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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are introduced to the environment from anthropogenic and natural
sources. The most significant natural source of PAH are wildfires and volcanic eruptions. The PAHs occurring
in the soil mostly bind to the root system of plants. Phytodegradation, specifically rhizospheric degradation, can
reduce the PAH levels in soil with the help of plants roots. A pot experiment was conducted to study the effect of
application of soil amendments on the PAHs level in the burnt soil (BS). The aim of this study was to assess the
effect of application of soil amendments (compost, biochar, and bentonite) on the PAHs level after performing ex-
periment with two grass species (Lolium perenne, Festuca rubra). Biochar and compost turned out to be the most
effective amendments, regardless of the used grass species. Phytomanaged BS without added amendments also
demonstrated the potential for PAH dissipation, but only in the case of Festuca rubra. It has been proven that the
application of soil amendments together with the test grass species induced important changes in the BS properties
(alteration of soil pH with related change of K of individual PAHs; root system on which soil microorganisms
thrive) which evoked an increased bioavailability of PAHs.

Keywords: burnt soil, PAH, soil amendment, biochar, compost, bentonite, rhizoremediation.

INTRODUCTION et al., 1992; Raudonyté-Svirbutaviciené et al.,
2022). Wildfire has recently become a major is-

Polycyclic aromatic hydrocarbons (PAHs) are sue and has been increasingly associated with

hydrophobic organic compounds formed by two
or more fused benzene rings generated during
imperfect combustion of organic materials in low
oxygen concentrations, namely during pyrogenic,
petrogenic and biological processes (Abdel-Shafy
et al., 2016). They are introduced to the environ-
ment from anthropogenic and natural sources and
occur in all components of the environment — in
the air, water, and soil (Ren et al., 2021). Thus, the
natural sources of PAHs receive less public atten-
tion than the PAHs coming from the anthropogen-
ic sources. The most significant natural source of
PAH are wildfires and volcanic eruptions (Menzie
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climate change (Aponte et al., 2016; Fernandez-
Anez et al. 2021). Several studies indicate that
the frequency of fires has been also caused by
other factors, such as fire suppression policies,
afforestation, and abandonment of rural areas
(Doerr et al., 2016; Agoston et al. 2018). Aban-
doned areas become naturally revitalized, and
the accumulated biomass promotes the spread
of potential fires. The fire can also affect neigh-
bouring areas that have not been hit by the fire.
Soil is one of the components of the environ-
ment that come into direct contact with fire (Ter-
zano et al. 2021; Zhou et al., 2022).
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PAHs are persistent environmental contami-
nants with varying degrees of biological activity,
especially toxicity, carcinogenicity, and mutagen-
icity (Menzie et al., 1992; Zhou et al. 2022). Their
recalcitrance to natural degradation processes is
given by their chemical stability and physico-
chemical properties which are dependent on their
molar mass. The higher the molar mass, the high-
er the resistance to redox reactions and the greater
mobility in the environment they have (CCME,
2012) which is dangerous due to their ability to
accumulate in organisms.

The chemical composition of the PAHs
generated via different processes (pyrogenic,
petrogenic and biological) varies. The PAHs of
pyrogenic origin are mainly composed of par-
ent PAHs which means they do not contain alkyl
groups, heteroatoms, or hydroxides, while the
PAHs from petrogenic origin do contain alkylated
forms (Wang et al., 2008). Due to the way PAHs
are formed, they occur in the environment almost
exclusively in complex mixtures (Zelinkova et
al., 2015). It was found that the metabolism of
PAH mixtures differs from the metabolism of in-
dividual PAHs because of enzyme competition
and other effects (Desai et al., 2008). Their po-
tential as a human carcinogen was identified by
Environmental Protection Agency (EPA) based
on accumulated experience and advances in the
knowledge on cancer assessment (CCME, 2010).
EPA determined a set of 16 PAHs which are fre-
quently found in environmental samples (Lami-
chchane et al., 2016). Thus, it became standard
for environmental analysis to express the PAHs
content as a sum of concentrations of these 16
PAHs (Girardin, 2020).

The behaviour of PAHs in soils is influenced
by their physico-chemical properties. Soils are
formed by 3 phases — gaseous, liquid, and solid.
The gaseous and liquid phases maintain the con-
taminants in bioavailable form while the solid
phase causes their retention because they bind
on it (Alexander, 1995). When sorbed on the
finest soil particles, PAHs can be transported to
groundwater (Abdel-Shafy et al., 2016). Because
of their lipophilicity, they are attracted by the fat
component in the root membrane (Kukavica et
al., 2007) and bind to it. Usually, PAHs are not
transported to other parts of the plant from the
root system where they adhere to the epidermis
surface or outdoor root tissue. Only low molar
mass PAHs, i.e. 2- and 3- benzene rings PAH
(e.g. Naphthalene, Acenaphthene, Anthracene,

Fluorene, Phenanthrene), can be transported to
other parts of the plant (Alagi¢ et al., 2015). The
PAHSs in soils are transformed mainly by micro-
bial degradation. Many soil aerobic bacteria can
catalyse the oxidation of substances by molecular
oxygen. In the air, PAHs usually sorb on the sur-
face of solid particles. When sorbed on the sur-
face of airborne dust, they can be transmitted to
very distant places. Although the PAHs with high
molar mass are relatively stable, they are reactive
to gases such as hydrogen, oxygen, ozone, NO,,
NO, and OH radicals. Temperature, light, ozone,
and oxygen can further increase their reactivity
(Nayebzadeh et al., 2017).

Phytodegradation, specifically rhizospheric
degradation, is one of sensitive ways to reduce
the PAH levels in soil with the help of plants and
their roots (Lamichchane et al., 2016; Nayebza-
deh et al., 2017). The roots have developed a
mechanism for using toxic substances from the
environment as a carbon source for their growth.
They secrete exudates which create a favourable
environment for bacteria and fungi and thus stim-
ulate a microbial degradation of organic pollut-
ants including PAHs (Lamichchane et al., 2016;
Nayebzadeh et al., 2017). Certain plants release
the substances that can make the contaminants
more soluble and hence more available for degra-
dation (Desai et al., 1997). The rhizospheric deg-
radation was studied, for example, on industrially
contaminated surfaces (Eskandary et al., 2017) or
on the substrates spiked with selected individual
PAHs under laboratory conditions (Chang et al.,
2003; Wei et al., 2010). The possibility of using
a combination of bacteria and plants aimed at
reducing the amount of selected PAHs was also
investigated (Eskandary et al., 2017; Abdullah
et al., 2020). The areas contaminated by natural
source of PAH (e.g. PAH levels after wildfires)
are usually investigated only as far as the levels
and distribution of PAHs are concerned (Tsibart
et al., 2014; Faboya et al. 2020). Another ap-
proach to tackle the issue of PAH-contaminated
soils is the bioaugmentation and biostimula-
tion. Bioaugmentation consists in inoculating
the contaminated environment by indigenous
or allochtonous microorganisms (Huang et Ye,
2020; Ferraro et al., 2021) which are capable of
degrading PAHs. In a research by Ferraro et al.
(2021), the effectiveness of the bioaugmentation
was proven on the soil contaminated by select-
ed PAHs. Biostimulation is a technique during
which a contaminated environment is modified
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by the introduction of limiting nutrients in order
to enhance microbial growth and thus the reme-
diation process (Straube et al., 2003).
Phytodegradation of the areas contaminated
by natural PAH sources that would be supported
by soil amendment is an insufficiently researched
area and this study has focused on this topic. Due
to the relative chemical stability of PAHs in soil,
the interaction between them and the application
of soil amendments is expected to be indirect.
Soil amendments can induce better soil condi-
tions from which plants can benefit and develop
stronger root system that might promote quicker
repopulation of soil by rhizospheric microbes and
thus the degradation of PAHs can be enhanced.
The aim of this study was to contribute to clar-
ification of the relationship between PAH contam-
ination and the effect of application of soil amend-
ments (biochar, compost, and bentonite) under the
conditions of burnt forest soil. The research was
based on performing a pot experiment with two
grass species (Lolium perenne, Festuca rubra).

MATERIAL AND METHODS

Site description and collection of samples

The study area is situated in Southern Bohe-
mia nearby the VIcetinec village, (49.2650800N,
15.0540075E), Czech Republic (CR) and belongs

to the Pelhifimov bioregion whose current land-
scape of which is characterized by fen-meadows,
smaller ponds, fragments of submontane beech
wood, and prevailing culture spruce groves
(Culek, 2013). The forest in which the study took
place is a culture spruce grove with following
tree species composition: 80% Norway spruce
(Picea abies), 10% Scots pine (Pinus sylvestris),
2.6% European larch (Larix decidua), 0.7% Sil-
ver fir (4bies alba), and minority representation
of deciduous species e.g., European beech (Fagus
sylvatica), Black alder (Alnus glutinosa), Silver
birch (Betula pendula). The scientific names of
plant species were taken from the database of the
Czech flora and vegetation (Pladias, 2018).

The soil is a typical acidic cambisol, formerly
called brown forest soil, and pH,, 3.4 was mea-
sured in the subjected locality. The low pH can be
assigned to strong fall of coniferous litter (nee-
dles) (Goldblum et al., 2009) and to atmospheric
acidic deposition (Yang et al., 2015). The locality
had suffered from a bark beetle calamity and the
most hit part had to be cut down (an area of ap-
proximately 100x100 m). The large trunks were
cleared from branches and removed from the
area. The left branches and brushwood were lo-
cally burnt on several places (Figure 1). The burn-
ing took place on 23 May 2020 and the fire was
maintained for several days. These fires can be
considered as a moderate to high intensity fires,
because the surface of the soil remained covered

Figure 1. a) piling fire; b) burnt away fires; ¢) burnt points; d) felled logs infested by bark beetle calamity
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Table 1. Locations of sampling of burnt points

Table 2. Locations of sampling of unburnt points

by whitish and black ash. The ash is a diagnostic
parameter of burn severity and a sign of complete
combustion of the fuel (Dudaite et al., 2011; Bodi
et al., 2014); it confirms that high temperatures
were reached during these fires. Temperatures be-
tween 200—500°C leave the black ash and tem-
peratures exceeding 510°C form whitish ash.

The postfire soil samples were collected one
week after the burning was finished from all the 19
points in which the fires were set. Each burnt point
measured approximately 3x3 m?and was localized
by a GPS Garmin etrex 10 device (Table 1).

The samples of BS including the layer of ash
were collected from the burnt points from topsoil
(0-0.2 m) with a use of a metal spade; 4 kg of
BS comprising of 10 individual subsamples were
obtained from each burnt point. Altogether, 76
kg of BS were collected and transported in plas-
tic vessels to a laboratory in Mendel University
in Brno, Department of Landscape and Applied
Ecology where the soil was spread in a layer of
30 mm height and left to air-dry at 25°C for 2
weeks. After the air-drying, coarse materials
(e.g. stones, uncombusted twigs) were manually
removed; then, the soil was homogenized and
sieved through a 5-mm mesh. The soil was classi-
fied as loamy sand (72% sand, 25% silt, 3% clay)
based on the performed sieve analysis and with
the use of the Soil Texture Triangle. Non-burnt

Burnt points Latitude Longitude Altitude [m] Burnt points Latitude Longitude Altitude [m]
1 49°16’13.0’N | 15°02’10.3"E 588.4 20N 49°16’14.3’N | 15°02'09.4’E 578.0
2 49°16’12.9’N | 15°02’'10.3"E 589.6 21N 49°16'15.1’N | 15°02'10.4"E 583.2
3 49°16’13.1°N | 15°02'10.9’"E 588.3 22N 49°16’14.3’N | 15°02'11.9’E 580.6
4 49°16’13.2°’N | 15°02'11.6"E 588.2 23N 49°16’13.8’N | 15°02'11.0’E 577.6
5 49°16’13.3’N | 15°02'11.8’E 587.5 24N 49°16'13.5"N | 15°02'09.5"E 578.7
6 49°16’'13.4°N | 15°02'11.9’E 586.7 25N 49°16’13.1"’N | 15°02'08.3"E 577.4
7 49°16’13.8’N | 15°02'12.4’E 584.2
8 49°16’14.2°’N | 15°02'12.2"E 584.9
9 49°1614.5'N | 15°0211.8'E 5847 forest soil in the amount of 4 kg were removed
10 49°1614.7°N | 15°0211 5°E 584.8 from 6 different spots (Table 2) within the study
” 49°16'15.1°N | 15°0211 5°E 586.0 area and subjected to the same treatment for com-
1 29°1614.7N | 15°0210.7E 5839 parison purposes. The non-burnt foresj[ ‘soil has
13 29°1614.7N | 15°0210.0°E 834 been exposed to ‘the smok§: frorp the piling fires
" 29°16146'N | 15°0209.9° e for the whole period of their lasting.
15 49°16’13.8’N | 15°02'09.1"E 583.4
16 49°16'13.9'N | 15°0208.9°E | 5825 Experimental design
7 49°16'13.8'N | 15°02'08.2°E 581.5 A pot experiment was carried out to study the
8 49™613.8'N | 15°0207.9°E 581.6 effect of application of soil amendments on the
19 49°16'14.0°N | 15°02'07.7°E | 5817 PAHs level in the BS. The samples of unburnt soil

and BS (reference samples) were subjected to the
same treatment, only without planting the tested
grass species. The PAH values were measured in
all the experimental variants of soil samples in-
cluding the reference samples after finishing the
pot experiment. The timing of PAH analysis af-
ter performing the pot experiment was decided,
since time is an important factor affecting the
values of PAHs and needs to be considered (dis-
cussed in section Results and Discussion). The
analysis of roots was rejected due to the fact that
they are not a suitable matrix for the analysis of
PAH levels after a fire. They are degraded during
the sample preparation, as they have to be rinsed
with water so that the adhered soil is removed.
This process can mechanically remove PAHs
from the root surface and thus can skew the re-
sults. The values measured in reference samples
were compared with the PAH values measured
in the experimental variants. The treatments are
indicated in Table 3. Furthermore, the effective-
ness of two plant species (Lolium perenne, Fes-
tuca rubra) was evaluated. The PAH values were
measured in the accredited laboratory.

Pot experiment

A mixture of enriched BS was prepared by
mixing 3% w/w of each soil amendment (270 g)
with BS (8 730 g) and placed to flowerpots (height
140 mm, width 140 mm, length 760 mm) with
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Table 3. Arrangement of pot experiment

Variant Treatment E_xperimental
label variant with plant
V_001 BS + 3% w/w bentonite Lolium perenne
V_002 BS + 3% w/w compost Lolium perenne
V_003 BS + 3% wi/w biochar Lolium perenne
V_004 100% BS Lolium perenne
V_005 BS + 3% w/w bentonite Festuca rubra
V_006 BS + 3% w/w compost Festuca rubra
V_007 BS + 3% w/w biochar Festuca rubra
V_008 100% BS Festuca rubra
V_009 100% Unburnt soil Control
V_010 100% BS Control

bottom perforation. The dose of 3% w/w has been
selected based on the previous studies carried out
by Radziemska et al. (2017) and Martinez Bar-
roso et al. (2020). A detailed characterization of
soil amendments is shown in Table 4a and Table
4b. In total, 10 flowerpots were prepared: 6 flow-
erpots with enriched BS (3 for testing with Loli-
um perenne and 3 for testing with Festuca rubra),
3 flowerpots with 100% BS and 1 flowerpot with
unburnt soil.

All the flowerpots were watered till reaching
the water holding capacity and kept in darkness
at 22°C for one week to allow the amendments to
react with the BS. The same procedure was car-
ried out with the flowerpots with 100% BS and un-
burnt soil. During the week, the soil was watered
once more. After the properties of the mixture
were balanced, the soil from each experimental
variant was divided to 5 pots (each with diameter
152 mm, height 140 mm and 140 mm depth) and
1 g of seeds of Lolium perenne and Festuca rubra,
respectively, were sown to each pot and watered
every third day. The pot experiment was devised
for 2 months (23" June 2020 — 25™ August 2020)
and was carried out in the air-conditioned labo-
ratory where the temperature was maintained at
18°C. The pots were organized randomly within
the laboratory and natural daylight was used as
a light source. The order of the flowerpots was
changed every 2 weeks. After 1 month, the above-
ground biomass was cut to allow the root system
to become stronger. The flowerpots with 100% BS
and unburnt soil which were not subjected to phy-
tomanagement, were treated equally to the phyto-
managed experimental variants.

The cut above-ground biomass was dried
and stored for future analysis. After the second
month, the pot experiment was terminated; the
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above-ground and under-ground biomass was
carefully removed, separated and dried. The soil
was dried as well. Each sample was labelled indi-
cating the treatment (combination of soil amend-
ment and plant species and date).

Chemical analysis of soil

The samples of soil after carrying out the pot
experiment were sent to the accredited laboratory
for analysis of physical and organic parameters. De-
scription of the used methods is an integral part of
the Certificate of Accreditation (ALS Global, 2021).

Physical parametres

pH,, — determined electrochemically in sus-
pension with H O, CaCl,, BaCl, based on CSN

Table 4a. Detailed characterization of biochar and
compost

Properties Soil amendment
Biochar! Compost?

Dry matter (d.m.) at 105°C [%] 90.3 92.4
Total Nitrogen 3 050 13 300
Active pH [-] 9.3 7.9
Cd* <0.40 <0.40
Cr* 2.32 31.0
Cu* 14.2 53.7
Ni* 5.8 17.9
Pb* 1.7 16.4
Zn* 135 204
Ca* 30500 -
C:N ratio - 11.9

* mgkg!' dm.; soil amendments analyzed in an
accredited laboratory;

' Biochar — a registered soil conditioner bought from
(Prauhel, 2020);

2 Compost — a registered organic fertilizer produced
in a local municipal composting plant (Centralni
kompostarna, 2020).

Table 4b. Detailed characterization of bentonite

Soil amendment
Properties
Bentonite

Sio,* 73.2
ALO.* 11.4
CaO* 2.67
Na,O* 0.31

MgO* 1.05

K,0* 2.58
Fe,O,* 0.29

* % w/w; All data from (Mi, 2017)
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ISO 10390, CSN EN 12176:1999, CSN EN 13037,
CSN EN 15933, CSN 46 5735, ONORM L1086-
1, US EPA Method 9045D; US EPA 9040C.

Dry matter at 105 °C — determined gravimet-
rically, humidity calculated from measured val-
ues based on CSN ISO 11465, CSN EN 12880,
CSN EN 14346 and CSN ISO 11465, CSN EN
12880, CSN EN 14346:2007, CSN 46 5735

Organic parametres

PAH — determination of semivolatile organic
substances by gas chromatography with mass
spectrometry (MS) or MS/MS detection and cal-
culation of sum of semivolatile organic substances
from the measured values based on US EPA 8270D,
US EPA 8082A, CSN EN 15527, ISO 18287, ISO
10382, CSN EN 15308. 16 Priority pollutant PAHs
characterized in Table 5 were analyzed.

Statistical analysis

The sum of PAHs was statistically evaluated
by ANOVA and by Fischer LSD test. The mea-
sured values of individual PAHs were processed
by multidimensional analysis designated for pro-
cessing ecological data, Principal Component
Analysis (PCA) and subsequently by Redundancy
Analysis (RDA). PCA enables to capture the im-
pact of factors of the environment (test setting) on

Table 5. Selected properties of 16 priority pollutant PAHs

the monitored quantities (PAHs). Owing to the vi-
sualization of the results by RDA analysis, it is also
possible to determine the relationships between the
individual monitored quantities (PAHs) under the
impact of different factors of the environment. The
length of the data gradient calculated by PCA was
2.92; therefore, the RDA analysis was used for fur-
ther data treatment. Logarithmic data transforma-
tion was performed before RDA analysis. Proof
testing was performed using the Monte-Carlo test
and 999 permutations were calculated. The calcu-
lations were performed using the computer pro-
gram Canoco 5.0 (Ter Braak et al., 2012).

RESULTS AND DISCUSSION

Detailed results of the chemical analysis
of PAHs in individual experimental variants as
well as in unphytomanged burnt and unburnt soil
are presented in Table 6. Mean PAH values and
Fischer LSD test results are shown in Table 7.

Acenaphtene, Acenaphtylene, and Anthracene
were under the LOD in all experimental variants
after performing the pot experiment. These low
molar mass PAHs have a relatively short half-
life in orders of tens of days in soils (Chanda et
al., 2005) and can be degraded by soil microbial
organisms (Roslund et al., 2018). The 2-month

PAH Chemical formula | Benzene rings | Relative molar mass [g.mol™] Log K, WoE'
Naphthalene C,.Hg 2 128.174 3.29 C
Acenaphthylene C,Hg 2 152.196 4.07 D
Acenaphthene C,,Hy 2 154.212 3.98 D
Fluorene C,;H,o 2 166.223 4.18 D
Anthracene C..H, 3 178.234 4.45 B2
Phenantrene C..Hy 3 178.234 4.45 D
Fluoranthene C.eHyo 3 202.256 4.90 D
Pyrene C,sHyo 4 202.256 4.88 D
Chrysene C,sHy, 4 228.294 5.90 B2
Benzo[a]anthracene CeHyo 4 228.294 5.61 B2
Benzo[a]pyrene C,Hy, 5 252.316 6.06 Ctirzigrc:]%enr;ic
Benzo[k]fluoranthene C,oH,, 4 252.316 6.06 B2
Indeno[1,2,3-cd]pyrene C,H, 5 276.331 6.58 B2
Benzo[b]fluoranthene C,H,, 4 276.331 6.06 B2
Benzo[g,h,i]perylene C,H,, 6 276.331 6.50 D
Dibenzo[a,h]anthracene C,H., 5 278.347 6.84 B2

K, — octanol-water partitioning coefficient; WoE — toxicity as per Weight of Evidence (EPA): B2 — Probable human
carcinogen — based on sufficient evidence of carcinogenicity in animals; C — Possible human carcinogen; D — Not
classifiable as to human carcinogenicity; All data from (Patel, 2020) unless otherwise indicated; 'data from (EPA, 2021)
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Table 6. Distribution of PAHs in individual experimental variants

Specification V. 001 | V.002 | V.003 | V.004 | V005 | V006 | V_007 | V_008 | V. 009 | V 010
0077+ | 0088+ | 0071+ | 0081+ | 0072+ | 0071+ | 0121t | 0.062 & 2.060 +
Naphthalene N 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 | <0910 | "5 008
Acenaphthylene Acy <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010
Acenaphthene Ace <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010
0.011% | 0.012¢ 0.010 ¢
Fluorene F <0.010 | <0.010 | <0010 | ;o | R EEE | <0010 | TSE | <0010 | <0010 | <0.010
Anthracene Ant <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010 | <0.010
Bhenantrene bhe 0047+ | 0.033+ | 0.065+ | 0.075+ | 0083+ | 0.056+ | 0.063+ | 0.057+ | 0.071% | 0.146 %
0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001
Fluoranthene £ 0047+ | 0042+ | 0116+ | 0132+ | 0146+ | 0.084+ | 0.095+ | 0.043+ | 0.205+ | 0.037 %
0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001
Burene Bur 0044+ | 0037+ | 0098+ | 0117+ | 0126+ | 0.074+ | 0.081+ | 0.041+ | 0151+ | 0.026 +
Y v 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001
Chrvsene c 0049+ [ 0044+ [ 0098+ | 0133+ | 0.101+ [ o\ [ 0078+ | 0083+ | 0.102+ | 0.022%
Y v 0001 | 0001 | 0001 | 0.001 | 0.001 : 0.001 | 0001 | 0.001 | 0.001
Benzofalanthracene | B(ayant | 0-020% | 0.020% | 0.045% [ 0056 [ 0.060+ | 0.038+ | 0.040% | 0.019% | 0058+ | 0.015
0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001
Benzofalpyren Bajpyr | 0:029% | 0029+ | 0062 [ 0082 [ 0079+ [ 0.052% | 0.056+ | 0.026% | 0082+ | 0.014
Py ' 0.001 0.01 0.001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001
Benzolfluoranthene | BgFt | 0014 | 0017 [ 0041+ [ 0.049: [ 0.053+ | 0032 [ 0.082% | 0014+ | 0.057% | 0.013+
0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001
Indeno[1,2,3-cd] o 0020+ | 0.016+ | 0.050+ | 0071+ | 0.062+ | 0.046+ | 0041+ [ 0.018% | 0.070% | _o .o
pyrene Py 0.001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001 :
Benzo[blfluoranthene | B(o)F | 0-070% | 0.076 % | 0167+ [ 02152 [ 0.190+ [ 0.133% [ 0.123% | 0.068% | 0266+ | 0.057 *
0001 | 0001 | 0001 | 0001 | 0008 | 0001 | 0001 | 0001 | 0001 | 0.001
Benzolghiperylene | B@ND) | 0.027 | 0030+ | 0062 [ 0079+ [ 0.079+ | 0,048+ | 0.048% | 0.025% | 00802 [ o,
g.n.lipery Per 0.001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0001 | 0.001 :
Dibenzo[a,h] Db(a,h) 0018+ | 0023+ | 0018+ | 0012+ | 0018 + 0.015 +
anthracene Ant <0.010 | <0010 | "5401 | 0001 | 0001 | 0001 | 0001 | <9010 | ggo1 | <0020
Sum of 16 PAHS 0444+ | 0432+ | 0.893+ | 1123+ | 1.081+ | 0.736+ | 0.806 + | 0406+ | 1.158 + | 2.390 +
0.004 | 0002 | 0003 | 0005 | 0010 | 0010 | 0010 | 0009 | 0009 | 0.014

Average values + SE, n = 5; all values are in mg.kg"' d.m.; PAH <0.0x — the value has been under the limit of

detection (LOD).

period of the pot experiment may have provided
enough time for their reduction under the LOD.
High quantities of Benzo[a]anthracene,
Benzo[a]pyrene, Benzo[b]fluoranthene,
Benzo[g,h,i]perylene, Benzo[k]fluoranthene,
Chrysene and Pyrene were detected in the

Table 7. Mean values of sum of PAHs of individual
treatments and their statistical significance

Variant label Mean value Fisher LSD test
V_001 0.444 b
V_002 0.432 b
V_003 0.893 e
V_004 1.123 f
V_005 1.081 e
V_006 0.736 c
V_007 0.736 d
V_008 0.406 a
V_009 1.158 f
V_010 2.390 g

Identical letters express statistical non-significance bet-
ween the treatment, different letters express statistical sig-
nificance at a significance level p = 0.05 (Fisher LSD test).

32

unburnt soil (V_009). The high content of the
mentioned PAHs can be assigned to dry atmo-
spheric deposition. Benzo[a]pyrene in the am-
bient air in the CR was investigated in a study
carried out by Schreiberova et al. (2020) and
the team concluded that the largest amount of
Benzo[a]pyrene comes from a combination of
several sources which are local heating, heavy
industry, and residential sector. Moreover, the
unburnt soil had been exposed to the smoke
from the piling fires for the whole period of
burning, which might have contributed to the
content of the afore-mentioned PAHs to a cer-
tain extent. Nevertheless, it is evident that there
was a certain PAH contamination present even
prior the piling burning, which can be assumed
from the composition of PAHs.

The BS on which the phytomanagement was
not conducted (V_009) showed a high content
(2.060 mg-kg!) of Naphthalene. This was ex-
pected, because Naphthalene is formed during
the combustion of litter. The content of Naph-
thalene measured in all other variants was at
least 1 or 2 orders of magnitude lower ranging
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between 0.077-0.121 mg.kg'. This finding dem-
onstrates that the dissipation of Naphthalene
was caused by factors other than the applica-
tion of soil amendments and these could have
been its characteristics e.g. a weak binding in
the soil and its relative availability to soil organ-
isms which can decompose it. Naphthalene is
a volatile substance, so if it is close to the sur-
face, it can escape into the air (CCME, 2010).
Moreover, the aeration of the soil induced by the
root system of tested plant species could help to
reduce the Naphthalene level in the soil. In the
research carried out by Vergnoux et al. 2010, the
low molar mass PAHs were determined as the
major ones formed by forest fire. The Naphtha-
lene levels in the BS were measured to be more
than 20 times higher than in the control soils and
its amount persisted significant years after the
fire (Vergnoux et al., 2011). This has been also
confirmed in this study where the Naphthalene
levels in the BS were in orders of mg-kg!, while
in the unburnt soil. the Naphthalene levels were
under the limit of detection (<0.010 mg-kg'), as
shown in Table 6.

The sum of 16 PAHs in individual experi-
mental variants is seen in Tables 6 and 7. This
value is important, because PAHs occur in na-
ture mainly in mixture. It is noticeable in Fig-
ure 2 that experimental variants V_001 (BS
supplemented with bentonite and phytomanaged
by Lolium perenne), V_002 (BS enriched with
compost and phytomanaged by Lolium perenne),
and V_008 (unamended BS and phytomanaged
by Festuca rubra) had the lowest presence of
all analyzed PAHs. While there was no signifi-
cant difference between treatments V_001 and
V_002, the treatment V_008 was significantly
different from both of them.

The variants of BS enriched with compost
(V_002 and V_006) showed low total values of
all PAHs as well. A significant difference was
proven between the treatment with Lolium pe-
renne and Festuca rubra species. Compost played
a positive role in substituting the soil organic mat-
ter that was consumed by the fire and promoted a
faster repopulation of the soil by microorganisms.
The variants of BS treated with biochar (V_003,
V_007) managed to reduce the sum of PAHs
compared to the sum of PAHs measured in the
BS which was not phytomanaged (V_010). The
effect of soil amendments, namely compost and
biochar, on the bioavailability of PAHs in multi-
element polluted soils was investigated in a study
by Beesley et al. (2010) who considers biochar
and compost as a promising tool in the context of
soil remediation from PAHs. Both amendments
reduced the concentration of PAHs in the soil, es-
pecially the concentration of heavier and toxico-
logically more severe ones.

The application of soil amendments together
with the tested plants affected the pH values of in-
dividual experimental variants (V_001-V_008).
The only variants the pH value of which was
not affected by the afore-mentioned factors were
untreated burnt and unburnt soil (V_009 and
V_010); their pH values stand out from the pH
values of the rest of the experimental variants. All
the values are indicated in Table 8.

The pH value differs between burnt and un-
burnt soil perceptibly. After the piling burn, the
pH of BS rose from 3.4, which was the pH of the
original untreated unburnt soil, to 7.9. All other
experimental variants slightly decreased the pH
when compared to the untreated BS. In the avail-
able literature on the effects of fire on soil pH
(Certini, 2005), it has been concluded that fire

Table 8. The pH and dry matter of individual experimental variants

Experimental variant pH [-] d.m. at 105 °C [%]
V_001 7.2 88.0
V_002 7.3 95.8
V_003 7.1 90.1
V_004 6.2 82.6
V_005 6.4 81.8
V_006 7.2 86.8
V_007 6.8 96.1
V_008 7.1 87.9
V_009 34 91.1
V_010 7.9 77.6

pH values are means + SE; n = 3; d.m. — dry matter.
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temporarily raises the soil pH and thus reduces
soil acidity. The decrease in soil acidity is main-
ly due to the burning of soil organic matter and
vegetation cover and thus the formation of alka-
line ash and its incorporation into the soil. The
degree of pH rise depends on the amount of ash,
its chemical composition and annual precipita-
tion (Biilent, 2004). The fire intensity can affect
for how long the pH remains increased in the soil
(Scotter, 1963).

The application of compost to the BS resulted
in a decrease of pH from 7.9 (pH of untreated BS)
to 7.2-7.3, depending on the plant species. Ap-
plication of compost is a common practice due
to its positive effects on soil properties and pro-
motion of soil rhizospheric microorganisms and
bacteria. Plants and soil organisms have different
preferences on soil pH (Lamichchane et al., 2016;
Nayebzadeh et al., 2017). Compost application
can have both liming and acidifying effects, de-
pending on the used input materials and process-
ing conditions (Adugna, 2018).

The ameliorative effect of biochar on acidic
soil is broadly known (Zhang et al., 2019; Tamer,
2019); however, the pH of different types of soils
(e.g. alkaline) can be decreased by biochar appli-
cation, as it is indicated in the study by Zhang
et al. (2019). This finding agrees with the results
obtained in this study where the enrichment of the
BS by biochar caused a decrease of pH to 7.1 with
the treatment with Lolium perenne and to 6.8 with
the treatment with Festuca rubra. Both biochar
and compost are the materials that can be, and of-
ten are, produced from agriculture by-products,
the utilization of which in non-processed state can
be problematic. Thus, the assisted rhizoremedia-
tion of the areas polluted by polycyclic aromatic
hydrocarbons can provide a space for the usage of
these materials with high added value.

Bentonite is a clay mineral used to enhance
nutrient retention in infertile sandy soil (Czabanet
al., 2013). During a fire, vegetation cover and
soil organic matter are combusted, which causes
a rapid release of nutrients. Some elements are
volatilized (e.g. N, P, S) during the combustion
and other are made more available for the uptake
by plants (De Bano, 1991). Bentonite can prevent
the released nutrients from being leached in case
of severe post-fire precipitations. The pH in the
BS supplemented with bentonite reached 7.2 with
the treatment with Lolium perenne, and 6.4 with
the treatment with Festuca rubra.
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The pH value is an important parameter af-
fecting the partition coefficient (K_ ) of individ-
ual PAHs. The K is an empirical dimension-
less property used to predict and indicate how a
substance in a medium will distribute itself be-
tween an aqueous (hydrophilic) and a non-aque-
ous (lipophilic) part (Johnsen et al., 2005). The
higher the K, the more lipophilic is the sub-
stance and therefore less available for microbial
decomposition and less mobile in the environ-
ment. K is a function of pH and temperature,
and even small fluctuation of these parameters
can affect the behaviour of the substance. As the
pH increases, the K_ value decreases; thus, the
substance becomes more soluble in water and
potentially more available for microbial degra-
dation (Tsai, 2007).

Treatments V_001, V 002, and V_008,
which contained the lowest amounts of all moni-
tored PAHs, had the pH values higher (7.1-7.3)
then treatments V_004, V_005, and V_007 where
the reduction of PAHs has not been so high (pH
ranging between 6.2—-6.8). Therefore, the syner-
gic effect of soil amendments and grass species
affected the K., of PAHs, which became more
bioavailable for rhizhospheric degradation. This
resulted in a considerable reduction of PAH levels
in the mentioned experimental variants.

The PCA and RDA analyses were performed
on the measured data to capture the interaction
between soil amendments, plant species and PAH
presence. The RDA analysis defines a spatial ar-
rangement of the monitored PAHs in individual
experimental variants. Figure 2 illustrates a spa-
tial arrangement of the monitored PAHs in depen-
dence on individual experimental variants.

The results shown in Figure 2 are signifi-
cant at the significance level o = 0.043. On the
basis of the level o, they are statistically sig-
nificant. According to the ordination diagram
the PAHs occurred mainly in 2 groups which
are described below. It is clearly visible that
treatments V_001; V_002; V_008 contained
the lowest amounts of all monitored PAHs
and that Napthalene was affected by factors
other than the application of soil amendment
and tested plant species (CCME, 2010). The
first group of PAHs was found in treatments
V_003; V_006; and in even higher content in
V_009, these were: Indenopyrene, Benzo[g,h,i]
perylene, Benzo[a]anthracene, Fluoranthene,
Benzo[b]fluoranthene, Benzo[k]fluoranthene,
Pyrene, Chrysene, Benzo[a]pyrene. These
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Figure 2. Ordination diagram showing a distribution of PAHs in individual
experimental variants (results of RDA analysis; pseudo-F = 15.3; p =0.001)

PAHs were characterized as probable human
carcinogens by EPA, see Table 5. The untreated
unburnt soil (V_009) shows the highest levels
of those PAHs that are typical for dry deposi-
tion. The level of these PAHs (Indenopyrene,
Benzo[g,h,i]perylene, Benzo[a]anthracene,
Benzo[b]fluoranthene, Benzo[k]fluoranthene,
Benzo[a]pyrene) stays relatively high for the
whole period of the pot experiment. The low
pH of untreated unburnt soil and no remediation
action taken for this variant caused a decrease
in the availability of these PAHs for microbial
degradation and the most evident effect of K
on the bioavailability of PAHs can be observed
in this variant. The second group of PAHs oc-
curred primarily in treatments V_004; V_005;
and in lower amount also in V_007. These were
Dibenzo[a,h]anthracene, Fluorene, and Phen-
anthrene. Treatments V_004 and V_005 were
one of the least effective in reducing the total
sum of PAHs. Variant V_005 could have been
affected by the root system of Festuca rubra
which was not as abundant as the root system of
Lolium perenne and therefore less rhizospheric
microbes were available for the PAHs degrada-
tion. When compared with the variant V_001,
where the burnt soil was supplemented also by
bentonite and showed high effectiveness in re-
ducing the total sum of PAHs, it is obvious that
the root system plays a very important role in
degradation of PAHs.

CONCLUSIONS

The application of soil amendments together
with the test grass species induced changes in the
burnt soil properties. The most important were an
altered pH value, which had an impact on parti-
tion coefficient of individual PAHs, and secondly
the improved conditions for plant growth. The al-
tered partition coefficient increased the bioavail-
ability of polycyclic aromatic hydrocarbons for
microbial degradation, while owing to a better
plant growth, a richer root system on which soil
microorganisms thrive was developed.

The effect of application of soil amendments
(biochar, compost, and bentonite) to the burnt for-
est soil on the polycyclic aromatic hydrocarbons
level was assessed based on the performed pot ex-
periment with two grass species (Lolium perenne,
Festuca rubra). Biochar and compost turned out
to be the most effective amendments, regardless
of the used grass species. Phytomanaged burnt
soil without added amendments demonstrated the
potential for dissipation of polycyclic aromatic
hydrocarbons as well, but only in the case of Fes-
tuca rubra. The best results in reducing the total
sum of polycyclic aromatic hydrocarbons were
seen with the combination of compost and Lolium
perenne. It is obvious that the tested grass species
react differently on polycyclic aromatic hydrocar-
bon contamination, and it is essential to further
investigate whether they are appropriate for this
kind of phytomanagement.
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Further research should focus on the following
areas. The first, carrying out further studies investi-
gating whether multiple plant species and possible
combination of effective soil amendments can bring
better results in rhizoremediating the fire-affected
areas. Secondly, it should be targeted on clarifying
how much the polycyclic aromatic hydrocarbon
reduction depends on partition coefficient and how
partition coefficient changes in the soil with differ-
ent pH. Lastly, it is recommended to compare the
results obtained in this research with the results ob-
tained from a fire-affected area on which a spon-
taneous bioremediation (colonization with ruderal
species of herbs and shrubs) took place.
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