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Forest fires are amajor environmental concern, especially in the semiaridMediterranean regions, where the long
dry and hot summers and mild winters favor outbreaks of wildfires. The objective of this work was to study the
effects of different fire treatments on physical, chemical, and physicochemical properties of Pale rendzina, and
their impact on infiltration rate (IR), runoff and soil loss under consecutive rainstorms. After a wildfire in a forest
located in northern Israel, soil sampleswere taken froman area thatwas directly exposed tofire (direct fire treat-
ment) and from adjacent unburned (unburned soil treatment). Part of the unburned soil was heated in a muffle
at 300 °C (heated soil treatment). Runoff, soil loss and IR values were measured for the various samples using a
laboratory rainfall simulator, and aggregate stability was determined using slaking and dispersion values. The or-
ganic matter, clay, and sand content, and cation exchange capacity were significantly lower in the heated soil
than in the unburned soil. The CaCO3 content in the heated soil was significantly higher than in the unburned
and direct fire soils. In general, the IR values were highest, intermediate, and lowest and the runoff and soil
loss amounts were lowest, intermediate, and highest in the heated, direct fire, and unburned soils, respectively.
However, these differences decreased with progression of the consecutive rainstorms. Heating the soil to 300 °C
enhanced soil-structure stability, most likely due to increased dehydration of 2:1 clay minerals and transforma-
tion of iron and aluminum oxides which acted as cementing agents. In addition, soil heating increased the elec-
trical conductivity (EC) and decreased the sodium adsorption ratio in the heated soil solution in the first
rainstorm. These processes limited clay dispersion and seal formation in the heated soil, leading to high IR values
and low runoff and soil loss. In the second and third rainstorms, EC of the soil solution decreased, which in turn
increased clay dispersion. This lessened the differences in the IR values and runoff and soil loss amounts between
the fire treatments in these rainstorms compared to the first rainstorm.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Semiarid Mediterranean regions are characterized by long, dry and
hot summers and short, wet, mild winters (Hötzl, 2008). These condi-
tions are favorable for wildfires and indeed, there has been an increase
in the number of wildfires and total burnt area in theMediterranean re-
gion since the 1960s (Kliot, 1996; Pausas and Vallejo, 1999;Wittenberg
and Malkinson, 2009). The rise in the number of wildfires is ascribed
mainly to the accumulation of combustible fuels in abandoned areas
(Pausas and Fernández-Muñoz, 2012; Shakesby, 2011), afforestation
of mono-specific flammable tree species (Shakesby, 2011), and climate
change (Pausas, 2004; Pausas and Fernández-Muñoz, 2012). Possible
harmful effects of forest fire include total or partial loss of vegetation
and litter cover in the forest (e.g., Ben-Hur et al., 2011; Shakesby,

2011; Soto et al., 1997), increases in surface runoff, soil erosion, and
downstream flooding (Ben-Hur et al., 2011; Wagenbrenner et al.,
2006), and export of sediments, organic matter, nutrients, and pollut-
ants that can endanger downstream aquatic and flood-zone habitats
and associated human infrastructures (Ferreira et al., 2008; Shakesby
and Doerr, 2006).

Reduction of infiltration rates (IRs) and an increase in surface runoff
and soil erosion following forest fires have been widely reported (e.g.,
Benavides-Solorio and MacDonald, 2001, 2005; Inbar et al., 1997,
1998; Martin and Moody, 2001; Mayor et al., 2007; Moody and Martin,
2001; Shakesby, 2011; Wittenberg and Inbar, 2009). The increase in
runoff and soil erosion has been attributed mainly to: (i) increasing
soil water repellency that can decrease the IR (DeBano, 2000; DeBano
et al., 1998; Letey, 2001; Neary et al., 1999); (ii) a decrease in transpira-
tion as a result of vegetation losses in the forest which, in turn, alters the
soil–water relationships (Ben-Hur et al., 2011); (iii) amplification of soil
proofing by transport and accumulation of ash particles (Cerdà and
Doerr, 2008; Etiégni and Campbell, 1991; Larsen et al., 2009; Mallik
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et al., 1984; Martin and Moody, 2001; Neary et al., 1999; Pannkuk and
Robichaud, 2003; Woods and Balfour, 2010).

Soils in semiarid regions are characterized by low organic matter
and high expandable clay mineral contents (Singer, 2007), properties
that can decrease the stability of soil structure (Ben-Hur, 2008). When
these soils are exposed to the impact of raindrops, a structural seal de-
velops at the soil surface (Ben-Hur, 2008; Morin et al., 1981). This seal
is thin (a few millimeters) and is characterized by greater density,
higher strength, finer pores, and lower saturated hydraulic conductivity
than the underlying soil (Chen et al., 1980; Gal et al., 1984; McIntyre,
1958; Onofiok and Singer, 1984; Wakindiki and Ben-Hur, 2002; West
et al., 1992), leading to a decrease in IR (Assouline, 2004; Ben-Hur
et al., 1985a; Morin et al., 1981). McIntyre (1958) found that the struc-
tural seal consists of two distinct parts: an upper skin seal and a
“washed-in” zone with decreased porosity attributed to the accumula-
tion of dispersed clay particles. Its formation is a result of two comple-
mentary mechanisms: (i) physical disintegration of aggregates at the
soil surface caused mainly by the impact energy of raindrops and fast
wetting of the soil, and (ii) chemical dispersion of clay particles, which
migrate into the soil with the infiltrating water and clog the pores im-
mediately beneath the surface, forming the “washed-in” zone (Agassi
et al., 1981; Lado et al., 2004b; Morin et al., 1981). Soil erosion involves
two major processes: (i) detachment of soil material from the soil sur-
face, and (ii) transport of the resulting sediments, mainly by surface
runoff (Watson and Laflen, 1986).

Soil detachment and seal formation depend on aggregate stability,
and therefore on soil components and soil-solution properties. Clay
minerals, iron and aluminum oxides, CaCO3, and organic matter in the
soil can act as cementing materials that hold the particles together in
the aggregate against the impact energy of raindrops and fast wetting
of the soil, leading to higher aggregate stability (Lado et al., 2004b;
Oades and Waters, 1991; Rimmer and Greenland, 1976; Singer, 1994;
Six et al., 2000). An increase in sodium adsorption ratio (SAR) and a de-
crease in electrical conductivity (EC) in the solution of the upper soil
layer might enhance chemical dispersion of the clay and formation of
the washed-in zone, resulting in decreased IR and increased runoff
amount and transport of detached particles (Agassi et al., 1981, 1994;
Ben-Hur et al., 1998; Kazman et al., 1983; Shainberg and Letey, 1984;
Wakindiki and Ben-Hur, 2002). Fire and high temperatures, however,
can also affect the physical and chemical properties of the soil and the
physicochemical properties of its solution (e.g., Badía and Martí, 2003;
Certini, 2005; DeBano et al., 1998; Gimeno-García et al., 2000; Giovannini
and Lucchesi, 1997; Giovannini et al., 1988, 1990; González-Pérez et al.,
2004; Mataix-Solera et al., 2011; Neary et al., 1999). Gimeno-García
et al. (2000) and González-Pérez et al. (2004) found that severe fire
decreases organic matter content in the soil. Arocena and Opio
(2003), Giovannini et al. (1988) and Ulery and Graham (1993) found
textural changes in soils after heating them to N200 °C. Hernández et al.
(1997), Iglesias et al. (1997), Kutiel and Inbar (1993), Kutiel and Naveh
(1987), Kutiel et al. (1995), Pardini et al. (2004) and Terefe et al. (2008)
found that soil heating significantly alters the physicochemical prop-
erties of the topsoil solution, changing the ion composition and
concentration.

Exposing the soil to wetting–drying cycles can significantly change
the concentration and composition of ions in the soil solution which,
in turn, can affect seal formation, soil hydraulic properties, and soil
loss under consecutive rainstorms (e.g., Ben-Hur et al., 1985b, 1989;
Hardy et al., 1983; Levy et al., 1986; Morin and Benyamini, 1977).
Rajaram and Erbach (1998) showed that exposing a clay loam soil to
wetting–drying cycles result in an increase in aggregate cohesion and
size, but its stability decreased with an increase in drying stress.
Wagner et al. (2007) found that wetting–drying cycles initiate aggre-
gate evolution irrespective of soil clay content, although high clay con-
tent yielded more stable aggregates. All of these findings suggest that
interactions between forest fire, soil heating, and wetting–drying cycles
can affect the soil structure and seal, runoff, and soil loss under

consecutive rainstorms. These interactions, however, have been lit-
tle studied or documented.

Wildfires differ in terms of intensity and severity, and therefore their
impact on soil properties, runoff and erosion can be diverse (Keeley,
2009). Even within a specific wildfire, local variations in lithology, to-
pography, plant composition, fuel-load distribution, and microclimatic
conditions in the forest can result in a heterogeneous spatial distribu-
tion of fire intensity and severity (Kutiel et al., 1995; Lavee et al.,
1995; Shakesby, 2011). Therefore, in a forest exposed to fire, this spatial
distribution can lead to several effects on the underlying soil, such as:
soil barely affected by the fire, soil exposed to direct fire, and soil ex-
posed to the heat of the fire only, with no direct flame contact. The ob-
jective of the present work was to study the effects of different fire and
heating conditions on the physical, chemical, and physicochemical
properties of soil, and their impact on IR, surface runoff and soil loss
under consecutive rainstorms. We focused on Pale rendzina, a very
common soil in forests of the Eastern Mediterranean region.

2. Materials and methods

2.1. Experimental site, soil sampling, and tested treatments

The studied areawas a planted forest located near the city of Safed in
northern Israel (32°58′39″N, 35°30′22″E). The forest stand is a combi-
nation of Aleppo pine (Pinus halepensis) and Turkish pine (Pinus brutia)
with a mixture of old (N60 yr) and young trees. The average altitude of
the forest is 840mabove sea levelwith a typicalMediterranean climate:
average annual temperature and precipitation are 22 °C and 600 mm,
respectively. The soil in the forest is a sandy clay loam, Pale rendzina
(Lithic Xerorthenth) (Soil Survey Staff, 1999), overlying marl and chalk
sedimentary rocks. Part of the forest was burned on July 21, 2009 by a
wildfire that was classified as of low-moderate severity; the litter
layerwas scorched,with black ash deposits accumulated on the soil sur-
face; most of the trees in the burnt area died and pine needles were
found on the forest floor soon after the fire.

After the fire and 56 mm of cumulative rainfall, disturbed soil sam-
pleswere collected inOctober 28, 2009 from the top layer (2–5 cm) out-
side and inside the burnt area. The soils were sampled after carefully
removing of the litter and ash cover (the 0–2 cm layer). Each area (out-
side and inside the burnt area) were sampled three times along a 50 m
transect. The soil samples from each area were air-dried and crushed,
and after removing rock and gravel fractions, the samples were mixed
for homogeneity, and sieved through a 4-mm mesh sieve. Three fire
treatments were tested:

(i) Soil that was not affected by fire (unburned soil). Soil was sam-
pled from outside the burnt area.

(ii) Soil exposed to direct fire (directfire soil). Soil was sampled from
inside the burnt area. This treatment represents soil that was ex-
posed to direct ground fire.

(iii) Soil exposed to heat (heated soil). Some of the unburned soil was
packed in 1-m2, 0.05-m deep trays and placed in a muffle for 8 h
at 300 °C. This treatment represents the effect of long-term smol-
dering on the soil, where the soil has been exposed to prolonged
heat without direct contact with the flame and there are no ash
deposits on the soil surface.

After the different fire treatments (unburned soil, direct fire soil, and
heated soil), subsamples of the soils were subjected to further crushing
and sieving through a 2-mm sieve, and were analyzed to determine
their general physical and chemical properties: textural composition
was determined with a hydrometer (Day, 1956) after oxidation of the
organic matter with hydrogen peroxide, organic matter content was
measured using theWalkley–Black method (Allison, 1965), CaCO3 con-
tent by a volumetric method (Allison andMoodie, 1965), and cation ex-
change capacity (CEC) and exchangeable sodium content by extraction
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with ammonium acetate at pH 7 (Chapman, 1965). To determine the
soil-solution properties, 0.05 kg of each soil sample was mixed with
75 mL deionized water in a 200-mL Teflon centrifuge tube; the tube
was sealed with Teflon-lined cap, shaken mechanically for 1 h at
160 rpm, centrifuged for 10 min at 7000 rpm, the supernatant was col-
lected, and then pH and EC values and concentrations of Na+, Ca2+, and
Mg2+ were measured. The Na+ concentration was determined using a
Sherwood Model 420 flame photometer, and Ca2+ and Mg2+ concen-
trations were determined by titration with EDTA.

2.2. Simulated rainfall study

Air-dried aggregates (b4mm) of the unburned, direct fire, and heat-
ed soils were packed in perforated 0.02 m-deep trays measuring
0.30 × 0.50 m, with bulk densities of ~1.1 Mg m−3. The trays with the
soils were placed on an 8-cm-thick layer of crushed and washed shells,
in boxes positioned under a rotary-disc rainfall simulator (Morin et al.,
1967) at a slope of 30%, and exposed to three consecutive rainstorms
of 80 mm each. The typical mechanical parameters of the simulated
rainfall were: 1.9 mm raindrop mean diameter, 6.2 m s−1 median drop
velocity, and 18.1 J mm−1 m−2 kinetic energy. The duration of each rain-
storm was ~100 min, and deionized water was precipitated at a rainfall
intensity of 47mmh−1. The three consecutive rainstormswere separated
by drying periods of 72 h each in an oven at 37 °C. A preliminary test in-
dicated no significant changes inwater content in the soils beyond 72h of
drying.

During each consecutive rainstorm, water percolating through the
soil (leachate) was collected and measured every 80 s to determine
the IR. Similarly, the runoff and leachate generated during the rainstorm
were collected in four fractions of 20 mm rain each (~25 min). The soil
loss from each tray was measured by drying the runoff water and
weighing the dry material. The measured soil loss was considered
interrill erosion, because the trays in the rainfall simulator were short
(0.5 m) (Meyer and Harmon, 1984). Leachate and runoff fractions were
left to rest for ~12 h to allow fine particles to settle, and then 50 mL
were taken from each fraction of the leachate and runoff to determine
the pH, EC, and SAR values.

2.3. Aggregate-stability tests

Aggregate stability of the unburned, direct fire and heated soils was
determined by using the slaking and dispersion tests described by Ben-
Hur et al. (2009). A brief description of these tests is given below.

2.3.1. Slaking test
For this test, soil samples from each treatment were subjected to

both fast and slow wetting. For fast wetting, 5 g of 2–4-mm sized,
oven-dried (40 °C) aggregates were placed in a beaker containing
50 mL deionized water. After 10 min, the water was carefully removed
from the beaker using a pipette. The soil fragments were then trans-
ferred to a 50-μm sieve, which had previously been placed in a large
plastic container and immersed in ethanol. The sieve was gently
lowered and raised five times to separate b50 μm fragments from
larger ones. The N50 μm fraction was oven-dried, and then gently
sieved by hand through a set of sieves of mesh sizes 2.0, 1.0, 0.5,
0.25, and 0.1 mm. The oven-dried weight of each fraction was deter-
mined and the b50 μm fraction was calculated as the difference be-
tween the initial sample weight and the sum of the weights of the
remaining six fractions. The aggregate size distribution of each soil
sample was expressed in terms of mean weight diameter (MWD),
which was calculated using Eq. (1):

MWD ¼
X7

i¼1

xi �wi ð1Þ

where wi is the weight fraction of aggregates in size class i with a
mean diameter xi.

For slow wetting, 5 g of 2–4-mm sized, oven-dried (40 °C) aggre-
gates were placed on a Whatman 42 filter paper. The filter paper was
then placed on a cotton cloth in a desiccator, while the cloth's edges
were immersed in deionized water, allowing the aggregates to wet
slowly under vacuum for 24 h. The wet aggregates were transferred to
a 50-μm sieve immersed in ethanol, oven-dried and sieved as described
for the fast-wetting procedure. TheMWD values of the slow-wetted ag-
gregates were calculated using Eq. (1), and the slaking value (SLV) of
each soil sample was calculated using Eq. (2):

SLV ¼ MWDs

MWDf
ð2Þ

in which MWDs and MWDf are the mean weight diameters under slow
and fast wetting, respectively.

2.3.2. Dispersion test
For this test, 2 g of soil from each fire treatment was suspended in

40mL deionized water in 50-mL centrifuge tubes. The tubes contain-
ing the suspension were shaken on a reciprocal shaker for 30 min at
20 rpm, and then immediately centrifuged at a relative centrifugal
force of 960 G for 5 min. The absorbance at 420 nm and EC of the tur-
bid supernatant were measured with a spectrophotometer and EC
meter, respectively. The concentration of dispersed clay was calcu-
lated using a calibration curve of absorbance value vs. suspended
clay concentration. The dispersion value (DV) for each soil sample
was determined using Eq. (3):

DV ¼ Md

Mt
� 100 ð3Þ

whereMd is the mass of dispersed clay in the turbid supernatant per
1 g of tested soil sample, and Mt is the total clay mass in 1 g of tested
soil sample.

2.4. Water-repellency test

Water repellency persistence was measured using the water-drop
penetration time (WDPT) method as described by DeBano (1981). In
this method, the time required for a given drop volume of deionized
water placed on the surface of an air-dried soil sample to fully penetrate
into the soil is measured. The longer theWDPT, themore persistent the
soil water repellency. This WDPT test was conducted in the laboratory
using 200 g of oven-dried (40 °C) soil sample (b2 mm aggregate size)
from each fire treatment. The soil samples were placed in an oval glass
container, 20 deionized water drops were dripped carefully over each
soil sample, and theWDPT for each dropwas recorded using a standard
stopwatch.

2.5. Data analysis

For each soil treatment, the analysis of the physical and chemical
properties of the soils and aggregate-stability andWDPT testswere con-
ducted in three replicates, and the simulated-rainfall experiment in four
replicates. Differences among the means were tested using analysis of
variance (ANOVA) followed by Tukey's honestly significant difference
test (Steel and Torrie, 1980). All tests were performed at α = 0.05 sig-
nificance level.

3. Results and discussion

The physical and chemical characteristics of the unburned soil, soil
exposed to direct fire, heated soil, and their respective water extracts
are presented in Table 1. Thefire treatmentswere found to differentially
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alter the soils' characteristics. Heating the soil to 300 °C significantly de-
creased its organic matter content compared to the unburned soil
(Table 1), as a result of its combustion by the high temperature during
the heating process. Similar results were found by Giovannini et al.
(1988, 1990), after heating soils atN200 °C. In contrast, the organicmat-
ter content in the soil exposed to directfirewas significantly higher than
in the unburned soil (Table 1). Presumably, themixing of partially burnt
plant materials in the soil exposed to direct fire increased its organic
matter content (González-Pérez et al., 2004).

The clay and sand contents were significantly lower and the silt con-
tent significantly higher in the heated vs. unburned soil (Table 1). Sim-
ilar changes in the mechanical composition of soils heated at N200 °C
have been found in other studies (e.g., Arocena and Opio, 2003;
Giovannini et al., 1988; Ulery and Graham, 1993), attributed mainly to
the following mechanisms: (i) heat-induced dehydration of 2:1 clay
minerals in the soil samples leading to strong interactions among the
clay particles, which in turn yield less clay and more silt-sized particles
in the soil (Arocena and Opio, 2003); (ii) thermal transformation of the
iron and aluminum oxides, causing them to act as cementing agents for
clay particles that then form strong silt-sized particles in the soil sam-
ples as in the soil-laterization process (Giovannini et al., 1988; Terefe
et al., 2008); (iii) heat-induced cracks in the sand-sized particles that
eventually lead to their breakdown (Arocena and Opio, 2003) and con-
sequently, a reduced amount of sand-sized particles in the soil.

The CEC of the heated soil was significantly lower than that of the
unburned soil (Table 1), mainly due to the decrease in organic matter
and the clay-sized fraction in the former (Table 1) (Certini, 2005;
Giovannini et al., 1990). In contrast, the CEC of the soil exposed to direct
fire was significantly higher than that of the unburned soil, most likely
due to the increased organic matter content in the former (Table 1).

The CaCO3 content in the heated soil was significantly higher than
that in the unburned soil and the soil exposed to directfire, with the dif-
ference between the two latter soils being insignificant (Table 1). The
combination of high heating and combustion of organic matter in the
heated soil treatment probably formed calcite (Ludwig et al., 1998;
Úbeda et al., 2009).

The EC value in the water extract solution of the heated soil was
significantly higher than in the water extracts of the unburned soil
and soil exposed to directfire (Table 1), in agreementwith other studies
(e.g., Hernández et al., 1997; Iglesias et al., 1997; Kutiel and Inbar, 1993;
Kutiel and Naveh, 1987; Kutiel et al., 1995; Pardini et al., 2004; Terefe
et al., 2008). In addition, the various fire treatments significantly
changed the SAR value in the soil solution, with the highest value in
the unburned soil and the lowest in the heated soil (Table 1). Apparent-
ly, the intensive combustion of organic matter and thermal transforma-
tion of the inorganic compounds in the heated soil increased the total
ion concentration, and that of the divalent cations in particular, in the
soil solution (Giovannini et al., 1990). Consequently, the EC increased
and the SAR decreased in the water extract solution of the heated soil
as compared to those of the unburned soil and soil exposed to direct
fire (Table 1). The small effect of direct fire on soil texture, CaCO3 con-
tent and EC and SAR values in the water extract solution of the soil
(Table 1) suggested a relatively low fire severity in this treatment.

These changes in the chemical properties of the soils subjected to the
different treatments (Table 1) might alter their structure and hydraulic
properties, as well as soil erosion under rainfall conditions. IRs and
amounts of soil loss as a function of cumulative rainfall for three consec-
utive rainstorms are presented in Figs. 1 and 2, respectively, for the un-
burned, direct fire, and heated soils. In each of the three consecutive
rainstorms, we began recording the IR values after the water content
in the soil reached saturation (after ~20 mm rain) (Fig. 1). In the case
of soil erosion, the amount of soil loss in each consecutive rainstorm
was determined in four fractions of 20 mm rain each (Fig. 2). The IR
values for the three fire treatments decreased with the increase in cu-
mulative rainfall with each consecutive storm until final IR values
(near the end of the rainstorms) were reached. The final IRs could be
considered steady-state IRs, because toward the end of the rainstorms,
the decrease in IR was negligible. For the unburned soil, the decrease
in IR in the first rainstorm (Fig. 1A) wasmainly a result of aggregate dis-
integration and seal formation at the soil surface (Agassi et al., 1981;
Ben-Hur, 2008; McIntyre, 1958; Morin et al., 1981). However, the IR
values at the beginning of the second and third consecutive rainstorms

Table 1
Mechanical composition, organic matter (OM) and CaCO3 content, and cation exchange capacity (CEC) of the soil, pH, electrical conductivity (EC), and sodium adsorption ratio (SAR)
values in the soil water extract, and dispersion value (DV) of the soil after different fire treatments. Different letters within each column indicate significant differences (α = 0.05)
between treatments.

Fire treatments Mechanical composition OM CaCO3 CEC Soil water extract (1:1.5, soil:water) DV

Clay Silt Sand pH EC SAR

% mmolc kg−1 dS m−1 (mmol L−1)0.5 %
Unburned soil 26a 23b 51a 6.5b 61.4b 209b 7.3a 0.4b 0.14a 12.3a
Direct fire soil 25a 25b 50a 10.7a 57.6b 235a 7.2a 0.3b 0.1b 11.5a
Heated soil 17b 36a 47b 4.5c 68.4a 149c 7.3a 2.7a 0.07c 7.7b

Fig. 1. Infiltration rate as a function of cumulative rainfall of three consecutive storms
(A, B and C, respectively) for unburned, direct fire and heated soil treatments. Different
lowercase and uppercase letters near the final infiltration rates indicate significant differ-
ences (α = 0.05) between treatments within each consecutive rainstorm and between
rainstorms in each fire treatment, respectively. Bars indicate two standard errors.
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in this treatment were higher than the final IR values in the previous
rainstorms (Fig. 1), suggesting that the drying process between consec-
utive rainstorms results in partial breakdown of the seal. The reduction
in IR during the second and third rainstorms in the unburned soil
(Fig. 1B and C) wasmainly due to reformation of the seal at the soil sur-
face (Ben-Hur et al., 1985b, 1989). The effects of fire treatments (direct
fire soil and heated soil) on IRs and runoff are discussed below.

Soil loss in all fire treatments increased, in general, with an increase
in the cumulative rainfall amount; in the unburned soil and soil exposed
to direct fire, the main increase was at the beginning of the rainstorms
(Fig. 2). Interrill erosion is primarily a function of soil detachment by
raindrop impact and transport of the resulting sediments by overland
flow (Baver et al., 1972). Thus, this increase in soil loss with the increase
in cumulative rainfall in each consecutive rainstorm (Fig. 2) could be a
result of (i) enhanced aggregate breakdown during the rainstorm that
increased the soil detachment, and (ii) an increase in runoff amount
that amplified sediment transport.

The total runoff and soil loss for each rainstorm in the three fire
treatments are presented in Table 2. The various fire treatments affected
the amounts of runoff and soil loss, and IR values in the three consecu-
tive rainstorms (Table 2 and Figs. 1 and 2). Overall, the IR values were
highest, intermediate, and lowest (Fig. 1) and the runoff and soil loss
amounts were lowest, intermediate, and highest (Fig. 2 and Table 2)
in the heated, direct fire, and unburned soils, respectively. However,
the differences between fire treatments became smaller as the consecu-
tive rainstorms progressed.

In burned soils, altered water repellency is commonly pinpointed as
a primary cause of post-fire alterations in soil hydraulic properties and
runoff, and soil loss amounts (DeBano, 1981, 2000; DeBano et al.,
1998; Doerr et al., 2000; Letey, 2001; Robichaud, 2000; Shakesby
et al., 2000). In the present study, however, the WDPT values in the
three fire treatments were similarly low (b5 s) indicating that the

water repellency in the studied soil was low under the different fire
treatments. This lowwater repellency caused probably by the following
reasons: (i) water repellency is more likely to occur in coarse texture
soil with high organic matter content (DeBano, 1981; González-
Peñaloza et al., 2013; Mataix-Solera et al., 2008; Mataix-Solera et al.,
2013), when the clay and the organic matter contents in the studied
soils were relatively high and low, respectively (Table 1); (ii) the stud-
ied soils were sampled from the upper layer (2–5 cm), while the wild-
fires in many cases lead to a water repellency layer in deeper soil
profile due to condensation of some organic substances on the surface
of cooler soil aggregates (DeBano et al., 1998; Doerr et al., 1996).

These lowWDPT values (b5 s) indicating that the water repellency
could not significantly affect the hydraulic properties of the studied
soils in the different treatments. Therefore, it can be concluded that
the differences in IR values and amounts of runoff and soil loss (Figs. 1
and 2 and Table 2) among the various fire treatments were mainly a re-
sult of dissimilarities in aggregate stability and the seal-formation pro-
cess in the various studied soils.

Exposing the soil to directfire or heat can increase the stability of the
soil structure via twomainmechanisms: (i) changes in the composition
of the solid components in the soil that increase the cohesion forces be-
tween the particles in the aggregates. Consequently, the stability of the
soil structure against the physically destructive forces of the rain (rain-
drop impact and soil fast wetting) increases (cementing mechanism);
(ii) changes in the physicochemical properties of the soil solution (an
increase in the electrolyte concentration and a decrease in SAR) that
prevent clay dispersion andmicroaggregate destruction (physicochem-
ical mechanism).

The slaking value can be used as an index for the physical stability of
the soil structure against the destructive forces of raindrop impact and
fast wetting (Lado et al., 2004a). A slaking value of 1 indicates high
structural stability; above 1, the higher the slaking value, the lower
the soil's structural stability. The MWD values after fast and slow wet-
ting and the slaking values of the unburned, direct fire, and heated
soils are presented in Fig. 3. For the heated soil, the differences between
the MWD values after slow and fast wetting rates were insignificant,
and the slaking value was ~1. In contrast, the difference between the
MWD values after slow and fast wetting rates in the unburned and di-
rect fire soils were significant, and their slaking values were N1.11
(Fig. 3). These results indicate that the structure of the heated soil was
more stable than those of the unburned soil and the soil exposed to di-
rect fire, despite the lower organic matter content in the former vs. the
two latter (Table 1). High heating of the soil most likely increased the
dehydration of 2:1 clay minerals and the transformation of iron and
aluminum oxides (Arocena and Opio, 2003; Giovannini et al., 1988;
Terefe et al., 2008), which acted as cementing agents, leading to strong
interactions among the clay particles and to an increase in soil-structure
stability (an increase in the cementingmechanism). This aggregate sta-
bilization in the heated soil diminished aggregate breakdown by the im-
pact of the raindrops and fastwetting of the soil, seal formation, and soil
detachment, which in turn enabled maintaining high IRs and decreased
the amounts of runoff and soil loss during the rainstorms in this soil

Fig. 2. Soil loss as a function of cumulative rainfall of three consecutive storms (A, B and C,
respectively) for unburned, directfire andheated soil treatments. Different letters near the
symbols indicate significant differences (α = 0.05) between the fire treatments for each
consecutive rainstorm. Bars indicate two standard errors.

Table 2
Total runoff and soil loss in unburned, direct fire and heated soils for each consecutive
rainstorm. Different lowercase and uppercase letters indicate significant differences
(α = 0.05) between fire treatments in each rainstorm and between consecutive
rainstorms in each fire treatment, respectively.

Fire treatment Runoff Soil loss

Consecutive rainstorms Consecutive rainstorms

1st 2nd 3rd 1st 2nd 3rd

mm g m−2

Unburned soil 34.0aA 31.0aB 32.0aAB 580.0aA 646.2aA 585.0aA
Direct fire soil 18.8bC 23.6bB 27.9bA 396.9bC 506.0bB 589.0aA
Heated soil 3.7cC 17.5cB 23.0cA 68.0cC 195.8cB 318.8bA
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compared to the unburned soil and soil exposed to direct fire (Figs. 1
and 2 and Table 2).

The dispersion value of the heated soil was significantly lower than
those of the unburned and direct fire soils, with the difference between
the two latter soils being insignificant (Table 1). This was, most likely,
because of the significantly higher EC and lower SAR values in the so-
lution of the heated soil (Table 1). These results indicated that the
differences in IR values and runoff and soil loss amounts among fire
treatments (Figs. 1 and 2 and Table 2) could also be a result of the
physicochemical mechanism, with this mechanism changing as the EC
and SAR values in the solutions of the various soils change in the consec-
utive rainstorms.

The EC and SAR values in the leachate of the unburned, direct fire,
and heated soils as a function of cumulative rainfall in the three consec-
utive rainstorms are presented in Figs. 4 and 5, respectively, when these
values are related to their values in the soil solutions. The EC and SAR
values in the three fire treatments decreasedwith the increase in cumu-
lative rainfall in each consecutive rainstorm. In the first rainstorm, the
EC and SAR values in the leachate were, in general, significantly higher
and lower, respectively, in the heated soil than in the unburned soil
and the soil exposed to direct fire (Figs. 4A and 5A). The high EC and
low SAR in the heated soil decreased the clay dispersion in this soil, in-
dicating that the large differences in IR values and runoff and soil loss
amounts among the fire treatments in the first rainstorm (Figs. 1A and
2A and Table 1) were a result of the physicochemical and cementing
mechanisms. In contrast, the EC values in the heated soil decreased
sharply in the second and third rainstorms relative to the first rain-
storm, and the differences in EC and SAR values among the fire treat-
ments decreased with the progression of the consecutive rainstorms
(Figs. 4 and 5) because of the salts leached from the soils by the rain-
storms. This decrease in EC and SAR differences among fire treatments
diminished the role of the physicochemical mechanism, which in turn,
lessened the differences in IR values and runoff and soil loss amounts
among the fire treatments with progression of the consecutive rain-
storms (Figs. 1 and 2 and Table 2).

4. Summary and conclusions

• The various fire treatments changed the physical and chemical prop-
erties of the studied soils. Heating the soil to 300 °C combusted the
organic matter and significantly decreased its content in the soil.
Moreover, the contents of clay and sand decreased and that of silt in-
creased. These changes in mechanical composition were attributed
mainly to: (i) dehydration of 2:1 clayminerals leading to strong inter-
actions among the clay particles, which formed silt-sized particles and

Fig. 4. Electrical conductivity of the leachate as a function of cumulative rainfall of three
consecutive storms (A, B and C, respectively) for unburned, direct fire and heated soil
treatments. Different letters near the symbols indicate significant differences (α = 0.05)
between the fire treatments for each cumulative rainfall amount. Bars indicate two stan-
dard errors.

Fig. 5. Sodium adsorption rate of the leachate as a function of cumulative rainfall of three
consecutive storms (A, B and C, respectively) for unburned, direct fire and heated soil
treatments. Different letters near the symbols indicate significant differences (α = 0.05)
between the fire treatments for each cumulative rainfall amount. Bars indicate two stan-
dard errors.

Fig. 3.Mean weight diameter (MWD) after fast or slow wetting, and slaking value (SLV)
for unburned, direct fire and heated soil treatments. For each fire treatment, different let-
ters above the bars indicate significant differences (α = 0.05) between the MWD values
of fast and slow wetting. Bars indicate one standard error.
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less clay-sized particles in the heated soil; (ii) transformation of iron
and aluminum oxides which acted as cementing agents for the clay
particles, forming strong silt-sized particles in the heated soil; and
(iii) formation cracks in the sand-sized particles, eventually leading
to their breakdown and reduced amounts in the soil. The CEC of the
heated soil decreased as a result of the drop in organic matter and
clay-sized particle content in the soil. The CaCO3 content in the heated
soil was significantly higher than in the unburned and direct fire soils.
The intensive combustion of organic matter and the thermal transfor-
mation of inorganic compounds in the heated soil most likely aug-
mented the concentration of total ions, divalent cations in particular,
in the soil solution, which in turn increased the EC and decreased
the SAR in the heated soil compared to the unburned soil. The low
fire intensity in thedirectfire treatment prevented significant changes
in the soil's texture and CaCO3 content and EC and SAR values in the
soil solution.

• Overall, the IR values were highest, intermediate, and lowest, and the
amounts of runoff and soil losswere lowest, intermediate, and highest
in the heated, direct fire, and unburned soil treatments, respectively,
with these differences becoming smaller as the consecutive rain-
storms progressed.

• The slaking test indicated that heating the soil to 300 °C increases ag-
gregate stability, probably as a result of dehydration of the 2:1 clay
minerals and transformation of iron and aluminum oxides, which
acted as cementing agents, leading to strong interactions among the
soil particles. This aggregate stabilization diminished their breakdown
by raindrop impact and fast wetting of the soil, as well as seal forma-
tion and the amounts of runoff and soil loss.

• The dispersion value of the heated soil was significantly lower than
those of the unburned and direct fire soils because the significantly
higher EC and lower SAR values in the solution of the former de-
creased the chemical dispersion of the clay. Thus the differences in
IR values and runoff and soil loss amounts among the fire treatments
were also a result of the physicochemical mechanism.

• In the first rainstorm, the EC and SAR values in the leachate were sig-
nificantly higher and lower, respectively, in the heated soil than in the
unburned and direct fire soils. In contrast, the EC values in the heated
soil decreased sharply in the second and third rainstorms relative to
the first rainstorm, and the differences in EC and SAR values among
the fire treatments decreased with the progression of the consecutive
rainstorms. The decrease in the EC and SAR differences among fire
treatments diminished the role of the physicochemical mechanism,
in turn lessening the differences in IR values and runoff and soil loss
amounts among the fire treatments as the consecutive rainstorms
progressed.

• The effects of the different fire treatments on aggregate stability, and
consequently on seal formation, IR, and runoff and soil loss amounts
were studied in the present work under low water repellency condi-
tions. However, forest fires have often been reported as causing soil
water repellency. Therefore, these effects of the various fire treat-
ments on soil hydraulic properties may not be typical in field where
water repellency is induced significantly by the fire.
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