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Abstract: Although soil water repellency (SWR) has been reported under different soils, climates, and
vegetation types of the world, especially in forest land and following wildfires, the understanding
of this variable continues to be rather limited. This study presented the characterization of SWR
from wild fire measurements in a Scots pine Peucedano-Pinetum forest in the Kampinos National
Park (central Poland), which is characterized by a temperate continental climate. The main objectives
were: [i] To evaluate the potential occurrence, intensity, and persistence of soil water repellency
in the surface layers of podzolized rusty soils during a dry summer; [ii] to determine whether a
wildfire increased SWR, compared to the unburnt condition of soil; and [iii] to identify changes in
hydrophobicity 13 months after a fire. The Water Drop Penetration Time (WDPT) test was used
to assess persistence and intensity of soil SWR. Hydrophobicity is a natural phenomenon during
periods of drought in temperate continental climates. The extreme class of SWR was observed
in surface layers of up to 20 cm. A higher hydrophobicity was noted in the older habitats of the
Peucedano-Pinetum forest. Maximum WDPT values (10,800 s) were found for an older ecosystem
cover, during a dry summer. SWR in fire-affected soils is dependent on the intensity of the fire, as
well as displaying spatial and seasonal variability. Thirteen months after a fire, the highest variability
in the occurrence of non-wettability, was recorded in the surface layers of areas affected by a weak
fire. A positive relationship between soil pH and WDPT values was determined to a 20 cm depth.
Prolonged dry periods resulting from global climate change, may enhance the effects of increasing
SWR; it therefore seems reasonable for future research on biosphere—climate interactions, to take the
presence of hydrophobicity into account.
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1. Introduction

Increases in the frequency and intensity of droughts are predicted to greatly affect the carbon and
water cycles of the terrestrial biosphere [1], with harsh consequences to the functions and services
supplied by forests [2-4]. Nearly et al. [5] raise an important issue of whether the current understanding
of the linkages between forest soils and water quantity and quality, will hold up in a changing climate.
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In Reference to Goebel et al. [6], low soil moisture content, particularly in combination with
high temperatures, can increase soil water repellency (SWR). By decreasing water infiltration, soil
water repellency affects hydrological and ecological soil functions [7]. The effects are rather perceived
as negative, i.e., increasing surface runoff and erosion, impeding plant growth, creating irregular
infiltration patterns, and preferential flow in forest soils [8], as well as a redistribution of rainwater
in the forest floor [9,10] and in the mineral soil [11,12]. SWR also indirectly affects soil CO, efflux, by
exerting an influence on soil moisture distribution [13,14].

SWR is especially relevant in arid and semiarid areas, such as Mediterranean ecosystems, where
water resources may be especially limited and the distribution of rainfall is strongly seasonal. SWR in
Mediterranean soils has been closely related to some plant species, such as pines [15-18]. In Poland,
SWR was evaluated in terms of the impact of long-term drainage on the organic soil transformation
processes; and reducing the level of groundwater was found to significantly increase the occurrence of
SWR [19-24].

Several studies on soil hydrophobicity in European temperate forests [25-30] have been published.
SWR typically shows temporal variations, which are strongly related to the seasons [31].

Water repellency is present in some forest and shrub communities, but fire can enhance, reduce,
or even create it [32]. It has been established that the severity of fire-induced SWR, depends on the
burning temperature [33,34], vegetation type and land use [35-37], and soil properties [38].

The heating up of soil during a fire can create hydrophobic layers on or near the surface of the
soil. The infiltration of water into the soil becomes more difficult, surface runoff is present, and the
decrease in the moisture content of the soil increases preferential flow [39]. Hydrophobic layers can
stimulate soil degradation processes by decreasing the soil-water relationship, at the same time causing
a decrease in the fertility of soil and increasing losses of soil and water. Malkinson and Wittenberg [40]
suggested that, in the short-term, fire-induced SWR dynamics are controlled by pre-fire vegetation.
Bodi et al. [41] reported increased SWR immediately after burning, and a rapid decrease in the period
following it, with variations strongly related to soil moisture.

However, much less is known about the natural hydrophobicity in Central Europe, and the effects
that fires have on it.

Wildfires are one of the main natural disturbance factors in forest ecosystems, and are caused
largely by lightning strikes [42]. Thompson et al. [43] described future opportunities and challenges,
for the management of wildfire-watershed interactions in forest. Additionally, elevated temperatures
and summer droughts associated with global climate change are expected to increase the intensity and
frequency of wildfires [44]. Generally, wildfires are very severe, because they usually occur under dry
conditions in the presence of an abundant fuel load.

The most intense reduction in the moisture supply in Central Europe was registered, for the
Mediterranean Sea and the Central European region [45]. In Boczon et al. [46], who had carried out
studies in 2015, drought soil occurred in almost all of Poland’s forests. Water retention characteristics
and physical parameters of the forest soil in pine and spruce ecosystems across Poland, were presented
by Hewelke et al. [47]. In 2015, as a result of the weather conditions in Poland, which were especially
conducive to occurrence of forest fires, their number reached close to record values from the last
years of the 21st century [48]. The forestation index in Poland was 29.4% (according to GUS-Central
Statistical Office—data from 31 December 2014). An unfavourable feature of Polish forests from the
point of view of biological diversity, is the small variety in terms of tree species making up the forest
stands. Coniferous tree stands predominate, and the percentage of pine, as the dominant species, was
over 59.1% (according to GUS-Central Statistical Office—data from 31 December 2014). Currently,
there is a tendency to increase the share of other tree species, mainly deciduous ones.

Niklasson et al. [49] suggests that, due to the presence of Pinus silvestris, fire should be
increasingly taken into consideration in models of disturbance, vegetation development, and forest
openness in the entire Central European lowland forest region.
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The present study was conducted considering the described dependencies of hydrological
consequences and related SWR processes. The first objective was to evaluate surface SWR, in forest
podzolized rusty soil during a dry summer. The second was to determine whether wildfires increased
SWR, compared to the unburned condition of soil. Finally, the third objective was to identify changes
in hydrophobicity in a post-fire year.

2. Materials and Methods

2.1. Site Characteristic and Soil Sampling

Kampinoski National Park (KNP) is located in the valley of the central course of the Vistula River
and covers an area of 385.4 km?. It was established in 1959 and has been on the list of the UNESCO
Biosphere Reserves since 2000. The geological make-up, varied landform, and presence of wetlands or
swampy areas with linear dunes with forest cover, are what comprise the richness of the landscape and
vegetation. The most important function of the KNP is the protection of natural resources and natural
processes. The proximity of Warsaw exerts strong human pressure. In the XIX century, there was a mass
cutting of forests, for the purposes of settlement and agriculture. The construction of floodbanks along
the Vistula and Bzura rivers significantly altered the hydrological conditions, eliminating flooded areas.
The system of drainage channels constructed in the middle of the XX century, was to meet agricultural
criteria, and did not account for environmental circumstances. Intensive drainage, including the
drying up of swampy areas, led to the level of ground water being permanently lowered and the
impoverishment of ecosystems dependant on water, leading to the partial disappearance of swampy
areas and wetlands. Numerous source water intakes connected with the urbanization of areas adjacent
to the KNP, further contribute to the lowering of the water table. The hydrogeological conditions
are summarized in literature, e.g., References [50,51]. According to Krogulec [51], the probability of
the occurrence of a full hydrogeological drought (defined as a period when the groundwater level
GwL < 0.5 m), was determined at 16% on average, for the period 1999-2013.

The unfavourable change in the hydrological conditions caused an increase in the risk of the
occurrence of droughts, which in the case of forest areas, in which pines dominate, signifies increased
fire risk. Kampinoski National Park is considered as being in the highest category of forest fire risk.
Fires in the KNP, comprise 50% of all forest fires in Polish national parks. Since 2013, actions have
been undertaken to increase water retention in the area of the KNP, which will protect the Kampinoski
swamps from summer droughts.

The study area was located within the coordinates N 52°20'36.67”-N 52°20°25.53” and
E 20°45'49.10”-E 20°46'13.87”, in the north-eastern part of the KNP. The relief in the studied area had
an irregular topography, with the elevation ranging from 78.7 to 87.6 m.a.s.l. The surface was covered
by a plant group of Peucedano-pinetum, which varied in age from 60 to 200 years.

The analysed area had experienced two fires: on 7 May and 4 June 2015, which covered a total
area of over 11 hectares. The cause of these fires was most likely arson. They were ground fires, of
which the June fire turned into a subsurface one. The layer of litter was smouldering for 3 days, making
it difficult to put out. As a consequence, the surface organic layers had been largely burnt.

A network of forty-nine permanent study areas with a surface area of 100 m? each, was set up in
the burned area. In the central part of the burned area, where the organic layer had been significantly
burned, 11 randomly selected areas (Central Fire) were set up. The second group of areas was located in
pairs, along the border of the burned area, every 80 m, on the burned side where the organic layer had
been slightly burned (Peripheral Fire); and on the side not affected by the fire (Control)—encompassing
a total of 38 areas.

Soil samples were collected from six randomly selected points for each area, and a collective
sample prepared for each of the three mineral layers, i.e., 0-5 cm, 5-10 cm, and 10-20 cm. Soil samples
were collected in two periods, i.e., between the 17 and 24 July 2015—a month after the fire, and between
the 15 and 20 July 2016—13 months after the fire. In July 2015, samples were taken from the selected
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areas, and in 2016, 11 areas in each of the three zones of the burned region selected. 147 and 99 soil
samples, were collected in 2015 and 2016, respectively. Fewer research areas were designated in 2016
than in 2015, because part of the north edge of the burned area was excluded, due to a protection zone
of the black stork’s nesting grounds (Ciconia nigra).

2.2. Soil Properties

To identify soil properties, 11 areas of each site, i.e., Central Fire, Periferial Fire, and Control
in 2015 and 2016 were used. From the three soil layers in each area, disturbed samples were
collected to be measured for total organic carbon (TOC), soil pH, and particle size distribution.
Total organic carbon was measured by a non-dispersive infrared method, using a Shimadzu TOC-V
analyser with a solid-sample module (Shimadzu TOC 5000 A); nitrogen level was determined
using the Kjeldahl method (analyser Kjeltec-Tecator); while soil pH in H,O and in 1 m KCI was
measured potentiometrically. Particle size distribution was performed using the Bouyoucos method,
with modifications by Casagrande and Proszynski (the aerometric method) for particles smaller
than 0.1 mm, and the sieve method for particles larger than 0.1 mm, according to Reference [52].
Soil formations, which the analysed podzolized rusty soils had formed from are well-sorted eolic
sands, with a granulation of fine sand, according to the United States Department of Agriculture
(USDA) classification [53]. They are characterized by a very large percentage share of the sand fraction,
of approximately 90%. Silt and clay fractions are found in trace amounts.

The soils were classified as Albic Brunic Arenosol and Brunic Arenosol, according to the IUSS
Working Group WRB [54]. Soil humus was classified as a moder-mor type.

2.3. Meteorological Conditions

Daily meteorological data (precipitation, air temperature and humidity, wind speed, and hours of
sunshine) were recorded at the Granica—KPN station (N 52°17/10”, E 20°27'16", elevation 73 m a.s.L.),
which is located near the site of the investigation. The metrological data used have been collected
since 1994. Groundwater levels were measured at the interval of a fortnight by the nearest piezometer
(N 52°34/13.7", E 20°75'32.5"), starting in November 1999.

Monthly precipitation amounts, mean temperatures, and ground water levels during the two
hydrological years, as well as long-term averages, have been presented in Figure 1. Temperatures
registered in the hydrological years 2015 and 2016 (Figure 1a), turned out to be higher than the averages
from the 1994-2014 multi-year period, by 0.7 °C and 1.0 °C, respectively. The year 2015 was a slightly
warm (9.4 °C), and dry (419 mm) year. The occurrence of a meteorological winter was not noted. Not in
any of the months did the average temperature fall below 0 °C, and snowfalls were not observed.
2016 was a warm year (9.7 °C) and normal, in terms of atmospheric precipitation (580.5 mm). It was
characterized by a very short winter. Only in January did the average air temperature fall below 0 °C.
Starting in April 2015 (Figure 1b), the lowering of ground water levels was observed in reference to
the average, from the multiannual period (1994-2014), and this tendency persisted for subsequent
months. In July 2015, this difference was 15 cm, in February 2016 it was over 40 cm, and in July
2016—18 cm. The year 2016 was another year during which the lowering of values of ground water
levels was observed, and in the case of surface waters, a significant low-water period occurred [55].
Krogulec’s [51] investigation showed that hydrogeological droughts, characteristic of the summer
months, occur only during the years when the lowest groundwater levels are observed.
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Figure 1. Monthly precipitation amounts, monthly mean temperature (a) and ground water level
(b) during the study period along with averages from the years 1994 to 2014—precipitation and
temperature, and 1999 to 2016—ground water level, respectively.

2.4. Assessment of SWR

The soil water repellency of each soil sample was determined using the WDPT test, which, in
addition to being the most suitable [56] and most widespread method, is relatively simple [7,12,57].
All 147 soil samples in 2015, and 99 soil samples in 2016, were dried at room temperature (20 °C) to a
constant weight. About 20 g of each sample was placed in Petri dishes and drops of distilled water
from a standard medicine dropper, were deposited on the smoothed soil sample. As less research areas
were designated in the field in 2015, laboratory tests were extended. In 2015, five drops were placed
on each soil sample, while in 2016, sixteen drops were used. Values of the WDPT test were used for
statistical analysis and the results were used to establish SWR classes, according to the classification
proposed by Dekker & Jungerius [58]. The following five SWR classes were distinguished: (0) wettable
or non-water repellent, WDPT < 5 s; (1) slightly repellent, from 5s WDPT < 60 s; (2) strongly repellent,

from 60s WDPT < 600 s; (3) severely repellent, from 600s WDPT < 3600 s; and (4) extremely repellent,
WDPT > 3600 s.

2.5. Statistical Analysis

Since WDPT test values do not follow a normal distribution, its results were subjected to
non-parametric statistical analysis using the Kruskal-Wallis test, for each year. WDPT test results
for control, peripheral fire, and central fire areas were evaluated by statistical tests in comparisons

conducted separately for each year. Statistical tests were conducted on the sub-datasets, for each soil
layer (0-5, 5-10, and 10-20 cm of depth).
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After obtaining a significant Kruskal-Wallis test result, the Mann-Whitney U-test was conducted
to compare central year-to-year tendencies, between each area and depth. Statistical analysis using the
Mann-Whitney U-test, was conducted to compare central tendencies in WDPT test values between
the two age groups of ecosystems at different areas and depths, for each year, separately. Significance
statements in the text refer to two-tailed probability values obtained, for the Kruskal-Wallis and
Mann-Whitney tests. Median values were adopted as the central tendency in each of the statistical
analyses carried out and used to establish SWR classes.

Spearman’s rank correlation coefficient was used to provide information about the chemical
properties of soil, and median WDPT relationships. All statistical analyses were carried out using the
Statistica 13 statistical software-package.

3. Results

3.1. Soil Chemical Properties

Directly after the fire (July 2015), significant diversification in the total organic carbon (TOC)
contents was determined in the surface layer of the soil (0-5 cm), between the analysed areas (Table 1).
For the area of the central fire, the content of TOC was the lowest and amounted to 2.26% and
2.24%, respectively.

Table 1. Selected properties of soil, mean values (1 = 11) with SD in brackets. TOC—total organic
carbon, N—nitrogen, pH—acidity.

Sa;lplmg Site Soil Depth TOC (%) N (%) C/IN pH (H;0)  pH (KCD
ime (cm) [—1] [—]

Contral 0-5 151 (0.54)  0.068 (0.016) 23.38 (9.70) 355(0.26)  3.39 (0.28)

‘;‘}tra 5-10 1.25(0.38)  0.053 (0.017) 2507 (10.34)  357(0.17)  3.48(0.25)

re 10-20 0.63(0.11)  0.044 (0.022) 16.49 (5.73) 3.90(0.18)  3.78(0.28)

Perinheral 0-5 228(0.65)  0.096 (0.023) 24.17 (6.28) 344 (021) 3.15(0.22)

July 2015 er;l? cra 5-10 1.29 (0.24)  0.058 (0.057) 23.6 (6.22) 359 (0.15)  3.39 (0.22)

1re 10-20 0.61(0.19)  0.041 (0.014) 17.20 (7.23) 3.95(027)  3.79(0.28)

0-5 224(0.65)  0.097 (0.026) 2357 (5.21) 3.29(024)  3.02(0.13)

Control 5-10 126 (023)  0.067 (0.019) 19.69 (4.62) 342(0.15) 3.27(0.22)

10-20 056 (0.17)  0.045 (0.017) 15.08 (7.43) 3.96(0.12)  3.79(0.17)

Central 0-5 1.85(0.68)  0.038 (0.014) 50.00 (9.37) 321(0.17)  3.07(0.16)

eFF‘tra 5-10 139 (052)  0.029 (0.010) 49.08 (14.33)  348(0.17)  3.25(0.14)

re 10-20 0.83(0.22)  0.019 (0.006) 43.41 (6.54) 3.92(0.15)  3.70(0.13)

Perioheral 0-5 216 (0.68)  0.048 (0.014) 45.17 (6.40) 3.70(0.14)  3.56 (0.14)

July 2016 erg? era 5-10 1.48(0.37)  0.034(0.009) 4357 (7.46) 394(0.15) 3.76(0.17)

e 10-20 0.93(026)  0.022(0.007) 4541 (12.73)  4.46(0.30)  4.22(0.24)

0-5 247(0.75)  0.057 (0.021) 43.87 (5.83) 359 (0.35)  3.29 (0.25)

Control 5-10 157 (047)  0.037 (0.015) 44.25(9.77) 3.85(0.36)  3.47(0.24)

10-20 0.89 (0.26)  0.023(0.007) 4096 (12.50)  4.37(0.30)  3.90 (0.30)

A year later (July 2016), the average content of TOC in the area of the central fire increased to
1.85% in the 0-5 cm layer, which may have signified the beginning of its biological regeneration.

The highest variation (SD) in TOC content, was observed in all analysed areas in the 0-5 cm layer.
Average values of TOC, for the 5-10 cm and 10-20 cm layers, did not reveal large variation between
the analysed surfaces, both in the first, as well as in the second, measurement period (Table 1).

The effect of fire on soil organic matter content is highly dependent on, among other factors, the
type and intensity of the fire, soil moisture, soil type, and the nature of the burned materials [59].
Depending on the nature of the fire, the amount of organic carbon in the soil can be higher or lower,
than immediately after the fire. In addition to the amount, the nature of the carbon compounds also
changes. In the area which underwent a fire in the central part, the contents of organic matter in the
surface layers of the soil, were approximately 33% and 28% lower in 2015 and 2016, respectively, than
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in the control surfaces. These differences were limited to the surface layers 0-5 cm, as confirmed by
the findings of Badia et al. [60].

In July 2015, the lowest contents of nitrogen, i.e., 0.068% on average, were observed in the surface
layer of the soil (0-5 cm), in the area of the central fire. At the same time, in the areas of the peripheral
fire and the control areas, the average contents of nitrogen were higher, amounting to 0.096 and 0.097,
respectively. Nitrogen content in the soil decreased along with depth, both in the area of the central
and peripheral fire, as well as the control. In an analogical period of 2016, a decrease in nitrogen
content by approximately 50% in all of the analysed surfaces and in all layers, was observed. At the
same time, a significant increase in the C: N relationship took place. It ought to be highlighted that
the drought in 2016, was followed by a warm winter. February and March 2016, were characterized
by more abundant rainfalls, ensuring favourable conditions for microbiological activity and plant
growth. These circumstances facilitated the initiation of the biological regeneration of the area touched
by the fire.

The soil pH varied depending on the depth and time of collecting the soil samples (Table 1).
Average values of pH, were the lowest at both measurement periods of the study in the surface layers
(at a depth of 0-5 cm) and fell into the ranges of 3.21 to 3.70 (for pH in H,0O), and 3.02 to 3.56 (for pH in
KCl). An increase in pH was observed, along with the depth of soil sample collection, from 3.21 to 4.46
(for pH in H,O) and from 3.02 to 4.22 (for pH in KCl). Average values of pH in H,O and pH in KCl in
2015, differed insignificantly between the surfaces, though slightly higher values were confirmed in
the areas of the central fire. Greater differences between the areas were observed a year after the fire.
A slight decrease in pH values (in H,O and in KCl), was noted in areas of the central fire, contrary to
the increase noted in areas of the peripheral fire, and a slightly lower one in the control areas.

Immediately after the fire, the pH differences between the central part of the fire and peripheral
fire, as well as the control, were noticeable mainly in the surface 5 cm layer of the soil. A similar
phenomenon was confirmed by Molla et al. [61]. The highest pH in the year 2015, was noted in
areas of the central fire, though it ought to be noted that the differences between the analysed areas
immediately after the fire were small. This is, however, in agreement with data found in literature and
connected with the release of basic components into the environment, and the possible formation of
carbonates and alkali metal oxides [62].

In 2016, a decrease in pH was confirmed in the areas of the central fire, contrary to the increase
observed in the area of the peripheral fire, and in control areas. The increase of pH has implications for
nutrient availability, soil respiration, microbial activity, mineralization rates, and plant germination.

3.2. Persistence of Potential SWR

Significant differences in WDPT test values were observed amongst the 0-5 cm, 5-10 cm, and
10-20 cm layers (Kruskal-Wallis test, and upper and lower quartiles) at two measurement periods
(Figure 2). In July 2015 (Figure 2a), the 0-5 cm, 5-10 cm, and 10-20 cm layers in the control area and in
the area of the peripheral fire did not differ significantly, and were classified as severely repellent for
surface layers, and strongly repellent for the level of 10-20 cm. On the other hand, the results from the
area of the central fire differed significantly from both the control, as well as the peripheral fire, as well
as in each of the analysed layers, and were classified as the highest, extremely repellent class (median
WDPT values were more than 3600s).

It ought to be highlighted that the obtained results for the area of the control and peripheral fire
were similar, which may have signified that both the drying out of the surface layer of the soil as a
result of the present meteorological conditions, as well as a peripheral fire of lower intensity than in the
central part, had a similar influence on the occurrence of the phenomena of hydrophobicity. The fire in
the central part, on the other hand, was stronger, and the organic layer of the soil (litter) was severely
damaged, significantly raising the hydrophobicity class in even the 10-20 cm layer (difference of two
classes, as compared to results obtained from the control area and the peripheral fire).
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Figure 2. Median Water Drop Penetration Time (WDPT) with upper and lower quartiles on the control

site, and in the areas of a peripheral fire and central fire in three soil depths (a) 1 month after a fire;
(b) 13 months after a fire. Note: Different letters denote significant differences in each depth, as
determined with the Kruskal-Wallis test (« < 0.05). SWR classes (red dashed lines), (0) wettable or
non-water repellent, WDPT < 5 s; (1) slightly repellent, from 5s WDPT < 60 s; (2) strongly repellent,
from 60s WDPT < 600 s; (3) severely repellent, from 600s WDPT < 3600 s; and (4) extremely repellent,
WDPT > 3600 s.

In July 2016, 13 months after the fire (Figure 2b), lower values of the wettability classes could be
observed. The medians of the WDPT test obtained for all areas in all of the layers, allowed them to be
classified as SWR class 0, i.e., wettable. The results in the surface layer of 0-5 cm from the control area
and area of the peripheral fire were statistically similar, whereas in relation to the area of the central
fire—the difference was statistically significant. The greatest scope of changes in hydrophobicity, which
covered all classes of wettability, was observed in the 10-20 cm layer in the area of the peripheral fire
and the control. The 5-10 cm layer in the area of the peripheral fire, was also characterized by a high
variability of hydrophobicity (range of changes from 0 to 3 SWR class).

3.3. Year-to-Year Differences in Soil Water Repellency

The medians of results from the WDPT test, as well as their comparisons, based on the
Mann-Whitney statistical test for the analysed dates, have been presented in Figure 3. In the case
of all surfaces and layers, statistically significant differences between two measurement periods
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were confirmed, which supports the reports regarding seasonal changes in SWR, as described in
References [63-65]. Significantly higher values were confirmed in the year 2015, one month after the
fire. The occurrence of hydrophobicity in the central area of the fire turned out to be the highest,
i.e., extremely repellent class, in 2015 in all of the analysed layers, whilst in 2016—the lowest, i.e.,
wettable class.
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Figure 3. Median WDPT values of 0-5 cm, 5-10 cm, and 10-20 cm soil samples of control site, peripheral
fire site, and central fire site, 1 month and 13 months after the fire. The different letters denote significant
differences in the sampling period, as determined by the Mann-Whitney test (« < 0.01). The dashed
lines denote SWR classes.

3.4. SWR in Relation to the Age of the Scots Pine Forest

The results of soil hydrophobicity were subjected to analysis, in regard to the age of the trees
covering the analysed area. Two ecosystems were distinguished, i.e., a younger one—represented by
a pine stand 60-90 years old, and an older one—on surfaces covered by a pine stand 170-200 years
of age. Median values of the WDPT test, for soil under the two age groups of the pine stand at two
measurement periods, were compared using the Mann—-Whitney test (Figure 4).

The soil found under the old stand of the Peucedano-pinetum site demonstrated higher classes of
SWR, both one month, as well as 13 months after the fire, as compared to the results obtained for soils
under the younger stand of trees. One month following the fire, a statistically significant relationship
between the results of soil hydrophobicity under the sites of the two age groups was confirmed in all
layers, in both the control area and area of the peripheral fire. For sites under younger trees in the
areas of the control and peripheral fire, the occurrence of class 2 of hydrophobicity (strongly repellent)
was determined, whilst soil under sites with older trees was characterized by higher unwettability,
classified as class 3 (severely repellent) and 4 (extremely repellent). Statistically significant differences
in the WDPT test, in areas from the central part of the burned area were not noted between the soil
under stands of different ages. This means that the fire in this part, contributed to the occurrence of
class 4 soil hydrophobicity (extremely repellent), irrespective of the age of the trees.
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Figure 4. Median WDPT values for soil under a young and old pine stand for 0-5 cm, 5-10 cm, and
10-20 cm soil samples taken from the control site, peripheral fire site, and central fire site, (a) 1 month
after the fire and (b) 13 months after the fire. The different letters denote significant differences in pine
stand samples, determined by the Mann-Whitney test (& < 0.05). The dashed lines denote SWR classes.

Thirteen months after the fire, a statistically significant relationship was confirmed between the
intensity of hydrophobicity of soil under sites with various ages of trees, in all layers from the area of
the control fire, as well as in layers 5-10 cm and 10-20 cm of the peripheral. In the areas of the central
fire, the occurrence of Class 0 (wettable) was confirmed under all sites, regardless of the age of the
stand. The highest class (extremely repellent), was obtained for the 10-20 cm layer, in areas of the
control and peripheral fire under the old stand. The deposit of organic matter in the soil on sites with
older trees, its decomposition and penetration into deeper layers of the soil profile, along with rain,
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under conditions of the permanent drying out of subsurface layers, is the most likely cause for such
high unwettability. Keeping in mind the decrease in the level of the groundwater table in the analysed
time period (Figure 1), the drying of this layer occurred, which will most likely lead to the occurrence
of an unstable wettability front.

3.5. Relation SWR to Soil Chemical Properties

Data from literature [7,30,66] shows that the presence of certain compounds, which are a
component of organic matter, is responsible for hydrophobicity. In the present studies, a correlation
between the amount of organic carbon and hydrophobic properties was not confirmed; however, the
nature of the humic compounds occurring in the soils of the analysed areas ought to be analysed.

Significant correlations were only obtained for the dependence of repellence, on the acidity of the
soil (Table 2). The pH (KCI) exhibited a positive correlation with the median WDPT test (Spearman
coefficient from 0.345 to 0.395, p < 0.05), for all of the analysed depths of soil in 2015, and surface
5-10 cm in July 2016. The following processes may serve as confirmation of the positive relationship,
in only the surface layers in July 2016. Firstly, ash characterized by alkaline properties, derived from
the burning of organic matter in the central area, is easily blown away by wind and carried over into
nearby areas. The erosion of soil after a fire is also a frequent phenomenon [32,67]. Lush vegetation
developed in burned areas, which, using alkaline components, could have contributed to lowering the
pH. Furthermore, nitrogen from the burned matter changes into ammonium forms, which, because of
the nitrification process, are transformed into nitrates. As a result of this process, the acidification of
soil takes place.

Table 2. Spearman’s rank correlation coefficients between median WDPT test value (1 = 33) and the
pH (KCI) of soil at 0-5 cm, 5-10 cm, and 10-20 cm depths in two sampling periods. Only significant
coefficients are shown (p < 0.05).

Sampling Period Soil Depth (cm) pH (KCD) [—]
0-5 WDPT_med. 0.393
July 2015 5-10 WDPT_med. 0.395
10-20 WDPT_med. 0.345
0-5 WDPT_med. 0.358
July 2016 5-10 WDPT_med. -
10-20 WDPT_med. -

4. Discussion

For the most part, soils showed higher hydrophobicity in the surface layers and reduced
hydrophobicity in the deeper layers, due to the reduction of soil organic matter [68]. In the research of
Huffman et al. [69], only a few sites exhibited much hydrophobicity in the 9-18 cm layer. MacDonald
and Huffman [39] found SWR to be the strongest in sites which had been burned at high and
moderate severity, decreasing with increasing depth (0-18 c¢cm), and be spatially highly variable.
Granged et al. [36] concluded that SWR was usually higher at the soil surface, where the presence of
hydrophobic substances is common after low-intensity burning, and decreased with depth; however,
they did not show significant differences between soils which had not been burnt for a long time,
and unburnt soils under pines. The strongest SWR under thicker layers of litter, was reported by
Buczko et al. [25,26] in non-burned layers 10-40 cm in depth, and in Dekker and Ritsema [12]—for
sandy soils. The explanation suggested by Buczko et al. [25] regarding this tendency, is that it is caused
by the changing chemistry of the soil organic matter, along with depth and/or varied bonding of
this organic matter to the soil particles. In Ganz et al. [70], the existence of SWR is not, as it is often
assumed, restricted to humic topsoil, but, in sandy soil, the persistence of water repellency increases
with depth.
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SWR in studies of Zavala et al. [37] (soil under pine forest after a wildfire) was only higher at
the soil surface, where the presence of hydrophobic organic substances is normal after burning, and
the severity of water repellency decreased along with an increase in depth of up to 40 cm. Generally,
hydrophobicity in fire-affected regions with a Mediterranean climate has often been reported under
pine forests, but studies have generally been confined to the topsoil’s, i.e., up to 5 cm deep [60,71].

Results contained in this study were supported by the reports of Rodriguez-Alleres et al. [63],
carried out in NW Spain, regarding the persistence of water repellency in the zone burnt by a
low-severity fire and the unburnt zone, with extreme repellency classes up to 20 cm depth, and
moderate values from 20 to 40 cm—15 months after the fire. In Portugal [72], hydrophobicity was
found to be characteristic of soils from the surface down to the weathered horizon, rather than being
confined to the near-surface layer in forest areas characterized by a different burning history, and
Pinus pinaster plantations. The values of non-wettability presented in the mentioned studies, were
higher than WDPT > 6 h and WDPT > 5 h, respectively. The high water repellency of soils under P.
pinaster cover of Mediterranean regions, can be ascribed to the temperate-humid climate of the region,
which favours biomass production, the presence of large amounts of organic matter, and as a result,
the substantial production of hydrophobic substances [73].

The severity of a fire controls the intensity and depth of SWR in soils. According to the findings
of De Bano [33] and Certini [62], an increase in burning temperature increases hydrophobicity (due to
the volatilization of organic hydrocarbons), and a burn temperature of 260-280 °C (the combustion
of aliphatic compounds) reduces SWR. Most likely, the three-day fire reached deeper in the central
part of the burned area and achieved higher temperatures than the fire in the peripheral areas, or in
studies presented by Huffman et al. [69] and Granged et al. [36]. On the other hand, the extreme class
of hydrophobicity in the central area of the fire, reveals that the temperature of the fire did not reach
260 °C.

In Butzen et al. [74], who carried out studies on coniferous forest sites in Germany, water repellency
effects were an important factor triggering overland flow generation. SWR increases were detected as
a result of a wildfire and dry period and their persistence may contribute, in the short-term period, to
higher runoff and risk of erosion over time [75]. The results of studies from July 2015, revealing high
hydrophobicity in the surface layers, may also lead to similar hydrological reactions.

The occurrence of a severely repellent and extremely repellent class and high spatial variability
of SWR in the 10-20 cm layer in July 2016, as well as in the higher layer, i.e., 5-10 cm, under older
trees, may cause an unstable wetting front; this in turn could potentially result in preferential flow.
The heterogeneity of SWR under dense pine forests, reflects the existence of wetting and water
repellent three-dimensional soil patches. When SWR is enhanced by low intensity burning, infiltration
is controlled by preferential flow [37]. One must also account for the quality of organic matter and
its decomposition. This is the most likely cause behind the occurrence of higher non-wettability,
under an older stand of trees. The high spatial variability of SWR in peripheral and control sites,
may lead to the loss of nutrients, due to the washing of soluble substances by preferential flow
pathways [76], thereby affecting the spatial soil water content distribution, and hence, the recovery
of plant growth [77]. The influence of seasonal weather fluctuations plays an important role, highly
influencing soil properties [60]. These differences in heterogeneity between the two analysed periods,
may be related to the different resistance of the soil and intensity of the fire, to the breaking of SWR.

More than likely, the fire in the central part contributed to substances which were mostly associated
with certain plant species, with tissues rich in resins and waxes, such as pines [78], being burned out,
and wettability was noted in all analysed layers 13 months after the fire.

A different reaction to the intensity of the occurrence of a fire was also confirmed by the studies
of Olejniczak et al. [79], regarding reproduction in the population of microorganisms and mesofauna
in this area, 15 months after a fire. A fire of low severity affects microorganisms and mesofauna more
selectively, than a severe one. Zaniewski and Otreba [80], also observed two processes by which
vegetation responded in this burned area in 2016. The first, classified as regeneration with an increase
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in the richness of forest species, occurred in peripheral plots. The second process was defined as similar
to secondary succession, where non—forest species occurred on the highest burnout in central plots.

The results of the research indicated that the intensity of a fire, can be one of the factors affecting
soil and biogeochemical processes. Soils are multi-scale complex systems, with long-lasting resilience,
as well as rapid response.

Frequent occurrence of wetting and drying events, common to the temperate continental climate,
is associated with the seasonal changing of SWR. When soil is exposed to longer dry spells, it becomes
severely and extremely water-repellent. Seeing as how the hydrological consequences of variable
SWR distribution are unique, it is necessary to recognise their distinctiveness from entirely wettable or
water-repellent soils. The studies carried out, prove that changes in the occurrence of SWR are also
present in deeper layers of forest soil in central Poland, and thus, its consequences ought to be studied
in the subsurface layers as well.

The assessment of the natural range of groundwater level fluctuations, can assist in effecting
better local water resource management, and reducing the risk of groundwater drought hazard and
occurrence. The assessment of SWR persistence in the soil profile, on the other hand, may improve our
understanding of sustainable groundwater resource management.

Bearing in mind that dry periods in late spring and summer are expected to become more
frequent [81], the probability of the occurrence of the phenomenon of hydrophobicity in Central
European forests is increasing.

5. Conclusions

With regard to our observations, SWR is a natural phenomenon, which occurs in a temperate
continental climate in a Brunic Arenosol forest, during dry summer periods. In control areas, the
occurrence of hydrophobicity up to a severely repellent class (median value) was noted, while the
maximum value of WDPT amounted to 10,800 s.

The results allowed us to conclude that hydrophobicity in fire-affected soils, is dependent on the
intensity of the fire, which has a significant impact on its occurrence. The extremely repellent class was
observed in strong fire plots, in soil layers of up to 20 cm for a short period of time. After 13 months,
the soil was once again found to be wettable.

The highest intensity and occurrence of SWR was observed in soil under older pines.

The largest spatial variation of SWR (5 classes), occurred in a layer of 10-20 cm on control plots
affected by a moderate fire, and of low groundwater level 13 months after a fire.

The results confirmed the occurrence of SWR and necessitates the inclusion of this parameter in
soil research, as a factor influencing processes that affect the stability and functions of the soil.

This study alone cannot explain the effects of SWR on runoff and sediment connectivity patterns,
in the given study area. Additional research should clarify the influence of soil SWR on unstable
infiltration, and the reason behind unwettability.
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