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Abstract

This article presents a comprehensive on-site bioremediation of an excavated diesel fuel-contaminated soil aided by various
soil amendments and plant species. In the first 125 days, the excavated soil was placed in a land treatment unit, mixed with
compost, and seeded with white clover (Trifolium repens). In the next 155 days, the land treatment unit was re-established
and divided into four experimental plots. Experimental plots 2 and 3 were seeded with a mixture of plant seeds (Trifolium
alexandrinum, Fagopyrum esculentum Moench, Trifolium incarnatum, Phacelia tanacetifolia, Sinapis alba, Trifolium repens),
while experimental plots 1 and 4 were left without seeded vegetation. Moreover, a zeolite and an Ascophyllum nodosum-based
biostimulant were added to experimental plots 3 and 4. The objectives were to select the most beneficial plant species for
the plant-based bioremediation process, to evaluate applicability of different soil amendments for an enhanced hydrocarbon
biodegradation, and to study their effects on the microbial community in soil. Our results showed an overall reduction in
hydrocarbon pollution by more than 95% within 280 days. The rates of hydrocarbon degradation and changes in the micro-
bial population were not affected by the presence of the zeolite and the biostimulant. In addition, the use of different plant
species did not have a statistically significant effect on hydrocarbon degradation but affected microbial population dynamics,
confirming stabile and diverse indigenous hydrocarbon-degrading microbial community in the native soil.
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Introduction

According to the European Commission study in support
of the Commission’s guidelines on the definition of back-
fill, more than 530 million tons of soil was excavated and
reported as waste in 2018, two-thirds of which was recy-
cled and returned to the economy (European Commission
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and Directorate-General for Environment, 2020). When the
contaminated excavated soil is classified as waste, the waste
management hierarchy should be applied and recycling
should be prioritized over landfilling (European Commission
and Directorate-General for Environment, 2021). Since soil
provides major ecosystem services by sequestrating carbon
or neutralizing pollutants, maintaining healthy soil is not
only crucial for food production (Iram et al. 2020).
Establishing effective remediation methods for recycling
soils is critical. One of the promising options is the process
of bioremediation, in which microorganisms or plants detox-
ify, degrade, and convert hydrocarbons into CO,, H,O, and
biomass (Hoang et al. 2021). Bioremediation is considered
to be an efficient and cost-effective method for degrading
hydrocarbon-contaminated soil (Wu et al. 2017). Bioaug-
mentation (the inoculation of exogenous degrading micro-
organisms) and biostimulation (the addition of nutrients and
soil amendments to circumvent the metabolic limitations of
the native community) represent two main types of biore-
mediation technology (Wu et al. 2016). Since the process
of bioremediation is carried out by various microorganisms
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in the soil, degradation is often the result of a community-
interacting microbial population, and the success of biore-
mediation depends on the ability of these microorganisms to
adapt to new environmental conditions (Mishra et al. 2001).

One advantage of using plants in the bioremediation of
hydrocarbons is that plant characteristics, such as the root
system, facilitate rhizoremediation (Abdullah et al. 2020).
Different plant species have been shown to stimulate differ-
ent types of microorganisms (Vieira et al. 2020) that alter
the chemical and physical properties of the soil (Vives-Peris
et al. 2020). This has been identified as an enrichment effect
of the rhizosphere and is reflected in a different bacterial
community composition and an increase in the microbial
diversity in the overgrown soil (Fan et al. 2017). Since
exogenous microorganisms are often unable to compete
with indigenous microbial communities and can therefore
quickly disappear from the soil (Karamalidis et al. 2010),
the use of plants in bioremediation provides an opportunity
to create favourable conditions for the increased growth and
activity of hydrocarbon-degrading microorganisms (Martin
et al. 2014). Several studies have investigated the effect of
biostimulation with nitrogen and phosphorus (Nwankwegu
et al. 2016; Wu et al. 2016, 2019) or biochar (Dike et al.
2021; Saeed et al. 2021) on hydrocarbon-polluted soils and
demonstrated the resulting enhanced degradation of hydro-
carbon compounds. Furthermore, in case of heavy metal
pollution, phytoremediation studies utilize different fungi
with maize (Zea mays) and sunflower plants (Helianthus
annuus) (Iram et al. 2019) and can ultimately result in pro-
duction of crops used for biodiesel production (Iram et al.
2022). Another class of additives used for remediation are
zeolites. These aluminosilicate minerals with ion-exchange
properties (Misaelides, 2011) are widely used in agriculture
due to their ability to bind nutrients (Cataldo et al. 2021).
Zeolites have been shown to increase hydraulic conductivity,
increase yields in acidified soils, and improve soil physico-
chemical properties (Szatanik-Kloc et al. 2021). Since syn-
thetic chemical fertilizers can lead to infertile soils, natural
substitutes represent sustainable solution for restoring soil
quality (Jaffri et al. 2021).

This work presents the applicability of land farming (the
simplest ex situ bioremediation technique (Azubuike et al.
2016)) with plant-assisted bioremediation for the remedia-
tion of diesel-contaminated soil at full scale. The contami-
nated soil originated from an actual diesel fuel spill caused
by a broken valve on a pipeline at a fuel storage facility in
Race, Slovenia. After the spill occurred, the soil was exca-
vated and moved to an impermeable asphalt-covered surface
within the fuel storage facility and placed in a land treatment
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unit (LTU) that allowed the application of soil management
techniques.

The main ambition of this study was to make the soil suit-
able for reuse and to allow its restoration at a polluted site.
Therefore, all 90 tons of the excavated soil was used. The
first objective of this study was to select the most beneficial
plant species for plant-based bioremediation by investigat-
ing their effects on the hydrocarbon-degrading microbio-
logical community. The second objective of this study was
to evaluate the applicability of different soil amendments,
namely compost, zeolite, and a biostimulant, to increase
hydrocarbon biodegradation rates. In addition, this study
aims to demonstrate how the selected plant species affect
the hydrocarbon-degrading microbiological community and
enables evaluation of applicability of different soil amend-
ments during the full-scale bioremediation process.

This study started on 26 February 2021 with the LTU
establishment and finished on 3 December 2021 with the last
soil sampling event. Bioremediation study took place within
the fuel storage facility Race, Slovenia (WGS84 coordinate
system; lon.: 15,65963, lat.: 46,45764).

Materials and methods

Study design and the establishment of the land
treatment unit (LTU)

After the leak occurred, the soil (67 m?) contaminated with
diesel fuel was excavated partially mechanically and par-
tially manually (complete mechanical excavation was not
possible due to the underground installations). The exca-
vated soil contained an upper humus layer with grass cover
and was classified as Eutric Cambisol on Pleistocene loam
(Vrscaj et al. 2017). After excavation, the concentration
of hydrocarbon content (C10-C40) was determined to be
8,185.0+625.0 mg/kg DW.

In the first part of this study, the excavated soil was placed
on an impermeable asphalt surface, mixed with compost
(5 m?>; JP Voka Snaga d.o.o., Ljubljana, Slovenia), and sur-
rounded with a wooden frame to prevent soil scattering.
White clover (Trifolium repens) was seeded on the LTU,
which also served as an indicator of water stress and as a
fertilizer after the soil had been mechanically turned over.
As soon as the LTU was established, a manually operated
watering regime was introduced (a fire truck equipped with
a water tank) to prevent the drying of the soil. The plant-
assisted bioremediation with Trifolium repens took place for
125 days. After that, the soil was mechanically turned over
and the vegetation was mixed into it.
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Fig. 1 A graphical presentation of the 280-day bioremediation in LTU. Created with biorender.com

In the second part of this study, which lasted for 155 days,
the LTU was re-established and divided into four experi-
mental plots (EPs), each measuring 10 m? (Fig. 1). EP 2
and EP 3 were seeded with the following mixture of plant
seeds: Trifolium alexandrinum 15%, Fagopyrum esculentum
Moench 25%, Trifolium incarnatum 15%, Phacelia tanaceti-
folia 15%, Sinapis alba 15%, and Trifolium repens 15% (the
mass percentage of seed weight; purchased from Semenarna
Ljubljana, Ljubljana, Slovenia).

EP 1 and EP 4 were not seeded. 1,100 g of ZP-4A zeolite
obtained from Silkem d.o.0., Kidri¢evo, Slovenia (the zeolite
properties are presented in Tables S1 and S2 in Supplemen-
tary Information), was mixed into EP 3, while EP 4 was
fertilized with the Ascophyllum nodosum-based biostimulant
BCX (EKO GEA, Celje, Slovenia).

In a period of one month, plant species from the Poaceae
family overgrew EP 1 and EP 4. Figure 1 presents a graphi-
cal representation of the study design.

The soil was mechanically turned over twice by an exca-
vator to achieve better mixing and homogenization. The first
turnover was performed prior to the establishment of the
LTU (when the polluted soil was mixed with compost) and
the second turnover after 125 days.

During the 280-day bioremediation process, the micro-
bial population was monitored using phospholipid fatty acid
(PLFA) analysis. Direct insight into hydrocarbon degrada-
tion was obtained by measuring the hydrocarbon content in
the soil. Soil nutrient contents were also monitored during
the study, namely total nitrogen, total organic carbon, total
carbon, and aqua regia-digested phosphorus. Photographs
of the LTU at different time intervals during the 280-day
bioremediation period are presented in Table S3 in Supple-
mentary Information.
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Soil sampling and chemical analysis

Soil samples were collected according to ISO 18400-203,
using a soil auger to a depth of 20 cm following a simple
systematic pattern. Each composite sample was collected
with at least 16 increments. To reduce the edge effect (the
difference between biotic and abiotic factors at the edge of
a fragmented habitat compared to the interior environment
(Ruwanza, 2018), all samples were collected at a distance
of 1 m from the edge of the LTU or 1 m from the bound-
ary with the adjacent EP. The efficiency of hydrocarbon
degradation was calculated from the measurements of the
hydrocarbon content in the soil. The latter was determined
according to EN ISO 16703 (Determination of extractable
compounds in the range of hydrocarbons C10-C40), using a
gas chromatography (GC) method with FID detection.

Phospholipid fatty acid (PLFA) analysis

The chemicals used for the PLFA analysis (acetic acid,
acetone, chloroform, dipotassium hydrogen phosphate
(K,HPO,), n-hexane, potassium hydroxide, methanol,
sodium sulphate, and toluene) were of analytical grade and
were supplied by Merck KgaA (Darmstadt, Germany). The
deionized water used in the experiments was prepared in
accordance with SIST EN ISO 3696:1998.

Before the extraction of the PLFAs, 2.5 g of fresh soil
samples was sieved through a 2-mm sieve. The PLFAs were
extracted using the modified method of Bligh and Dyer with
a phosphate buffer, chloroform, and methanol (0.8:1:2 V:
V: V, V=volume) (Bligh and Dyer 1959). The lipids were
separated through a solid phase extraction column (2 g;
6 mL, Silicycle Quebec City, Quebec, Canada) and transes-
terified by mild alkaline methanolysis. The remaining fatty
acid methyl esters (FAMEs) were dissolved in n-hexane and
transferred quantitatively.

The FAMEs were identified using an Agilent 6890 gas
chromatograph (GC, Agilent Technologies, Inc., Santa
Clara, CA, USA) equipped with an Agilent 5973 mass selec-
tive (MS) detector (Agilent Technologies, Inc., Santa Clara,
CA, USA). A Supelco 37-component FAME mixture was
used for the identification of FAME:s.

The sum of all identified PLFAs was used to estimate the
total viable microbial biomass (Zhang et al. 2019), and the
PLFAs listed in Table 1 were used to determine the presence
and abundance of the specific microbial groups (Hedrick
et al. 2005; Butterly et al. 2011; Zhu et al. 2012; Willers
etal. 2015; Chen et al. 2019). The PLFA nomenclature used
in this study was adopted after Zhao et al. (2014). The total
number of carbon atoms is on the left side of the colon and
the number of double bonds on the right side of the colon,
while ® indicates the number of double bonds from the
methyl end of the molecule. The cis and trans configurations

Table 1 The PLFAs

- . . . Microbial group
determining specific microbial

PLFA nomenclature

groups extracted from soil
samples in this study

General bacterial marker
Actinomycetes
Gram-positive bacteria
Gram-negative bacteria

14:0; 15:0; 16:0, 17:0, 18:0

10Mel8:0

113:0;114:0; a14:0; a16:0; 115:0; a15:0; 116:0 6Me14:0
15:1w6c; 18:107t; 16:1w7c; 17:1, cy17:0, 16:1wl1c

Fungi 18:1w9c¢; 18:2wbc; 18:3mw6¢; 18:3w3

Table 2 Soil properties at Day Parameter Method Result

1 (after the establishment of the

LTU) pH extraction with CaCl, EN 15933:2012 7.56 +0.07
Specific electrical conductivity [uS/cm] SIST-TS CEN/TS 15937:2013 228.7 +69.0
Fraction>2.000 mm [%] EN 16179:2013 13.3 +1.3
Fraction <2.000 mm [%] 86.7 +8.7
Fraction <0.002 mm (clay) [%] ISO 17892—4:2016 1.30 +0.13
Fraction 0.002-0.050 mm (silt) [%] 62.9 +6.3
Fraction 0.050-2.000 mm (sand) [%] 28.0 +2.8
Total carbon [% DW] EN 15936:2012—method A 4.74 +0.71
Total organic carbon [% DW] EN 13137:2002—method B 4.53 +0.79
Nitrogen [% DW] EN 16168:2013 0.306 +0.05
Soil texture* 1SO 17892—-4:2016 silt loam /

*Division between silt and sand at 0.05 mm
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are indicated by ¢ and ¢, respectively. The anteiso and iso
branching is designated by the prefixes a or i.

Soil properties

The determined properties of soil one day after the establish-
ment of the LTU and after the addition of compost to the
polluted soil are presented in Table 2, indicating the methods
used for the chemical analysis.

Data analysis

All results of the PLFA analysis were performed in triplicate
and are presented as a mean + standard deviation. The prin-
cipal component analysis (PCA) and all statistical analyses
were performed in Microsoft Excel using the XLSTAT pack-
age. The PCA was used to evaluate the changes between the
microbial communities. Only the PLFAs listed in Table 2
were used for the PCA.

Results and discussion

Soil represents an ecosystem and is therefore modified by
the interactions between the individual chemical, biological,
and physical components and by their distribution in the soil
matrix (Tate, 2020). Therefore, the effect of a single variable

Fig.2 The values of hydro-
carbons C10-C40 during the
study (from Day 125, the values
represent the average values
obtained from all four EPs.)
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on the process of bioremediation must be considered with
caution.

Since this was an on-site bioremediation study, it was
inevitably influenced by the natural environment (the climate
and weather). At first, an endemic plant species, Trifolium
repens, was seeded, while in the second part of the study
(after 125 days), a mixture of plant species was chosen to
increase biodiversity, since this can improve the provision
of ecosystem services (Quijas et al. 2010). After 125 days,
the LTU was divided into four EPs. Although two of them
were not seeded, after approximately one month, both were
completely covered with common species of the Poaceae
family, mainly Digitaria sp., Cynodon dactylon, Dactylis
glomerata, and Echinochloa crus-galli.

Soil hydrocarbon content during the study

This study shows how a full-scale on-site bioremediation
technique can be effective for the hydrocarbon degradation
of soil using widely available soil amendments. More than
95% of the hydrocarbon content in soil was removed, reach-
ing a level lower than the legal maximum allowed by Slo-
venian legislation (Slovenije, 2011). Figure 2 shows how
the hydrocarbon content in the soil (C10-C40 mg/kg DW)
decreased from the time of pollution until the end of the 280-
day study. According to the Slovenian Decree on Burdening
Soil by Spreading Waste, the maximum allowable amount of
C10-C40 for fillers and soil restoration is 500 mg/kg DW.
The study was terminated when the hydrocarbon content

500 mg/kg (maximum amount allowed) RN -

0.0
Day 0

Day 1

Day 104 Day 125 Day 187 Day 242 Day 280
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reached values below this legally permissible level on two
separate sampling dates in all four EPs.

A similar large-scale bioremediation was performed in
an Arctic landfarm by Johnsen et al. (2021). Their results
showed a 64% reduction in diesel content in the first year.
However, it must be pointed out that the two climates and
soil types are not directly comparable. At Day 280, the
hydrocarbon levels had decreased to 346.0+ 115.3 mg/kg
DW (the average value calculated from all four EPs), repre-
senting a 95% reduction in diesel contamination. After the
completion of the study, the soil in the LTU was re-sampled
as excavated soil (waste) according to EN 14899:2006,
and a full waste assessment was performed (OC 141-
172021 by IKEMA d.o0.0.). According to that waste assess-
ment, the content of hydrocarbons was determined to be
264.0+79.2 mg/kg DW.
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Similarly, as reported by different scientific groups (Nam-
koong et al. 2002; Osei-Twumasi et al. 2020; Lee et al.
2021), this study confirmed the applicability of compost as
a soil amendment for the bioremediation of hydrocarbons.
The effect of compost on bioremediation processes is best
observed from Day 1 to Day 125, with a 58% reduction in
the total hydrocarbon content. Compost is usually added to
support the microbial activity of soil microorganisms and to
increase their diversity (Gomez and Sartaj 2014). In addi-
tion, compost is rich in nutrients such as phosphorus, nitro-
gen, and carbohydrates, which are believed to be important
for the optimal activity of pollutant decomposers (Ferrari
et al. 2019).

The significant decrease in the hydrocarbon content on
Day 1, after the LTU establishment, can be explained by the
dilution of the soil and the addition of compost. In the first
125 days, the hydrocarbon content was reduced by 58.00%,
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Fig.3 The TOC (orange), total nitrogen (blue), and aqua regia-digested phosphorus (yellow) changes during the second part of the bioremedia-

tion process in EP 1 (a), EP 2 (b), EP 3 (¢), and EP 4 (d)
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while the efficiency of hydrocarbon reduction from Day 125
to Day 280 was 33.00%. (Since there were no statistically
significant differences between the hydrocarbon values for
the EPs, the hydrocarbon removal efficiency was calculated
as an average value of C10-C40 from all four EPs of the
LTU.)

The effect of zeolite, the biostimulant, and different
plant species

The importance of nutrients for bioremediation has long
been recognized as they support a variety of microbial pro-
cesses. Nitrogen, potassium, and phosphorus are required
for amino acid production and energy transport (Hussain
et al. 2018). Microbial population in soil maintains its bio-
mass stoichiometry by partitioning carbon, nitrogen, and

phosphorus between growth and release in the form of CO,,
inorganic nitrogen, and phosphorus (Spohn, 2016).

Data on the total nitrogen, phosphorus digested with aqua
regia, and the total organic carbon (TOC) from Day 125 to
the end of the study (Day 280) are shown in Fig. 3: EP 1
(a), EP 2 (b), EP 3 (c), and EP 4 (d). A decrease in the TOC
was observed throughout the remediation process, while the
aqua regia- digested phosphorus increased over time. The
changes in the total nitrogen content between the four EPs
and between the different time points were not statistically
significant (p <0.05).

After the establishment of the LTU, there was a decrease
in the TOC content in the soil, while the total nitrogen con-
tent was rather constant, ranging between 0.30% DW and
0.20% DW. The rate at which soil organic matter increases
and decreases is determined by the gains and losses of car-
bon in soil (Nair, 2002), but for the successful degradation of
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Fig.4 The hydrocarbon content (dashed line) and amount of total PLFAs extracted during the second part of the bioremediation process in EP 1
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the target compounds, the added carbon source must remain
non-preferential (Namkoong et al. 2002). For the bioreme-
diation of soil, the optimal C/N/P ratio is considered to be
100:10:1 (Banerjee et al. 2016; Wu et al. 2016). The C/N/P
ratio was close to this value (100:13:0.8) at Day 125 of this
study. After that, the C/N/P ratio changed in favour of phos-
phorus (100:8:3). The content of phosphorus in soil depends
on various factors affecting its availability. Plants uptake
phosphorus for growth, but plant species differ in their abil-
ity to acquire, use, and retain nutrients. In general, grasses
have lower concentrations of tissue phosphorus compared
to forbs (Moeneclaey et al. 2022), based on which it can be
conceded that increased values of this element are a conse-
quence of adding organic matter (i.e. Trifolium repens) to the
soil when it was mechanically turned over.

The microbial population dynamics
during hydrocarbon biodegradation

The use of well-adapted microbes in oil-contaminated soils
is considered to be an effective means of bioremediation
(Raghavan and Vivekanandan 1999; Tyagi et al. 2011).
Since the contamination at issue occurred inside a fuel stor-
age facility due to a valve malfunction and the contaminated
soil was naturally present at that site, we assume that the
indigenous microbial population was somewhat adapted

Fig.5 The PCA showing the

to using hydrocarbons as a source of carbon. For example,
Karamelidis et al. conducted a laboratory-scale study with
indigenous microorganisms of petroleum-contaminated soil
and showed that such an approach results in a>79% w/w
reduction in the total aliphatic hydrocarbons (Karamalidis
et al. 2010).

Figure 4 shows the changes in the hydrocarbon content
and the amount of total PLFAs extracted from the LTU from
Day 125 in EP 1 (a), EP 2 (b), EP 3 (c), and EP 4 (d). A
significant increase in total living biomass was observed on
Day 187 for all EPs, while the lowest amount of extracted
PLFAs in EP 4 was determined on Day 242.

Independent ¢ tests for two sample means were per-
formed to reveal potential statistically significant differences
(p <0.05; p=significance level) in the hydrocarbon content
between pairs of EPs. Such a test was performed for EP 3
(the application of zeolite and the presence of mixed vegeta-
tion) and EP 2 (the use of mixed vegetation); EP 4 (the use
of the biostimulant) and EP 1 (the control); and EP 1 (no
seeded vegetation) and EP 2 (mixed vegetation). ANOVA
was also performed to test between-sample variances of the
four EPs. None of the tests proved any statistical differences
in the sets of data.

To further assess microbial dynamics during the biore-
mediation process, specific microbial groups were ana-
lysed using the PCA. PCA (Fig. 5) revealed that the two
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principal components, PC1 and PC2, explained 47.31% and
18.11% of the total variance, respectively. Except for Day 1,
all subsequent sampling was performed after the LTU had
been divided into four EPs, and the influence of zeolite, the
biostimulant, and different plant species on the plant-assisted
bioremediation was studied (the effects are seen only on
Day 187 and later). The PCA plot shows a clustering of the
samples collected on Day 125, confirming the low variabil-
ity among them. The samples taken on Day 125 show the
microbial population after the application of compost, in
the presence of Trifolium repens as supporting vegetation.

Figure 5 also shows several shifts in the microbial popula-
tion that reveal some dynamics during the bioremediation
process. First, the data obtained on Day 187 for EP 1, EP
2, and EP 3 show minimal variance among these samples
and a displacement along the F1 axis compared to the data
obtained on Day 125, indicating changes in the microbial
community during these 62 days. Second, the samples from
EP 1 on Days 242 and 280 reveal low between-sample vari-
ability compared to the samples from EP 4 on Days 187 and
280, and their common feature is that they were obtained
from EPs naturally overgrown by Poaceae family species.
Third, the samples EP 2 and EP 3, obtained from EPs where
a mixture of the selected plant species grew, appear to be in
the lower part of the F2 axis. The samples collected on Day
242 from EP 4 show greater similarity to the samples col-
lected on Days 242 and 280 from EP 2 and EP 3. However,
in the 38 days between Days 242 and 280, the microbial
population in EP 4 became more similar to the microbial
population in EP 1 collected on Days 242 and 280.

PCA revealed similarities between microbial popula-
tions in plots of soil where mixed plant species were seeded
and those obtained from plots where Poaceae species grew.
Since the PCA for the data obtained on Day 187 did not
reveal statistical differences for EP 1, EP 2, and EP 3, but a
shift in the microbial population occurred and the highest
living biomass was observed for all four EPs, a contribution
to the increased living biomass cannot be attributed to soil
amendments or plant species. It was hypothesized that this
effect was caused by the soil being mechanically turned over,
the intensive growth of vegetation in the LTUs, and the addi-
tion of Trifolium repens to the soil matrix. On Day 280, the
variability between the microbial populations for EP 1 and
EP 4 was very low, confirming no significant effect of the
biostimulant on the microbial population. The similarities
between the plots of the LTU with the same type of vegeta-
tion confirmed the effect of plant species on the microbial

population, which was also shown in previous studies (Berg
and Smalla 2009).

The effect on hydrocarbon degradation during the biore-
mediation process has already been reported for certain
plant species, such as the Medicago sativa (Fu et al. 2012;
Zhang et al. 2012) and Poaceae family species (Hou et al.
2015; Shahzad et al. 2016). On the other hand, the use of
combinations of plant species might have various effects
on the process of bioremediation. The fibrous root system
of grasses (the Poaceae family) creates a higher surface
area, which improves the contact between pollutants and
the degrading microbes (Hussain et al. 2018). In addition,
the root system is influenced by the availability of nutrients,
which depends on the degree of competition for resources
with the neighbouring plants (Rajaniemi, 2022). Further-
more, plants belonging to the Fabaceae family can be used
to fix atmospheric nitrogen and may have a competitive
advantage over other plant species in obtaining additional
nitrogen through a symbiotic relationship with Rhizobium
(Hall et al. 2011). To conclude, according to our data on the
hydrocarbon content and PLFA analysis, the choice of plant
species affected the dynamics of the microbial population,
but not the degradation rates of hydrocarbons in soil, con-
firming relatively stable and diverse indigenous microbial
community of hydrocarbon degraders in soil.

Conclusion

This study demonstrated that >95% of the diesel fuel pol-
lution at issue was removed from the soil within 280 days.
The use of compost as a soil amendment provided the nutri-
ents required for the successful degradation of the hydro-
carbons by indigenous microorganisms. The seeding of
different plant species during plant-assisted bioremediation
influenced the microbial population in the soil. However,
the choice of plant species did not have a statistically sig-
nificant effect on the rate of the degradation of the hydro-
carbons during bioremediation, confirming relatively stable
and diverse indigenous microbial community of hydrocar-
bon degraders in soil. At the end of this study, a zero-waste
policy was achieved and approximately 90 tons of soil was
remediated in a fuel depot. It should be noted that landfarm-
ing units occupy a large area and can potentially play an
important role by adding to urban green spaces, becoming
visually appealing elements, or providing a source of food
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for pollinating organisms when they are seeded or planted
with nectar- and pollen-producing plants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-023-05304-x.
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