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Abstract. Two fire-affected soils were studied using micro-
morphological methods. The objective of the paper is to as-
sess and compare fire effects on the micropedological organi-
sation of soils in a forest-steppe zone of central Russia (Volga
Basin, Togliatti city). Samples were collected in the green
zone of Togliatti city. The results showed that both soils
were rich in quartz and feldspar. Mica was highly present
in soils affected by surface fires, while calcium carbonates
were identified in the soils affected by crown fires. The type
of plasma is humus—clay, but the soil assemblage is plasma—
silt with a prevalence of silt. Angular and subangular grains
are the most dominant soil particulates. No evidence of in-
tensive weathering was detected. There was a decrease in the
porosity of soils affected by fires as a consequence of soil
pores filled with ash and charcoal.

1 Introduction

Fire has an important impact on soil properties as identified
by previous works (Certini, 2005, 2013; Guénon et al., 2013;
Mataix-Solera et al., 2011; Jain et al., 2012; Bergeron et al.,
2013; Dymov and Gabov, 2015; Zharikova, 2015; Maximova
and Abakumov, 2015). Soil processes in post-fire soil envi-
ronments are quite different from those in the soils of nat-
ural landscapes or in technogenic ones. In general, changes
in morphological organisation and soil mineralogy are well
known in soils after fires produced at high temperatures. Af-
ter the fire, there is an accumulation of ash on topsoil (Pereira
et al., 2014), leaching of some nutrients into deeper horizons
(Bodi et al., 2014), an over-compaction of the surface, an ac-

cumulation of crusts, and a transformation of the soil struc-
ture (Mataix et al., 2011).

Micromorphological methods are known as a useful tool
for the investigation of soil transformation under natural and
human-impacted conditions (Stoops, 2009). The methodol-
ogy of classical micropedology provides the required in-
formation about soil development at the micro level, such
as changes in fine earth composition and soil plasma evo-
Iution (Kubiéna, 1938, 1970; Stoops and Eswaran, 1986).
These methods are widely used for the analysis of soil paleo-
processes (Sedov et al., 2013), soil restoration in post-mining
environments (Abakumov et al., 2005), soil elementary pro-
cess in different environments (Lebedeva et al., 2010; Abaku-
mov et al., 2013) and the specification of soil classification
aspects (Kubiéna, 1970). Micromorphological investigations
related to the fire effect of soil crusts and fine earth (Greene et
al., 1990) and aggregate dynamics in post-fire soil (Mataix-
Solera et al., 2002) have been undertaken. However, the mi-
cromorphological methods have never been applied to study
post-fire soil transformation in the Russian wild-fire environ-
ments. Moreover, this paper deals with a comparison of dif-
ferent post-fire scenarios (surface and crown fires) and pro-
vides a 5-year monitoring of fire-affected soils and ecosys-
tems as a whole. Little research has been carried out on this
topic.

The objective of this work was to characterise the micro-
morphological indices of microstructure transformation in
soils affected by different types of wild fire, as compared
to the microstructure of the mature, unaffected soil of pine
forests in central Russia.
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Table 1. Morphological features and general properties of soils; & after the mean value means SD. Nd: no data.

Horizon  Depth, Colour Soil Ignition pH  Total organic Cha / Cra Clay Sand
cm humidity, loss value carbon, content,  content,

% % gkg™! gkg™! gkg™!

Surface fire
Apyr 0-3 10YR3/2 285+£0.79 5.68£095 8.0+0.06 23.1£0.27 2.1440.13 20.0 705.0
AY 5-14 10YR4/2 145+£0.19 2.79+£0.60 6.2+£0.32 121£050 1.30+£0.26 25.0 807.0
AC 14-27 75YRS5/4 1.38+0.36 1.55+£1.16 6.0£0.21 7.5+£048 nd 26.0 835.0
AC 27-36 10 YR6/4 1.024+0.27 0.80£049 5.8+0.21 3.1+0.13 - 19.0 852.0
AC 36-53 10YR6/4 0.98+0.42 0.98+0.73 5.3£0.31 2.240.05 - 24.0 866.0
C 53-73 7.5YRS5/4 0.69+0.05 0.81£0.05 5.7£0.21 24+0.10 - 13.0 864.0
Crown fire
Apyr 0-5 10YR3/2 237+£0.36 545+£141 794£0.12 31.9£0.19 1.954+0.34 17.0 720.0
AY 3-10 10YR4/2 143+£0.35 301£1.31 5940.38 1424+0.31 1.18£0.11 20.0 788.0
AC 10-15 7.5YRS5/2 0.86+0.20 291£3.01 5940.25 7.8+£0.07 nd 17.0 852.0
AC 1524  10YR7/4 1.1140.63 0.86£0.29 5940.36 2.6+£0.07 - 6.0 862.0
AC 2444  10YR6/3 0.524+0.05 0.66+£0.14 57+£0.12 1.4£0.05 - 4.0 867.0
C 44-64 10YR6/3 0.49+0.03 0.63£0.09 5940.25 1.2+0.05 - 9.0 868.0
Control
(0] 0-7 - 592+£227 20.88+£590 6.5+£0.10 nd 1.17£0.18 nd nd
AY 7-10  10YR4/2 1.60£0.47 271£134 63£0.06 194+135 0.67+0.13 21.0 787.0
AY 10-14 10YR6/4 0.78+0.15 1.57+0.82 6.2+0.23 7.84+0.33 nd 18.0 837.0
AC 14-23 75YR3/2 0.78+0.42 0.66£0.50 6.1+0.23 3.3+0.10 - 13.0 867.0
AC 23-33 25YR8/6 0.42+0.01 0.57£0.12 59+£0.20 1.5+£0.02 - 4.0 888.0
C 33-50 2.5YR8/6 0.331+0.02 046+0.01 5.7£0.12 2.1£0.03 - 7.0 891.0
C 50-70 2.5YR8/6 0.324+0.03 0.52+£0.17 5.8£0.31 1.5+0.05 - 3.0 895.0
Post hoc test

Crown control p<0.05 p<0.06 p<0.07
Surface control p<0.01 p<0.04 p<0.02
Crown surface p<0.02 p<0.08 p<0.09

2 Materials and methods
2.1 Study area

The study was conducted in the Samara region situated
near the Volga River, in the central part of European Rus-
sia (58°39'44.55" N, 39°17'48.95" E; 179 ma.s.l.). The ex-
tremely hot weather in the summer of 2010 in Russia (es-
pecially bad in the entire Russian European area and also
Ukraine and eastern Europe) resulted in drought and even-
tually catastrophic forest fires in vast territories of Euro-
pean and Siberian Russia. The forest fire studied occurred in
2010 and affected more than 8000 ha. Fire severity was very
high. The parent material is composed of old (Pleistocene)
alluvial-dune landscape.

The affected ecosystem is characterised by a forest-steppe
environment with higher pedo-diversity. The vegetation was
composed mostly of pine forests (Pinus sylvestris L.). There
are xerophyte species at dry locations like Veronica spi-
cata L., Sedum acre L., Antennaria dioica L., Calamagrostis
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epigejos (L.) Roth and Centaurea marschalliana Spreng. and
hardwoods (Quercus robur L., Betula pendula Roth, Popu-
lus tremula L.) in more humid conditions. The herbaceous
vegetation consists of rhizomatous and loose-bunch Gramen
(Bromus inermis Leyss., Elytrigia repens L., some species of
Poa, and Agrostis canina L.) in post-fire plots.

A variety of Luvisols and Chernozems prevail in the wa-
tershed sections (Nosin, 1949; Vasil’eva and Baranova, 2007,
Abakumov and Gagarina, 2008; Abakumov et al., 2009; Uru-
sevskaja et al., 2000; Saksonov, 2006), whereas Calcaric
Chernozems (southern type) dominate in the south of the re-
gion (steppe zone of the Samara region), accompanied by
some polypedons of Kastanozems (Nosin, 1949). The soils
of investigated area are sandy and sandy loam textured. In the
studied area, soils were classified as sandy loam soils on Late
Pleistocene alluvial Volga sands — Protoargic Arenosols ac-
cording to World Reference Base (2015) and to Shishov and
Tonkonogov (2004) — and they have weak features of illuvial
phenomena without the formation of separate horizons. The

www.solid-earth.net/8/553/2017/
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sand content in these soils is 70.5-86.4 %; their clay content
15 0.3-2.6 %.

Three soil pits were sampled in two different fire-affected
areas: one at a site affected by a surface forest fire and an-
other affected by a crown fire. A sample was collected in an
unburnt area to serve as control. Soil types and vegetation
were the same. Soils were sampled as fast as possible af-
ter the removal of a state of emergency from the territory
in the summer of 2010 and also during the period 2011-
2015. Three soil pits were sampled in each studied area.
The general characteristics of the soils, including the chem-
ical and physical parameters, were determined by standard
methods (Methods of Soil Analysis, 1996). The measure-
ments of these soil properties were performed in triplicate.
The normal distribution of the data was verified previously,
and analysis of variance (ANOVA) and a post hoc test were
conducted using SIGMAPLOT 8.0 software with the aim
of comparing differences between plots (site effect). Differ-
ences were considered significant at p <0.05. Undisturbed
and post-pyrogenic soil samples were collected in 2011 us-
ing Kubiéna-type boxes 5 x 3.5 x 1.5 cm in size at the depth
of 0—10 cm and taken to the laboratory.

2.2 Micromorphological analysis

Soil samples were air-dried and passed through a 1 mm sieve.
Fine sections of soil material were prepared from micro
monoliths of soils, sampled in field. Samples were dried and
saturated with resin.

Thin sections were investigated with use of a polarisation
microscope (Leica DFC 320) in transmitted light and crossed
nicols. The following soil micromorphological indexes were
investigated: soil microfabric, spatial arrangements of fab-
ric units, soil particle distribution, elements of microstructure
and character of organic matter. The terminology used in this
paper is published by Stoops (2003), Gagarina (2004) and
Gerasimova et al. (2011), where details of the micro organi-
sation of soil were described in detail.

3 Results and discussion

3.1 Soil profile analysis and physico-chemical
properties

The soil profile organisation can be described as Apyr (or O
in the case of control) — AY — AC — C. The Apyr horizon is
a black layer due the deposition of an ash and charcoal at the
soil surface, unlike that observed in the control plot (Figs. 1,
2, 3). A wide distribution of coal pieces, a total absence of
forest floor remnants and its transformation into ash were di-
agnosed in 2010 immediately after the fires. At the beginning
of the research (2010), thick black horizons were observed
at the soil surface, while in the summer of 2011, they were
only present as a thin layer at the surface. This testifies to the
influence on erosion, as the soil surface was affected by pre-

Solid Earth, 8, 553-560, 2017
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Figure 1. Crown fire-affected soil.

cipitation after the disappearance of forest floor (Robichaud,
2005; Vieira et al., 2014; Delwiche, 2009).

Data on the general characteristics of the soils are given in
Table 1.

Organic matter is lost from the surface horizons of the soil,
which is related to the destruction of the organic horizons,
the mineralisation of root residues and the almost complete
absence of fresh plant waste, which could be a material for
humification. Humus degradation of the upper horizons was
clearly visible by means of the ignition loss value. Ignition
loss was more than 20.00 % in the upper layer in the con-
trol plot (Table 1), but only 5.45 % in the crown fire and
5.68 % in the surface fire plots. In 2010, the content of or-
ganic matter in the ash at the soil surface after the surface
fire (2.31 +0.27 %) was lower than that after the crown fire
(3.19£0.19 %). A similar tendency was observed in the py-
rogenically transformed humus-enriched horizons: the con-
tent of organic carbon was 1.21 £0.50 % after the surface
fire and 1.42 +£0.31 % after the crown fire. Thus, a surface
fire, which leads to the complete burning out of the litter and
the upper horizons, results in larger losses of organic matter.

The acidity in the upper horizons of the burnt soils de-
creases significantly, and the burnt litters have an alkaline re-
action (pH 7.9-8.0), while the lower horizons have a weakly
acidic reaction close to that in the corresponding horizon of
the undisturbed forest soil (pH 5.7-5.9). The increase in the
pH values of the soils after fires is related to the fact that
the water-soluble ash components penetrate into the soil and
saturate the soil exchange complex with alkaline-earth el-

Solid Earth, 8, 553-560, 2017

Figure 2. Surface fire-affected soil.

ements, which shifts the reaction toward the neutral value.
No differences in the pH changes between the effects of the
crown and surface fires were observed in the first year of the
study. The reaction of the parent rock is similar in all three
plots and is characterised as weakly acidic. The partial or
sometimes complete mineralisation of organic residues be-
cause of pyrolysis resulted in the synchronous input of ash
elements onto the soil surface and into the litter, which neu-
tralised the organic acids arriving in the soil solution during
the decomposition of the litters. It is therefore obvious that
the higher the ash yield (i.e. the more intensive the fire), the
more complete and active the neutralisation of the litters.

The group humus composition (Cp, to Cy, ratio) of the up-
per soil layers changed as a result of the fires (Table 1). Some
authors have noted an increase in humic acid content and
a decrease in the carbon-to-nitrogen ratio (Abakumov and
Frouz, 2009; Efremova and Efremov, 2006). By contrast, the
appearance of the most aggressive fractions presented by ful-
vic acids was recorded in other studies (Dobrovol’skij, 2002).
In our case, the litter of the control plot was characterised
by a fulvic-humic type of humus (for the other horizons,
humic—fulvic) and an increase in humic acids, which was es-
pecially strong after the surface fire, as is characteristic for
post-pyrogenic soils. A reduction in the Cy, / C, ratio due to
new plant litter was observed in the following years. An in-
crease in humic acid content was also observed in the humus
horizon.

A year after the fire, the pH of the burnt litters decreased
from 7.9-8.0 (in 2010) to 6.4-6.6 (in 2011), and its absolute

www.solid-earth.net/8/553/2017/
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Figure 3. Control soil.

values approached the control level. This is easily explica-
ble: rain and snowmelt waters almost completely removed
the soluble ash components for a year; i.e. the alkali elements
were removed from the ash at the fire sites.

A post hoc test has shown that significant differences
were revealed for the carbon content between surface fire
and crown fire (p <0.02), between control and crown fire
(p<0.05) and also between control and surface fire plots
(p<0.01). As for the silt and clay fraction, there were dif-
ferences only between control and surface fires (p <0.04).
The same situation was characteristic of the sand fraction
(p<0.02).

The WRB system (World Reference Base, 2015) does not
have any horizons or diagnostic parameters of pyrogenic
soils. But the WRB system has pretic horizon as being dark,
with a high content of organic matter and phosphorus, low
biological activity, and high contents of exchangeable cal-
cium and magnesium, with remnants of charcoal and/or arte-
facts. A pyrogenic horizon with an abundance of charcoal is
formed after wildfires. It can resist degradation when vegeta-
tion has not started to recover yet at burnt places and char-
coal has not started to be redistributed while erosion and
infiltration are in progress. However, black carbon decom-
position is controversial, and there are different views on
this issue. Some studies argue that black carbon decomposes
very slowly (Liu et al., 2008) or is practically non-degradable
(Gonzalez-Pérez et al., 2004), while others show that it is
successfully affected by chemical (Cheng et al., 2006, 2008)
and microbial (Knicker et al., 2013; Marschner et al., 2008)

www.solid-earth.net/8/553/2017/

oxidation. The assumption of black carbon complete stabil-
ity in soils is doubtful because its content varies considerably
in different soils. This is explained not only by a difference
in pyrogenic activity in different natural zones, but also by
a difference in humidity (Nguyen and Lehmann, 2009) and
temperature (Cheng et al., 2008; Nguyen et al., 2010), by
various physical and chemical soil characteristics, by differ-
ent biological activity, and by land use practices (Czimczik
and Masiello, 2007).

3.2 Micromorphological characteristics

Differences in post-pyrogenic and unburnt soils are shown
well in the morphological, chemical, physical and biological
properties of horizon A. The morphological organisation of
solum in burnt soils differs from that in unburnt soils in a
number of parameters: wide distribution of charcoal pieces;
absence of litter and its transformation into ash that is a mix
of mineral soil components, burnt-down plant residues, and
small pieces of charcoal (Bodi et al., 2014; Pereira et al.,
2014, 2015); and likewise a reduction in the humic horizon’s
depth. There is soil erosion because of rainfall; this is charac-
terised by a decrease in black surface horizon thickness after
several years of investigation as observed in earlier studies
(Francos et al., 2016).

Data on soil micromorphological features are presented in
Table 2 and Fig. 4. The results showed that the elementary
assemblage of crown fire soil is plasma-silt (with a small
proportion of plasma and a prevalence of silt particles). In
the case of the soil affected by surface fire, the type of as-
semblage is plasma-silt, which is a result of the accumula-
tion of humus-type organic matter. In both cases the type of
the plasma is classified as humus—clay. The structure of all
three soils investigated is crumbly, inherited from the previ-
ous stages of soil formation. There are no evident features
of mass aggregation in the fire-affected soils. The type of the
microstructure of all the soils is angular blocky or subangular
blocky, which is caused by a low intensity of current weath-
ering in soil mass. The particle shape is subidiomorphic or
idiomorphic in cases investigated with weak or medium de-
gree of corrosion.

The mineral composition of the soils can be described as
follows: uncoloured minerals, quartz, orthoclase and carbon-
ates (crown fire); quartz and orthoclase with many crystals
of muscovite and an absence of carbonates (surface fire);
and a predominance of uncoloured minerals with quartz and
muscovite in the case of the control plot. The possibility of
new mineral formation under the strong heating effect has
been reported in previous works (Nobles, 2010; Leon et al.,
2014); however, carbonate accumulation does not result from
the heating process in the crown fire scenario. In some ar-
rangements, soil microstructure can be classified as skele-
tal, which is caused by a high content of non-weathered soil
particles. No evidence of current weathering (alteration) has
been found, but some pore infilling was recognised as a result

Solid Earth, 8, 553-560, 2017
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Figure 4. Thin sections. (a, b) Crown fire; (c, d) surface fire; (e,
f) nature plot. Left column — transmitted light; right column —
crossed nicols.

of ash, charred material and erosion particles accumulating
in fire-affected soils (Fig. 5). Non-decomposed organic tis-
sue and residue infill the porous media in these soils. This is
the result of an increment of raw forms of organic material in
burnt soils. Organic matter under the effect of fire was poly-
morphic (Fig. 5a, b; Stoops, 1986), while it is monomorphic
in the soils of the control plot. The porous media infilling af-
ter the fires was described previously by Nobles (2010); how-
ever, in this case, it was an accumulation of Mn—Fe-enriched
materials. Balfour and Woods (2007) observed similar re-
sults in fire-affected soils. So, taking our data into account
it is possible to conclude that the infilling of porous me-
dia by material of a different composition is typical in burnt
soils. Decreasing the porous media area was also described
as being the result of an accumulation of ash (Balfour and
Woods, 2007), and this explanation of porous media infill-
ing is more appropriate to our case. The investigated soils
are characterised by developed system of porous media; this
is important regarding the heat penetration into soil and soil
resistance to heating. The soils investigated are not as resis-
tant to heating as clay texture ones, where the porous media
are not as developed. Pores, cracks and other spaces make
it possible for the combustion products to penetrate into the
soil and affect the polycyclic aromatic hydrocarbons (PAHs)
and other product accumulations.

Solid Earth, 8, 553-560, 2017

Figure 5. (a) Humons (organic particles with non-humified organic
matter), transmitted light; (b) organic tissue of non-decomposed
remnants.

The type of fire affected the soil organic micromorphol-
ogy. The quantity of non-humified organic matter in the burnt
soils, especially in the samples affected by surface fire, was
identified as increased in burnt soils (Fig. 5a). It is also evi-
dent that the size of organic residues is higher in fire-affected
soils than in mature ones. In mature soils the transformation
and humification of organic matter are a gradual process,
while new, relatively fresh non-decomposed organic matter
has come into the upper soil horizons in fire-affected areas
(Gagarina, 2004).

4 Conclusions

The 2010 catastrophic natural fires in the urban forests of
Togliatti resulted in the formation of pyrogenically trans-
formed soils, the morphological parameters and the main
chemical and physical properties of which significantly differ
from those of the undisturbed soils.

The burnt soils differ from the control soil on the macro-
morphological level only in the upper part of the profile,
where the litter is transformed to ash which is identified as
a dim grey organomineral mixture. Processes of soil erosion
are clearly manifested 1 year after the fire under the effect
of precipitation and the illuviation of organic matter to the
medium part of the profile, and they will probably continue
for several years.

The fires significantly affect the physicochemical and
chemical properties of the soils. However, the effect of fires
on the properties of the studied soils usually does not spread
deeper than 10 cm.

The results of this work showed that mineral composi-
tion of all the soils studied consists of quartz and feldspar
(orthoclase); in the case of a surface forest fire there was
more mica (muscovite), and calcium carbonates appeared in
soils affected by crown forest fire. The reasons for this com-
pound accumulation are still not well understood. The type of
plasma is humus—clay, but the soil assemblage is plasma-—silt,
with a prevalence of silt. Angular and subangular grains form
the main soil carcass, and no evidence of intensive weath-
ering alteration has been revealed. At the same time, a de-
crease in the porous media was recognised as the main soil

www.solid-earth.net/8/553/2017/
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development process after the fires. This is the result of soil
porous infilling by ash and charred organic material of dif-
ferent nature: some organic remnants (tissue) come into the
porous media after fire, and some transformed, coaled and
dark coloured parts also appear in post-fire horizons. Par-
tially decomposed fire-affected particles of soil organic mat-
ter accumulate in post-fire soils, especially in porous soil me-
dia, which is a result of the soil organic matter accumulation
and transformation in post-fire environments.

Data availability. No data sets were used in this article.
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