed that lower areas
of mine spoil soil profiles studied in a lysimeter experiment

variations in water

were participating in drainage in autumn drainage events, as
compared with events in early spring.

For all RCH profiles, irrespective of the initial soil moisture,
lateral dispersion of infiltrating water resulting in an increase
in the stained area and larger, horizontally connected stains
(Figure 5), was observed in the buried topsoils. The lateral
dispersion of the tracer solution in these horizons might
be caused by a relatively homogeneous soil matrix and a
relatively low hydraulic conductivity in the vertical direction,
resulting from compaction or reduced bioturbation effects
and therefore decreased pore continuity. The lower degree
of infiltration along preferential flowpaths, as compared with
the reference topsoils, might further be affected by a reduced
input of hydrophobic organic compounds after burial of the
horizon.

Although the differences in the stain patterns developed in
the uppermost horizons of the profiles at sites P and Q were to
some extent compensated for by lateral dispersion in the topsoils,
distinct differences appeared immediately below the topsoils at
both sites. For the reference soil profiles, the shapes of the
stain patterns and the relative dye coverage were similar in the
topsoils and the subsoil; however, the stains became considerably
smaller and more fragmented at greater depths below the RCH
plots (Figure 5). This reduction and fragmentation of the wetted
area below the RCHs persisted over the whole depth of the
studied profiles. The stain patterns observed for the reference
soil profiles are similar to the preferential flow patterns seen
in water-repellent sandy soils, such as the dune sand soils in
the Netherlands, which have previously been described and
analyzed in detail (Dekker and Ritsema, 2000; Ritsema and
Dekker, 2000). Although less clear, a similar pattern with more
fragmented stains in the RCH subsoil and broader flow fingers
in the reference profile subsoil were observed for the mixed
forest site. No clear differences in the average wetted area are
observable here, as the variation between the three profiles of
each site is higher than the difference between the sites (Table 2).
However, the horizontal profile in the subsoil still shows lower
dye coverage with smaller, more fragmented stains (Figure 5).
The differences in the infiltration patterns between the RCH and
reference subsoils cannot be related to the basic soil properties
determined in this study. Generally, the differences in preferential
flow below the RCH sites might result from differences in the
pore system. Our subsoil samples do not indicate an overall lower
porosity for the RCH sites, but disturbances to pore continuity or
modification of the pore size distribution to a smaller proportion
of marcropores due to mechanical pressure during charcoal
production are possible. The separation of the flow into distinct,
narrow fingers below the buried topsoil horizons might also
be due to unstable flow mechanisms related to differences in
permeability and conductivity between the buried topsoils and
the subsoils below the RCHs (Hendrickx and Flury, 2001). A
similar initiation of preferential flow in the subsoil has been
described for structural interfaces between plow layers and the
subsoil on tilled sandy and sandy loam soils (Ghodrati et al., 1990;
Petersen et al., 2001).

Discontinuities in the flow at the two stone layers and the
lateral spreading of the tracer solution in the layered sediment
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below were observed in all profiles. The interruptions in flow
at the stone layers can be interpreted as a result of a capillary
barrier effect caused by the presence of these coarser layers within
the fine sandy sediment (Kung, 1990). The lateral dispersion
seen in the deeper parts of the profile is most likely due to
the high permeability of the relatively coarse soil matrix and to
the horizontal stratification of the sediment. Although the flow
instabilities at the stone layers and within the stratified sediments
are similar for all the profiles, differences in the relative dye
coverage established in the upper parts of the subsoil persist
through the deepest parts of the investigated profiles.

SUMMARY AND CONCLUSIONS

The results of the dye tracer experiments performed in our study
reflect differences in infiltration behavior between undisturbed
forest soils and RCH soils, and differences in infiltration behavior
of RCH soils between wet and dry antecedent conditions.
Infiltration along preferential flow paths, related to the high
structural heterogeneity of the substrate, was observed for all
profiles.

Under dry conditions, a very high degree of preferential
flow and therefore increased heterogeneity of soil wetness
were noted for RCH soils, mainly due to the relatively thick
technogenic layer with a high structural heterogeneity and
persistence of hydrophobicity, and probably also to unstable flow
mechanisms on the additional layer boundary in the profile. For
wet conditions, hydrophobicity effects are clearly diminished,
resulting in a more uniform wetting of the technogenic deposits.
These results affirm that preferential flow effects can show a
high temporal variation, most probably related to variations
in soil moisture and hydrophobicity. The results further affirm
that hydrophobicity does not only depend on concurrent initial
soil moisture but are also dependent on antecedent wetness
conditions in the period before an infiltration event.

Because of the high thickness of the technogenic layer affected
by temporal variations of preferential infiltration, RCH soils
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