J. Hydrol. Hydromech., 74, 2026, 3, 304-313
https://doi.org/10.2478/johh-2026-0023

Journal of Hydrology and Hydromechanics

©2026 Author(s),
Published by Slovak Academy of Sciences.

GIOEle]
1
m :‘STn‘faLUGIE SA

Heating affects properties of forest soils with different texture: 1. Physical and
chemical properties
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Abstract: Wildland fires affect physical and chemical properties of forest soils, and the magnitude of their effects
depends on the soil temperature achieved during a fire. Laboratory heating of soil samples in muffle furnace was
used to simulate a natural fire heating of forest soils, although it does not completely reproduce natural fire
conditions. The effect of heating temperature of 100-900°C on particle size distribution, soil water repellency
(SWR), soil organic carbon content (SOC) and pH was estimated in three soils differing in texture (sandy soil, silty-
clay soil, and clay soil) sampled in coniferous and deciduous forests at Gbely (Areni-Gleyic Umbrisol),
Hviezdoslavov (Fluvisol) and Gabc¢ikovo (Fluvisol), respectively. Decrease in the clay content and increase in the
sand content was large in silty-clay and clay soils, but not as large in sandy soils. Surprisingly, heating the soil to
100°C, commonly used in soil moisture measurement, caused a decrease in clay content by half (the average value
for all soils). This finding should be confirmed by further measurements on the soils from other regions, because the
degree of aggregation depends also on the type of clay and other minerals. The persistence of SWR gradually
increased in the heating temperature range 100-300°C in all three soils from coniferous forests and sandy soil from
deciduous forest, and was absent in the remaining two soils. The SOC decreased and pH increased with increasing
heating temperature.
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1 INTRODUCTION

Wildland fires are considered among the most dangerous nat-
ural disasters to human societies, and their probability and sever-
ity are increasing as a consequence of global climate change (Do-
err and Santin, 2016). The most serious hydrological conse-
quences of wildfires include surface runoff and soil erosion,
which depend on plant species covering the soil (Cerda et al.,
2021), as well as water pollution with ash and debris from fire
(Santin et al., 2015). Wildfires also affect basic soil properties,
and the magnitude of their effects depends on wildfire character-
istics. Basic soil properties include particle size distribution, ini-
tial water content, chemical properties, water repellency, wet ag-
gregate stability, and soil organic carbon content (SOC), while
the main wildfire properties are temperature and duration (Mar-
tinez et al., 2022). The best-known metric for estimating the de-
gree of soil heating and its consequences is the soil temperature
achieved during a fire. Some temperature thresholds and ranges
associated with various fire effects on soil properties are 40—
160°C (notable biological damage, i.e., plant tissue, seed, bacte-
ria and fungi death), 60—100°C (water loss), 350-450°C (organic
matter charring), and 400-900°C (decomposition of clay miner-
als) (Massman et al., 2010; Sun et al., 2016). The thresholds pre-
sented by Doerr et al. (2025) are 60°C (notable biological dam-
age), 100°C (vaporisation of soil water) and 300°C (organic mat-
ter combustion becomes prevalent). Most fires heated only the
uppermost centimetres of the soil, rarely exceeding 300°C below
0.5 cm depth (DeBano, 2000; Doerr et al., 2025) and 100°C be-
low 5 cm depth (Badia et al., 2017), although more than 1500°C
has been instantaneously recorded on the ground surface where
high loads of heavy fuel are present (Badia-Villas et al., 2014).
Laboratory heating of soil samples in muffle furnaces is often

used to simulate a natural fire heating. Heating (to more than
500°C) can produce a finer texture due to the kaolin fine sand
decomposition into the silt-sized feldspar pseudomorphs, but
also to a coarser texture due to the aggregation of clay particles
into stable sand-sized particles (Ulery and Graham, 1993).
Among the components of soil texture, clay is the most sensitive
to temperature changes, when clay hydration and lattice structure
start to collapse at soil temperatures of around 400°C, and the
complete destruction of internal clay structure can occur at tem-
peratures of 700 to 900°C (Al-Khayri and Khan, 2024). Soil wa-
ter repellency (SWR) is one of the soil physical properties most
affected by fire. Wildfire can induce, enhance, or destroy natural
SWR depending mostly on soil burnt severity, soil and vegeta-
tion types, soil organic matter content and type, soil texture, peak
soil temperature and remaining time and, antecedent soil mois-
ture content (Hewelke et al., 2018; Martins et al., 2020, 2024).
Different measuring methods may yield different results, e.g.,
heating in the lab to 50-900°C resulted in the higher contact an-
gle (CA; the measure of SWR severity) in the birch forest soil in
comparison with the pine forest soil for all the heating tempera-
tures, but in the higher water drop penetration time (WDPT; the
measure of SWR persistence) in the pine forest soil in compari-
son with the birch forest soil for all but three (200, 250, and
300°C) heating temperatures (Lichner et al., 2025). Badia-Villas
et al. (2020) found that the SOC decrease in 0—1-cm depth of
sandy-loam soil from 52.3 to 47.3 g/kg resulted in the WDPT
decrease from 1335 s to 7.4 s and in the unsaturated hydraulic
conductivity increase from 1.2 to 7.7 mm/h as a consequence of
a shrubland prescribed burn. Hewelke et al. (2020) found that the
severe fire and subsequent increase in the richness of the succes-
sion of non-forest species contributed to the elimination of SWR.
Holos et al. (2022) found that the fire-induced changes in soil
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properties depend on age and type of forests. Temperatures
>300°C or longer than 10 min heating duration at 300°C lead to
elimination of water repellency (Atanassova and Doerr, 2010;
Doerr et al., 2004). Fire and heat cause selective destruction of
aliphatic domains in soil organic matter, accompanied by input
of lipid compounds from necromass (100-200°C), or production
of specific hydrophobic compounds of aromatic nature during
heating at greater temperatures (about 300°C) through input of
lignin, carbohydrate, lipids and amino acids derived degradation
products (Gonzalez-Perez, 2008). Changes in soil properties dur-
ing heating are closely related to changes in organic carbon con-
centrations and composition in soil and are associated with the
formation of fatty acid signature to members < C, and an in-
crease of total content of aromatic compounds (in O, atmos-
phere) and benzaldehydes, unsaturated amides and organophos-
phate esters (in N, atmosphere). The temperatures most critical
to carbon loss and alteration were found to be 250°C, where char-
ring of organic matter starts and caused the carbon reduction of
approximately 15%-20%, and 450°C where approximately 90%
of the carbon is combusted (Badia-Villas et al., 2014). Jiménez-
Morillo et al. (2020) found that fire leads to a depletion of or-
ganic matter in the whole soil and its coarse fraction, resulting
from losses of volatile compounds. On the contrary, the concen-
tration of organic matter in the fine soil fraction increased to
some extent, at the expense of pyrogenic material from the com-
bustion of the organic matter in coarser fractions. Badia et al.
(2017) found that burning depleted 50% of the SOC content in
the air-dried soil and 25% in the wet soil at the upper centimetre
of clay-loam soil. Surda et al. (2023) found that a small (0.1—
0.7%) SOC content was recorded even in soils heated to 600—
900°C, due to the incomplete combustion of SOC. The increase
in soil pH at 300—500°C was attributed to the denaturation of
organic acids and to the increase in Na and K oxides, carbonates
and hydroxides (Francos et al., 2023), and the increase in soil pH
at 500-900°C to the decomposition of clay minerals (Aryanpour
etal., 2023). The objective of this study was to estimate the effect
of heating temperature on the selected properties (particle size
distribution, WDPT, SOC, pH) of three soils with different tex-
ture (sandy soil, silty-clay soil, and clay soil) in coniferous and
deciduous forests. We hypothesized that heating would lead to
alterations in sand, silt and clay contents, WDPT, SOC, and pH,
and these changes would differ between coniferous and decidu-
ous forest soils.

2 MATERIALS AND METHODS
2.1 Research site description

To determine the effect of heating on the properties of soils
with different textures, three locations (each with 2 sites) were
selected in southwestern Slovakia (Fig. 1). The names of re-
search sites were 1c, 1d, 2c, 2d, 3¢, and 3d, where 1 means sandy
soil, 2 silty-clay soil, 3 clay soil, ¢ coniferous forest, and d de-
ciduous forest. The first pair of research sites, 1¢ (48°42'52.0"N,
17°02'15.6"E) and 1d (48°42'50.3"N, 17°02'13.2"E), was lo-
cated at Gbely in the Borska Lowland, and the distance between
research sites is 300 meters. According to the Kdppen-Geiger
climate classification, the region has a temperate climate without
dry season, warm summer (Cfb) (Kottek et al., 2006), with a
mean annual temperature of 9°C and mean annual precipitation
of 600 mm, mainly during summer. The second pair of research
sites, 2¢ (48°04'56.3"N, 17°20'25.5"E) and 2d (48°04'50.1"N,
17°20'19.4"E), was located at Hviezdoslavov in the Danubian
Lowland, and the distance between research sites is 500 meters.
According to the Kdppen-Geiger climate classification, the re-
gion has a temperate climate without dry season, warm summer

(Cfb) (Kottek et al., 2006), with a mean annual temperature of
11°C and mean annual precipitation of 600 mm, mainly during
summer. The third pair of research sites, 3¢ (47°53'37.3"N,
17°36'18.5"E) and 3d (47°53'30.4"N, 17°36'24.1"E), was lo-
cated at Gabc¢ikovo in the Danubian Lowland, and the distance
between research sites is 300 meters. According to the Kdppen-
Geiger climate classification, the region has a temperate climate
without dry season, warm summer (Cfb) (Kottek et al., 2006),
with a mean annual temperature of 11°C and mean annual pre-
cipitation of 600 mm, mainly during summer.
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Fig. 1. Location of the research sites 1c, 1d (Gbely, Borska Low-
land), 2c, 2d (Hviezdoslavov, Danubian Lowland), 3¢ and 3d
(Gabcikovo, Danubian Lowland) in southwestern Slovakia.
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Fig. 2. Images of the research site 1¢ — sandy soil under coniferous
forest (b); research site 1d — sandy soil under deciduous forest (c);
research site 2¢ — silty-clay soil under coniferous forest (d); research
site 2d — silty-clay soil under deciduous forest (e); research site 3¢ —
clay soil under coniferous forest (f); and research site 3d — silty-clay
soil under deciduous forest (g).

2.2 Vegetation and ecological site description

The sampling sites in Gbely are located in a forest complex
situated on the old Morava River terrace. The area was exten-
sively drained in the 1960s and now represents a mosaic of rem-
nants of original deciduous forest dominated by pedunculate oak
(Quercus robur) and Scots pine (Pinus sylvestris) plantations.
The soil is classified as Areni-Gleyic Umbrisol.

2.2.1 Site Ic (coniferous forest)

A Scots pine (Pinus sylvestris) monoculture established on
the site of subcontinental thermophilous oak forest described be-
low as site 1d. As a result of secondary regression succession,
species composition is similar, but it is poorer in species and herb
layer cover.

2.2.2 Site 1d (deciduous forest)

A species-rich pedunculate oak (Quercus robur) stand repre-
senting subcontinental thermophilous oak forest on sandy, inter-
mittently waterlogged soils. Species composition is rich in spe-
cies and indicates long forest continuity. The sampling sites in
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Hviezdoslavov are located in small forest complex established in
the period after 1950s. The soil is Fluvisol.

2.2.3 Site 2c¢ (coniferous forest)

A sparse, approximately 60—70-year-old monoculture stand
of Austrian pine (Pinus nigra). Due to the high light availability
caused by the open canopy of the tree layer, the shrub layer is
very dense. In this part of the stand, the herb layer is dominated
mainly by nitrophilous shadow-tolerant species. In places, how-
ever, there are also shrub-free patches with grass-herb vegeta-
tion.

2.2.4 Site 2d (deciduous forest)

A young, approximately 30—40-year-old homogeneous plan-
tation dominated by Norway maple (Acer platanoides), located
in the immediate vicinity of site 1. Due to the dense canopy
cover, the shrub and herb layers are only weakly developed and
are poor in species. The sampling sites in Gabéikovo are situated
in the former Danube River inundation. The soil is Fluvisol.

2.2.5 Site 3c (coniferous forest)

A homogeneous, approximately 40-year-old monoculture
stand of Austrian pine (Pinus nigra). Species composition is poor
in species and partially resembles hardwood floodplain forest.

2.2.6 Site 3d (deciduous forest)

A young, approximately 20—30-year-old plantation domi-
nated by sycamore maple (Acer pseudoplatanus), planted in a
regular spacing pattern. Species composition correspond with
that described in site 3d. It includes species indicating hardwood
floodplain forests and ecological generalists. Images of all the
research sites are presented in Fig. 2.

2.3 Laboratory heating and measurement of soil properties

Soil samples were collected from the surface layer (0-2.5
cm) of soils at the research sites 1c, 1d, 2¢, 2d, 3¢, and 3d, air-
dried at 20°C to equilibrium weight and passed through a 2-mm
sieve. The 220 mL porcelain incinerating dishes were filled with
the 60-g samples of sieved soil and placed in a preheated muffle
furnace and heated at temperatures of 100, 200, 300, 400, 500,
600, 700, 800, and 900°C for 20 minutes. After removal from the
furnace, they were left to equilibrate at 20°C and subjected to the
measurement of soil properties.

It should be noted that the laboratory heating in a muffle fur-
nace is useful and controlled, but it does not completely repro-
duce natural fire conditions, where heating duration, oxygen
availability, soil moisture, heat transfer and fuel load vary
strongly. As a result, the transferability of the results taken in the
laboratory to field conditions is problematic.

Basic soil properties were determined on unheated and
heated samples in the ISO-Certified Laboratory of the Soil Sci-
ence and Protection Research Institute in Bratislava. Particle size
distribution (sand/silt/clay contents) was determined by sieving
and sedimentation according to ISO 11277 (2009). Soil texture
class was determined using the World Reference Base for Soil
Resources (WRB, 2015).

The persistence of SWR was assessed by the WDPT test. It
involved placing a 50+5 pL water drop from a medicine dropper
from the height of 10 mm on the soil surface and recording the
time of its complete penetration (Doerr, 1998). WDPT deter-
mines how long water repellency persists in the contact area of a
water droplet (Doerr et al., 2000), and the following classes of

the persistence of SWR were distinguished: wettable or non-wa-
ter-repellent soil (WDPT < 5 s), slightly (WDPT = 5-60 s),
strongly (WDPT = 60—-600 s), severely (WDPT = 600-3600 s),
and extremely (WDPT > 3600 s) water repellent soil (Bisdom et
al., 1993). The SOC was determined by the Walkley—Black titra-
tion method based on the oxidation of organic matter by potas-
sium dichromate (K,Cr,O7)-sulfuric acid mixture followed by
back titration of the excessive dichromate by ferrous ammonium
sulfate (Fe(NH4)2(S04)2x6H,0). The pH of soil was determined
by suspending a sieved soil sample in deionized water at a 1:2.5
soil-to-water ratio and using a pH meter to measure the pH of
suspension according to ISO 10390 (2005). The sand, silt and
clay contents were measured with 1 replicate for each study site
and temperature. SOC and pH were measured with 2 replicates
for each study site and temperature. The WDPT was measured
with 3 replicates for each study site and temperature. The values
of sand, silt and clay contents, soil texture, and the average val-
ues of SOC and pH of unheated soils, collected from the surface
layer (0-2.5 cm) of soils at research sites lc, 1d, 2c, 2d, 3¢ and
3d, are presented in Table 1. The values of sand, silt and clay
contents, and the average values of WDPT, SOC, and pH of un-
heated and heated soils, collected from the surface layer (0-2.5
cm) of soils at research sites 1c, 1d, 2c, 2d, 3c and 3d, are pre-
sented in Tables S1-S6.

Table 1. The average values of sand, silt and clay contents, soil or-
ganic carbon content (SOC), pH, and soil texture of unheated soils,
collected from the surface layer (0-2.5 cm) of soils at research sites
1c, 1d, 2c, 2d, 3c and 3d, where 1 means sandy soil, 2 silty-clay soil,
3 clay soil, ¢ coniferous forest, and d deciduous forest.

Measured Research site
quantity 1c 1d 2¢ 2d 3c 3d

Sand (%) 88.14 8244 38.18 3434 2681 27.14
Silt (%) 4.98 948 2941 3338 2528 2584
Clay (%) 6.87 8.07 3241 3229 4790 48.62
Soil Silty Silty

texture Sand  Sand clay clay Clay Clay
SOC (%) 2.45 1.60 7.89 7.20 10.00  7.83
CaCOs3

(%) 0.1 0.05 0.1 1.9 21.0  20.0
pH 3.89 4.23 5.21 7.58 7.88 7.55

3 RESULTS

Heating 6 studied soils to temperatures of 100—900°C for 20
minutes led to changes in their properties compared to unheated
soils, as it is shown in Tables S1-S6. Particle-size shift was reg-
istered in all the soils after heating. Surprisingly, heating the soil
to 100°C, commonly used in soil moisture measurement, caused
a decrease in clay content by half (the average value for all soils).
Moreover, drying the soil in an oven at 105°C when measuring
soil moisture takes at least 24 hours, and heating in our case took
only 20 minutes. The sand content of silty-clay and clay soils
remained almost unchanged at heating temperatures of 20—
300°C, increased approximately 3 times in the heating tempera-
ture range 300—-600°C, and then remained almost unchanged at
heating temperatures of 600—900°C. The sand content of sandy
soils remained almost the same for all the heating temperatures
(Fig. 3).

The silt content of silty-clay and clay soils increased approx-
imately 2 times compared to unheated soils in the heating tem-
perature range 100-300°C, then gradually decreased in the heat-
ing temperature range 300-900°C, and fell below the silt content
of unheated soils in the heating temperature range 400—900°C.
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The silt content of sandy soils remained almost the same for all
the heating temperatures (Fig. 4).

20 100 200 300 400 500 600 700 800 900
Heating temperature (°C)

—a—1c ——1d ——2c ——2d ——3c —e—3d
Fig. 3. The effect of heating temperature on sand content of the sur-

face layer (0-2.5 cm) of soils collected from research sites 1c, 1d,
2¢, 2d, 3¢ and 3d.
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Heating temperature (°C)
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Fig. 4. The effect of heating temperature on silt content of the sur-
face layer (0-2.5 cm) of soils collected from research sites 1c, 1d,
2c, 2d, 3c and 3d.

The clay content of silty-clay and clay soils decreased com-
pared to unheated soils in the heating temperature range 20—
100°C and 300-500°C, and remained almost unchanged in the
heating temperature range 100-300°C and 500-900°C. The clay
content of sandy soils decreased compared to unheated soils in
the heating temperature range 20-300°C, and then remained al-
most the same in the heating temperature range 300-900°C (Fig.
3).
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Fig. 5. The effect of heating temperature on clay content of the sur-
face layer (0-2.5 cm) of soils collected from research sites 1c, 1d,
2¢, 2d, 3¢ and 3d.

The persistence of SWR was extreme for unheated soil col-
lected from research site lc, and it gradually increased in the
heating temperature range 100-300°C. Then it decreased (but re-
mained extreme) after heating to temperature of 400°C, and the
absence of SWR was registered in the heating temperature range
500-900°C. The persistence of SWR was slight for unheated soil

collected from research site 1d, it gradually increased in the heat-
ing temperature range 100-300°C, and it was extreme after heat-
ing to temperature of 300°C. Then it decreased, and the absence
of SWR was registered in the heating temperature range 400—
900°C. The persistence of SWR was slight for unheated soil col-
lected from research site 2c, it gradually increased in the heating
temperature range 100-300°C, and it was strong after heating to
temperature of 300°C. Then it decreased, and the absence of
SWR was registered in the heating temperature range 400—
900°C. The non-water-repellent soil collected from research site
3c remained wettable after heating to temperature of 100°C. The
persistence of SWR was slight after heating to temperature of
200°C and 300°C, and the absence of SWR was registered in the
heating temperature range 400—900°C. The soils collected from
research sites 2d and 3d were non-water-repellent for all the heat-
ing temperatures (Fig. 6).
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Fig. 6. The effect of heating temperature on water drop penetration
time (WDPT) of the surface layer (0-2.5 cm) of soils collected from
research sites 1c, 1d, 2¢, 2d, 3¢ and 3d.

The effect of heating temperature on SOC of studied soils is
presented in Fig. 7. Only average SOC values are presented, as
standard deviation values would not be visible. SOC remained
almost unchanged at heating temperatures of 20-300°C. In sandy
soils with lower initial SOC levels (approximately 2%), SOC
was reduced to almost zero at 500°C. In silty-clay and clay soils
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SOC decreased with increasing heating temperature in the range
0f'300-700°C and did not change at temperatures of 700-900°C.
and amounted to 2-4%, which could be a consequence of pyrol-
ysis of naturally occurring organic matter in clay (Johnson et al.,
1988). For the heating temperatures from 100 to 400°C, SOC
was in the order 1d < 1c <2d <3d <2c¢ < 3¢, and for the temper-
atures from 500 to 900°C, SOC was in the order 1d < 1c¢ <2d <
2¢ <3d <3c.
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v ¢ * ¥ 4
20 100 200 300 400 500 600 700 800 900
Heating temperature (°C)

——1c —a—1d ——2c ——2d —o—3c —e—3d

Fig. 7. The effect of heating temperature on soil organic carbon con-
tent (SOC) of the surface layer (0-2.5 cm) of soils collected from
research sites 1c, 1d, 2¢, 2d, 3¢ and 3d.

The effect of laboratory heating on pH of the studied soils is
shown in Fig. 8. Only average pH values are presented, as stand-
ard deviation values would not be visible. The pH remained al-
most unchanged at temperatures of 20-300°C, and then in-
creased with increasing temperature in all soils. An increase in
soil pH occurred primarily at temperatures of 300—500°C in all
soils, which could be a consequence of denaturation of organic
acids and the increase in Na and K oxides, carbonates and hy-
droxides (Francos et al., 2023). However, the pH in soils from
sites 2d, 3c and 3d (silty-clay and clay soils) also increased at
temperatures of 700-900°C and reached a value of about pH 12.
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Fig. 8. The effect of heating temperature on pH of the surface layer
(0-2.5 cm) of soils collected from research sites 1c, 1d, 2¢, 2d, 3¢
and 3d.

4 DISCUSSION

In this study, the silt content of silty-clay soils increased by
approximately half and the silt content of clay soils increased ap-
proximately 2 times in the heating temperature range 100—
300°C. The larger aggregates that might be determined as silt
during the texture analysis, may form after the loss of adsorbed
and hydration water in the interlayer spaces of clay minerals,
which may cause flocculation of soil colloids, when electrostatic
attraction overcomes repulsive forces and the colloids flocculate.

The sand content of silty-clay and clay soils increased approxi-
mately 3 times in the heating temperature range 300—-600°C. The
observed decrease in clay content and increase in sand or silt
content may partly reflect aggregation (depending on the type of
clay and other minerals), thermal alteration and methodological
effects during particle-size analysis, rather than a direct loss of
primary clay particles. Similar decrease in the clay content and
increase in the sand content of silty-clay and clay soils was at-
tributed to the thermal fusion of clay minerals (Ulery and Gra-
ham, 1993). The resulting stable silt-sized and sand-sized sec-
ondary particles may be even more resistant to the disrupting ac-
tion of water than the original clay-sized particles (Giovannini
and Lucchesi, 1997). Ulery and Graham (1993) registered a sim-
ilar particle-size shift in the reddened layers of loamy soils in
coniferous forests that had been burned in wildfires. Increase in
the sand content and decrease in the clay content (from 37% to
1%) was similarly by observed Kabubo et al. (2017) after heating
the clay-loam soil at 600°C for 2 hours. Giraldo et al. (2024)
found that the clay content of the soils from Valdivian Temperate
Forests decreased from 19 to 10% after heating at 300°C for 2
hours. Guo et al. (2025) found that the sand content in silt-loam
soil increased by 65.63% after heating at 210°C for 15 seconds
compared to the no heating treatment.

During heating to 100°C (resulting in the decrease in clay
content by half), mainly physical rather than chemical alterations
occur, generally resulting in the desorption of water from the in-
terlayer spaces of clay minerals, and a slight decrease in clay
content due to aggregation and coarsening of soil texture, where
fine clay particles are converted into larger aggregate structures
(Abu-Zreig et al. (2001). This surprising effect should be taken
into account when measuring soil moisture, which is commonly
performed at this temperature.

The persistence of SWR was registered in soil from site lc
up to the heating temperature of 400°C, in the other 5 soils up to
300°C. Perera et al. (2024) observed the persistence of SWR in
sandy-loam and loam soils up to 150-200°C. Sandy soil from
coniferous forest was extremely repellent before heating and af-
ter heating to 100—400°C. Sandy soil from deciduous forest was
extremely repellent after heating to 300°C. These soils can gen-
erate ponding and runoff very quickly during intense thunder-
storms, which does not necessarily reflect on a larger scale if per-
meable zones beneath other plant species and macropores allow
infiltration (Popovic and Cerda, 2023). The absence of SWR af-
ter heating the soils to higher temperature is primarily due to
complete destruction and combustion of the soil organic matter
that acts as the hydrophobic coating on soil particles.

Atanassova and Doerr (2010, 2011) based on in-depth anal-
ysis of the total solvent extracts in iso-propanol/NHj; and iso-pro-
panol suggested putative mechanisms of soil water repellency
expression. A number of compounds, such as aromatics,
saccharides, glycosides and polar low-molecular-weight
(PLMW) compounds such as oxo- and (di)hydroxyacids (C3—
C4), and alcohols participate in stabilizing hydrophobic interac-
tions in unheated water repellent soils, while in water repellent
soils after heating hydroxy- and hydroxymethoxypyridine
appear to be involved in the development of soil water repel-
lency. Data obtained on WDPTs of the selected sandy, silty-clay
and clay soil (Fig. 5) in this study confirm previously described
mechanisms of the chemical and physico-chemical processes of
water repellency expression in soils of different texture and min-
eralogy (Atanassova and Doerr, 2010). We can speculate that in
the sandy soils the sorption of these compounds is different from
that in silty-clay and clay (hydrophilic) soils. The sandy soils are
mainly composed of quartz possessing less hydrophilic and more
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hydrophobic surfaces, and less clay (sesquioxides and clay min-
erals) than the silty-clay and clay soils. In addition, the nega-
tively charged sand grains (SiO,) will cause horizontal sorption
of the backbone of hydrophobic compounds (fatty acids, alco-
hols, alkanes) attracted to the less charged siloxane Si-O-Si
surfaces, thus covering a larger surface area. The hydrophobic
organic compounds coatings on the surfaces of silty clay and clay
soils are different from those present on quartz dominated sandy
soils, because they possess more polar sites (COOH and OH
groups negatively charged on clay minerals), which can affect
the adsorption and conformation of the organic molecules
causing water repellency. The SOC in clay soils was 63—-67%
lower after heating at 700°C compared to that at 20°C, which is
a greater decrease than the 20% recorded by Thomaz and Fachin
(2014) after heating clay soil to 650°C. The decrease in SOC in
our sandy (88-94%) and silty-clay (74—82%) soils after heating
at 700°C was even greater. Garcia-Corona et al. (2004) observed
a SOS decrease of 82-92% in sandy-loam and silty-loam soils
after heating at 460°C. The pH increases in soils from sites 2d,
3c and 3d (silty-clay and clay soils) at temperatures of 700—
900°C is consistent with findings of Aryanpour et al. (2023), who
observed a steep increase in pH of clay soil (with a maximum
value of 12.3 close to our values) at temperatures of 500-900°C.
On the other hand, Martinez et al. (2022) registered a decrease in
pH of sandy-loam and loam soils with increasing heating tem-
perature in the range of 500—900°C.

5 CONCLUSIONS

In the first part of our paper, we assessed how the heating
affected physical and chemical properties of forest soils with
different texture. The presented conclusions are based on
laboratory results and cannot be considered as field-scale
conclusions for post-fire soil behaviour. We found that the de-
crease in the clay content was large in silty-clay and clay soils,
but not as large in sandy soils. Surprisingly, heating the soil to
100°C, commonly used in soil moisture measurement, caused a
decrease in clay content by half (the average value for all soils).
This finding should be confirmed by further measurements on
the soils from other regions, because the degree of aggregation
depends also on the type of clay and other minerals. Decrease in
the clay content was offset by an increase in the silt content after
heating to 100-200°C and an increase in the sand content after
heating to 300-500°C. The changes in grain size distribution of
the studied soils could have been caused by thermal fusion of
clay minerals, resulting in the aggregation of clay-sized particles
into stable silt-sized and sand-sized secondary particles. The per-
sistence of SWR gradually increased in the heating temperature
range 100-300°C in soils from coniferous forests and sandy soil
from deciduous forest, and was absent in the remaining two soils.
The SOC decreased and pH increased with increasing heating
temperature. In the second part of our paper, we will present how
these changes in physical and chemical properties will affect the
infiltration and retention characteristics of forest soils with
different texture.
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Supplementary data

Table S1. Impact of heating temperature on the average values of sand, silt and clay contents, water drop penetration time (WDPT), soil
organic carbon content (SOC), and pH of soils, collected from the surface layer (0—2.5 cm) of soil at research site 1¢ (sandy soil under
coniferous forest).

Heating Sand Silt Clay WDPT SOC pH
temperature (°C) (%) (%) (%) (s) (%) )
20 88.14 4.98 6.87 9564 2.45 3.89
100 81.50 14.72 3.83 10224 2.62 3.84
200 85.10 11.77 3.22 11376 2.81 3.70
300 88.70 10.97 0.32 12372 2.59 3.92
400 91.50 8.39 0.16 6696 1.39 4.70
500 86.80 12.95 0.24 0 0.20 5.23
600 89.70 10.31 0.04 0 0.30 5.52
700 91.00 8.45 0.56 0 0.50 5.81
800 89.90 9.42 3.21 0 0.30 5.45
900 90.04 8.72 1.24 0 0.50 5.66

Table S2. Impact of heating temperature on the average values of sand, silt and clay contents, water drop penetration time (WDPT), soil
organic carbon content (SOC), and pH of soils, collected from the surface layer (0-2.5 cm) of soil at research site 1d (sandy soil under
deciduous forest).

Heating Sand Silt Clay WDPT SOC pH
temperature (°C) (%) (%) (%) (s) (%) )
20 82.44 9.48 8.07 10.6 1.60 4.23
100 87.20 9.16 3.61 19.4 1.05 4.26
200 86.80 9.63 3.57 4472 1.31 4.12
300 88.10 9.33 2.57 11840 0.80 4.35
400 90.40 8.34 1.32 0 0.27 4.79
500 89.10 9.54 1.44 0 0.20 5.55
600 92.20 7.25 0.56 0 0.10 5.79
700 90.80 8.76 0.44 0 0.10 5.83
800 92.30 7.32 0.36 0 0.10 5.73
900 91.82 7.02 1.16 0 0.15 5.80

Table S3. Impact of heating temperature on the average values of sand, silt and clay contents, water drop penetration time (WDPT), soil
organic carbon content (SOC), and pH of soils, collected from the surface layer (0-2.5 cm) of soil at research site 2¢ (silty-clay soil under
coniferous forest).

Heating Sand Silt Clay WDPT SOC pH
temperature (°C) (%) (%) (%) (s) (%) )
20 38.18 29.41 32.41 9.6 7.89 5.21
100 36.40 46.20 17.40 11.4 7.91 5.19
200 33.71 47.20 19.10 11.8 8.15 5.20
300 26.10 56.10 17.90 63.0 6.97 5.01
400 57.70 38.40 3.89 0 5.02 6.27
500 75.80 22.40 1.70 0 3.90 7.32
600 76.70 21.70 1.64 0 3.02 7.97
700 76.90 21.56 1.61 0 2.06 8.45
800 67.70 30.60 1.61 0 1.90 9.07
900 81.60 17.16 1.24 0 1.65 9.22
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Table S4. Impact of heating temperature on the average values of sand, silt and clay contents, water drop penetration time (WDPT), soil
organic carbon content (SOC), and pH of soils, collected from the surface layer (0-2.5 cm) of soil at research site 2d (silty-clay soil under
deciduous forest).

Heating Sand Silt Clay WDPT SOC pH
temperature (°C) (%) (%) (%) () (%) -)
20 3434 33.38 32.29 1 7.20 7.58
100 39.28 42.90 17.80 1 6.98 7.74
200 31.69 52.20 16.10 1 6.98 7.71
300 30.25 53.30 16.60 1 6.33 7.30
400 44.40 46.80 8.75 0 4.35 8.24
500 63.50 35.70 0.69 0 3.44 9.20
600 72.40 26.89 0.60 0 2.31 9.49
700 80.00 19.25 0.76 0 1.33 9.70
800 79.40 20.02 0.64 0 1.11 10.9
900 73.72 25.60 0.68 0 0.90 11.9

Table S5. Impact of heating temperature on the average values of sand, silt and clay contents, water drop penetration time (WDPT), soil
organic carbon content (SOC), and pH of soils, collected from the surface layer (0-2.5 cm) of soil at research site 3¢ (clay soil under co-
niferous forest).

Heating Sand Silt Clay WDPT SOC pH
temperature (°C) (%) (%) (%) (s) (%) )
20 26.81 25.28 47.90 1 9.98 7.88
100 24.40 53.70 21.90 1 10.2 7.97
200 16.71 62.90 20.40 18.6 12.0 7.79
300 35.30 48.44 16.30 5.6 9.88 7.27
400 75.40 18.99 5.61 0 8.03 7.95
500 86.00 12.74 1.26 0 6.49 9.08
600 88.50 11.32 0.24 0 5.57 9.38
700 91.40 8.32 0.28 0 3.32 9.94
800 95.20 4.03 0.73 0 3.10 11.4
900 89.56 9.75 0.69 0 3.16 12.4

Table S6. Impact of heating temperature on the average values of sand, silt and clay contents, water drop penetration time (WDPT), soil
organic carbon content (SOC), and pH of soils, collected from the surface layer (0-2.5 cm) of soil at research site 3d (clay soil under de-
ciduous forest).

Heating Sand Silt Clay WDPT SOC pH
temperature (°C) (%) (%) (%) (s) (%) )
20 27.14 25.84 48.62 1 7.83 7.55
100 27.50 52.10 20.40 1 6.84 7.60
200 26.64 53.30 20.10 1 7.48 7.74
300 27.01 53.90 19.00 1 6.99 7.15
400 52.40 3534 12.20 0 4.75 8.00
500 68.20 28.00 3.73 0 5.03 9.10
600 80.10 19.73 0.12 0 3.78 9.50
700 78.70 20.69 0.57 0 2.86 10.2
800 83.60 15.78 0.64 0 2.36 11.8
900 83.94 14.86 1.20 0 2.11 13.0
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