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Abstract: Hydrocarbon pollution threatens aquatic and terrestrial ecosystems globally, but soil fauna
in oil-polluted soils has been insufficiently studied. In this research, soil hydrocarbon toxicity was
investigated in two natural oil seepage soils in Val D’Agri (Italy) using two different approaches:
(i) toxicological tests with Folsomia candida (Collembola) and Eisenia fetida (Oligochaeta) and (ii)
analysis of abundance and composition of micro- and meso-fauna. Soil sampling was done along
20 m-transepts starting from the natural oil seepages. Toxicological testing revealed that no exemplars
of F. candida survived, whereas specimens of E. fetida not only survived but also increased in weight
in soils with higher PAH concentrations, although no reproduction was observed. Analysis on
microfauna showed that Nematoda was the most abundant group, with distance from seepages not
affecting its abundance. Arthropoda results showed that Acarina, Collembola and Diptera larvae
represented the most abundant taxa. The highest divergence in community composition was found
between soils situated near seepages and at 5 m and 10 m distance. Arthropoda taxa numbers, total
abundance and Acarina were lower in soils with high PAH concentration, while Diptera larvae were
not significantly affected. Earthworms, together with Nematoda and Diptera larvae, could therefore
represent ideal candidates in PAH degradation studies.
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1. Introduction

Over the years, the development of the global economy has led to a growing demand for
oil products. Activities related to oil extraction and use, however, are among the leading factors
determining a variety of environmental issues. Among these, leaking underground and aboveground
storage tanks, improper disposal of petroleum waste and accidental spills are the main cause of soil
and groundwater contamination [1]. Extensive damage involving food webs, thus affecting human
health, can result from such hydrocarbon contamination through a series of bioaccumulation events, as
well as the percolation and transportation of contaminants.

Despite this, not all hydrocarbon-contaminated soils are a consequence of human activities,
since about 80% of the total production of crude oil derives from natural terrestrial fields [2], which
allows the effects of continuous discharges in natural seeps to be studied. Hydrocarbons are naturally
found in underground geological formations, where they are produced from abundant organic matter
and its chemical alteration, slowly migrating as a result of lithostatic pressure and tectonic activity,
finally producing spontaneous hydrocarbon emissions that can be detected on the Earth’s surface [3].
These seepages can activate oxidation-reduction processes that cause changes in soil chemical and
mineralogical composition. In addition, the gases that seep onto the surface partly displace soil air.
This, together with bacterial oxidation of light hydrocarbons, generates an anaerobic environment
that can directly or indirectly induce significant changes in the pH and oxidation-reduction potential
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of the surrounding environment [4,5]. An oxygen-poor environment, combined with changes in the
solubility of macro- and micro-nutrients, is a well-known stress factor for plants [6]. Furthermore,
accumulation of pollutants in animals and plant tissues may induce mutations, even causing death [7].

Such consequences of hydrocarbon contamination, however, are not exclusively confined to
local systems: soil micro-biota diversity loss often results from the spread of a limited number of
fast-growing hydrocarbon degraders, which are dominant in contaminated conditions [8]. Such
a phenomenon is also to be seen among soil fauna [9,10], which is well known to be involved in
key processes such as organic matter decomposition, nutrient mineralization and microbial spore
dispersal. Considering that several species of invertebrates are negatively affected by hydrocarbons,
the consequent loss of biodiversity can affect the entire ecosystem functioning [11]. Some studies have
shown that the soil faunal community observed in a contaminated area differs from uncontaminated
areas. For instance, [12] observed that communities in polluted soils exhibited the dominance of
different groups such as Collembola, Protura and Diplura, which were suggested to positively correlate
with major detected contaminants (Pb, Sb). At the same time, Symphyla showed a negative correlation
with these pollutants [12]. Another study, on the other hand, revealed that Isopoda and Hymenoptera
abundances in petrochemical-contaminated sites were higher when compared with uncontaminated
areas [13]. Thus, not all terrestrial invertebrates show high sensitivity to hydrocarbon contamination,
and it is possible that organisms living in seepage areas find a suitable environment that can contribute
additional organic carbon [14]. In addition, the ability of soil fauna to live in association with microbial
communities should be taken into account, since some of these microbes utilize hydrocarbons as an
energy source and are responsible for the breakdown of organic pollutants [10,15].

This study combines two different approaches, both aimed at quantifying soil surface hydrocarbon
effects on soil communities, with a particular focus on soil fauna. First, the effects of natural
hydrocarbons in soils are assessed on two species—Folsomia candida Willem, 1902 (Collembola:
Isotomidae) and Eisenia fetida (Savigny, 1826; Oligochaeta: Lumbricidae), both extensively used in
ecotoxicological testing—using a lab approach. Second, the responses of the soil faunal community
to hydrocarbons naturally present on the surface of an area characterised by active oil seepages are
analysed with regard to community abundance and composition. If soil fauna survives in such a
stressful environment, we can hypothesise that it has the ability to take advantage of the presence of
hydrocarbons. Consequently, the identification of the most resistant groups may be the goal for further
studies aimed at deepening the potential of specific soil fauna to accelerate decontamination processes
in bioremediation systems, either directly or indirectly, through symbiotic relationships that could
enhance microbial degradation.

2. Materials and Methods

2.1. Area of Study

In Italy, natural hydrocarbon emissions are mainly located along a strip of land parallel to the
Apennine chain: The Southern Apennine Trust-belt, known as Val d’Agri, ranks among the largest
onshore petroleum deposits in Europe, the source rocks of which are marine anoxic carbonates facies
containing sulphur [16]. Val d’Agri, located near the town of Potenza, is a 12 km-wide and 30 km-long
intermontane basin, covering the upstream extent of the entire Agri River drainage basin, oriented
NW-SE at about 600 m a.s.l. and filled with alluvial and lacustrine deposits hundreds of meters
thick [17].

In Val d’Agri, the main oilfield is located within fractured carbonate rocks attributable to the
Apennine Platform [18–20]. Oil and gas are stored within limestone and dolomite from the Miocene
to Cretaceous period [21]. The reservoir is under a Pliocene siliciclastic succession and a thick layer
of mélange.

Hydrocarbon extraction dates from the 1990s, through wells placed between 1800 m and 3500 m
below sea level. Spontaneous gas (mainly H2S) and hydrocarbon emissions, however, have occurred in



Water 2020, 12, 2358 3 of 16

Val d’Agri since the 19th century, particularly in the Tramutola municipality and, from the 20th century,
have led to the drilling of many exploration and production wells near the hydrocarbon seepages;
these were decommissioned and have been closed for several decades.

The study area is located about 2 km west of Tramutola, in the Rio Cavolo valley (a tributary
of the Agri River), where plant cover is mainly represented by oak, hygrophilous formations and
thermophilic shrubs. Within this area, two sites characterised by the presence of oil seepages were
selected for soil sampling in March 2019: site A, close to a hydrocarbon spring located at 636 m a.s.l.,
and site B, close to a diffuse hydrocarbon spring located at 643 m a.s.l. (Figure 1).
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modified) [24]. 
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Figure 1. Area of study: (a) location of the springs; (b) seepage A0 and (c) seepage B0 [22,23].

Both hydrocarbon springs are situated over an E-W tectonic fault zone [24]. From the hydraulic
point of view, this fault zone acts as a conduit, as in classic karst systems [25] or as a conduit-barrier
system (e.g., in carbonate aquifers of southern Italy and in other similar systems abroad; [26–34]),
therefore enhancing the local upflow of fluids. Perennial springs are mainly fed by the shallow
groundwater flowing within the nearby carbonate aquifer (Figure 2), with a possible contribution
from a deeper confined aquifer [35]. In the wider hydrogeological context, the carbonate system
belongs to the so-called Mesozoic carbonate platform complex, characterised by very high permeability
due to a well-developed fracture network and karst conduits [36]. In contrast, the deeper confined
system belongs to the so-called syn-orogenic turbidite complex and the outer/inner basins complex,
characterized by a lower permeability [36].
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2.2. Chemical Analysis on Soil

BTEX (Benzene, Toluene, Ethylbenzene and Xylene) and PAH (Polycyclic Aromatic Hydrocarbons)
concentrations in soils with hydrocarbon seepages (called A0 and B0, Figure 1b,c), collected near
springs A and B, were determined. The analyses were performed by Biochemie Lab S.r.l. following
the EPA 5030C 2003 + EPA 8015D 2003 protocol for BTEX and the EPA3510C 1996 + EPA 8270E 2018
protocol for PAH.

The other soil samples collected for zoological purposes along the transects starting from A0
(called A5 and A10) and from B0 (called B5, B10, B15 and B20) were not analysed in the present study,
since no detectable hydrocarbons were reported by previous observations at these sites.

2.3. Ecotoxicological Tests on F. candida and E. fetida

The springtail F. candida (Exapoda: Collembola) and the earthworm E. fetida (Oligochaeta:
Lumbricidae) were used to test soil toxicity in A0 and B0.

F. candida came from laboratory cultures at Parma University. Growth, survival and reproduction
tests were carried out according to [37]. Individual specimens were maintained at 20 ± 2 ◦C (with
50–55% RH) and fed weekly on a pulverized mixture of dried organic cereals (20% wheat, 20% oats, 20%
rye, 20% spelt, and 20% rice). Specimens used for egg deposition (aimed to obtain age-synchronized
juveniles to be used in the test) were collected from breeding containers and mixed to prevent
them originating from a single breeding line. All springtails used for testing were 10 days old and
age-synchronized by removing eggs from the deposition cultures and, once hatched, inserting juveniles
into Petri dishes with moistened breeding substrate with a ratio of 8:1 (w/w) plaster of Paris and
activated carbon powder.

For survival and reproduction tests, Petri dishes were filled with 0.5 cm of testing soil, wetted
with deionized water to reach 40–60 % of the total water holding capacity (WHC). Five replicates
were set up for both soil A0 and B0. Ten F. candida specimens aged 10 days were added to each Petri
dish using an exhauster, checking that none of the exemplars died during the process. Springtails
were maintained at 20 ± 2 ◦C with 70–80% relative humidity (RH) and fed with the same mixture of
cereals used during the breeding. The Petri dishes were incubated for 28 days, aerated once a week
and watered when water loss exceeded 2% of the initial WHC. At the end of this period, the number of
surviving adults and new-born springtails (when present) were recorded using a stereomicroscope
with floatation technique. In order to assess the validity of the test, the same procedure was applied
using a control soil consisting of a standard substrate: 70% quartz sand, 20% kaolinite clay, 10% peat
and calcium carbonate to adjust the pH to 6.0 ± 0.5.

The sexually mature E. fetida were supplied by a worm breeding company. Survival and
reproduction tests were carried out according to [38]. Test containers were filled with 500 g of testing
soil, to which deionised water was added to achieve a soil moisture of 40–60% of the WHC. Five
replicates were prepared for both soil A0 and B0. Ten earthworms were washed with distilled water,
dried and weighed, then placed in the container and maintained at 20 ± 2 ◦C with 80–85% RH for
28 days. During the test period, earthworms were fed weekly with cattle manure, and water was
added when water loss > 2% of the initial WHC. At the end of the test, surviving earthworms and
cocoons (when present) were counted. Surviving specimens were washed with distilled water and
weighed. To assess the validity of the test, the same procedure applied to F. candida was followed, with
standard substrate as a control soil.

2.4. Soil Fauna Extraction

For soil fauna extraction, soil sampling spots were selected by gradually moving away from
seepages A0 and B0 at intervals of 5 m along transect A and B, respectively. Based on the results
obtained from BTEX and PAH analysis, it was decided to select additional spots where there was
a major concentration of hydrocarbon. Consequently, three spots along the transect starting from
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A0 (named A0, A5 and A10) and five spots starting from B0 (named B0, B5, B10, B15 and B20) were
selected. For each spot, three soil samples (replicates) of 10 × 10 × 10 cm were collected using a spade.

Regarding microfauna extraction (fauna < 200 µm), 10 g of soil from each replicate were placed in
a modified Baermann funnel. The sample, wrapped in a piece of muslin and supported by a metal
gauze, was placed into a Petri dish, partially covered with water and left for 24 h. Microfauna leaving
the soil sample during this period and falling through the gauze was collected in the Petri dish. It was
then examined using a stereomicroscope and a microscope and identified at the phylum taxonomic
level (i.e., Ciliophora, Nematoda, Rotifera, Sarcomastigophora and Tardigrada).

Soil microarthropods (200 µm–2 mm) were extracted from each soil replicate using a
Berlese–Tüllgren funnel for 10 days. The extracted soil arthropods were collected and preserved in a
solution consisting of 75% ethyl alcohol and 25% glycerol by volume. Identification was carried out at
different taxonomic levels (i.e., class for Myriapoda, order for Hexapoda, Chelicerata, and Crustacea),
each of them counted using a stereomicroscope.

2.5. Data Analysis

In order to analyse ecotoxicological differences between soil A0 and B0, Student’s t-test was
performed on the proportion of survivors, new-borns per survivor and, for E. fetida, survivors’ rate
of growth. To meet the assumptions of parametric statistical tests, arcsine transformation of the
proportion of survivors and log-transformation of the weight values were applied [39].

To evaluate the effects of natural hydrocarbon presence on microfauna, the number of organisms
extracted for each phylum was considered as the dependent variable, whereas for arthropod
communities, the number of observed taxa and their total abundance, together with the abundance of
each Arthropoda taxon, were set as the response variables. Data between equally spaced spots from
seepages A and B were compared using Student’s t-test. Within every site, data obtained along the
transect were compared using one-way ANOVA and Tukey test as a post-hoc. To meet the assumptions
of parametric statistical tests, log-transformation was applied both to the number of observed phyla/taxa
and their abundance (using log(x + 1) to avoid zeros) [39]. For each spot, the Simpson Index of
Diversity (1-D) and the Shannon Diversity Index (H) were applied to the Arthropoda community.

As far as the differences in arthropod taxa assemblages among the sample sites were concerned,
these were studied through square root transformation of the community matrix to minimize the
influence of the most abundant groups, after which the Bray–Curtis dissimilarity index was calculated.
On the dissimilarity matrix obtained, a permutational multivariate analysis of variance (PERMANOVA)
was conducted. Site and distance from the seepage were considered as independent variables, and only
distances up to 10 m were included to avoid unbalanced models. In the event of a significant result,
pairwise comparisons were performed using the R package “RVAideMemoire” and dissimilarities
in data were visualized with a principal coordinate analysis (PCoA) [40]. An analysis of similarity
percentages (SIMPER) was then performed to test which arthropod groups were driving the differences
in assemblages. Ordination, PERMANOVA and SIMPER were all performed using the R package
“vegan” [41]. A p ≤ 0.05 was considered significant. Statistical analyses were performed using R v.3.6.3
(R Core Team, Vienna, Austria) [42].

3. Results

3.1. Chemical Analysis on Soil

No BTEX were found in any of the analysed soil samples. Several PAHs, however, were
present (Table 1). Benzo(g,h,i)perylene was the PAH with the highest concentration in both A0 and
B0 soils, watered by springs A and B, followed by Benzo(a)anthracene, Benzo(b)fluoranthene and
Benzo(k)fluoranthene in soil B0.
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Table 1. Chemical analysis on soils A0 and B0.

Soil A0 (mg/kg) Soil B0 (mg/kg)

Dry weight content at 105 ◦C (%) 63.5 43.3
Skeleton between 2 cm and 2 mm (%) 56.3 1.0
Benzene <0.01 <0.01
Etilbenzene <0.05 <0.05
Styrene <0.05 <0.05
Toluene <0.05 <0.05
Xylenes <0.05 <0.05
o-Xylene <0.05 <0.05
p,m-Xilenes <0.05 <0.05
Total aromatic compounds (D. Lgs.152/06) <0.10 <0.10
Benzo(a)anthracene 0.16 0.95
Benzo(a)pyrene <0.01 <0.01
Benzo(b)fluoranthene <0.05 3.93
Benzo(k)fluoranthene <0.05 0.58
Benzo(g,h,i)perylene 0.28 1.45
Chrysene 0.21 1.23
Dibenzo(a,e)pyrene <0.01 <0.01
Dibenzo(a,l)pyrene <0.01 0.10
Dibenzo(a,i)pyrene <0.01 <0.01
Dibenzo(a,h)pyrene <0.01 <0.01
Dibenzo(a,h)anthracene <0.01 0.34
Indeno(1,2,3-c,d)pyrene 0.05 0.19
Pyrene <0.05 0.61
Total IPA (D.Lgs. 152/06 All.5 Table 1) <1.0 8.25

3.2. Ecotoxicological Tests on F. candida and E. fetida

In the control soil, the conditions of validity for the tests were met for both F. candida and
E. fetida [37,38].

Neither vital Collembola nor new-borns were observed after 28 days in either soil A0 or B0.
In tests with E. fetida, a significant difference between A0 and B0, both for survival and rate of

growth, was observed (p ≤ 0.05 for both), with a loss of weight in earthworms after 28 days in soil A0
compared with a weight gain in those in soil B0 (Figure 3). No cocoons were found, either in A0 or B0.
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3.3. Soil Fauna Characterization

3.3.1. Soil Microfauna

Results from microfauna extraction are reported in Table 2.



Water 2020, 12, 2358 7 of 16

Table 2. Average ± Standard Error of the number of individuals for each faunal group (microfauna per 10 g and Arthropoda per m2) found along transects in study
sites, together with the Simpson Index of Diversity (1-D) and the Shannon Diversity Index (H) calculated for Arthropoda.

A B
0 m 5 m 10 m 0 m 5 m 10 m 15 m 20 m

Microfauna (<200 µm)

Ciliophora 7.33 ± 6.36 3.33 ± 3.33 8.67 ± 4.67 - 2.00 ± 1.15 1.33 ± 0.67 - 0.67 ± 0.67
Nematoda 16.00 ± 13.11 36.67 ± 15.68 74.00 ± 22.72 9.33 ± 3.53 67.33 ± 40.16 38.00 ± 20.53 4.67 ± 2.91 18.00 ± 11.02
Rotifera - 1.33 ± 1.33 5.33 ± 0.67 - - - - -
Sarcomastigophora 0.67 ± 0.67 1.33 ± 1.33 - - - 0.67 ± 0.67 - 2.00 ± 1.15
Tardigrada - - 0.67 ± 0.67 - 4.67 ± 2.91 2.67 ± 1.76 - 0.67 ± 0.67

Microarthropods
(200 µm–2 mm)

Acarina 92.00 ± 81.61 481.21 ± 353.83 608.59 ± 314.97 - 4415.84 ± 3220.18 304.30 ± 128.75 7.08 ± 7.08 311.37 ± 290.14
Araneidae - - - - - - 7.08 ± 7.08 -
Chilopoda - - 56.61 ± 37.45 - - - - -
Coleoptera 7.08 ± 7.08 49.54 ± 25.52 35.38 ± 18.72 - 49.54 ± 18.72 14.15 ± 14.15 7.08 ± 7.08 28.31 ± 14.15
larvae - 49.54 ± 25.52 21.23 ± 12.28 - 35.38 ± 14.15 7.08 ± 7.08 - 7.08 ± 7.08
Collembola 3651.56 ± 3588.06 226.45 ± 183.99 750.13 ± 504.98 28.31 ± 28.31 643.98 ± 396.10 169.84 ± 53.43 - 707.67 ± 580.80
Diplura - - - - 14.15 ± 14.15 - - -
Diptera 7.08 ± 7.08 14.15 ± 14.15 42.46 ± 32.43 42.46 ± 42.46 70.77 ± 30.85 84.92 ± 44.19 42.46 ± 12.26 183.99 ± 60.46
larvae 7.08 ± 7.08 14.15 ± 14.15 42.46 ± 32.43 35.38 ± 35.38 42.46 ± 24.51 77.84 ± 46.40 28.31 ± 28.31 162.76 ± 51.03
Hemiptera - - 7.08 ± 7.08 7.08 ± 7.08 42.46 ± 42.46 21.23 ± 21.23 - 92.00 ± 46.40
Hymenoptera 14.15 ± 14.15 7.08 ± 7.08 14.15 ± 14.15 - 42.46 ± 24.51 21.23 ± 0.00 - 70.77 ± 60.46
larvae - - 14.15 ± 14.15 - - - - -
Isopoda 7.08 ± 7.08 14.15 ± 14.15 14.15 ± 7.08 - 35.38 ± 18.72 - - 106.15 ± 76.55
Lepidoptera 7.08 ± 7.08 - - - - - - -
larvae 7.08 ± 7.08 - - - - - - -
Pauropoda - - - - 155.69 ± 123.99 - - -
Pseudoscorpionida - - - - 7.08 ± 7.08 - - -
Psocoptera - - 7.08 ± 7.08 - 7.08 ± 7.08 7.08 ± 7.08 - -
Symphyla - - 28.31 ± 28.31 - 35.38 ± 35.38 7.08 ± 7.08 - -
1-D 0.19 ± 0.16 0.40 ± 0.11 0.64 ± 0.09 0.49 ± 0.29 0.44 ± 0.09 0.67 ± 0.07 0.35 ± 0.17 0.67 ± 0.05
H 0.38 ± 0.31 0.73 ± 0.14 1.25 ± 0.29 0.22 ± 0.22 0.95 ± 0.19 1.31 ± 0.19 0.54 ± 0.28 1.31 ± 0.15
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In site A, microfauna was mostly represented by Nematoda (82%), Ciliophora (12%) and Rotifera
(4%), while Sarcomastigophora and Tardigrada together accounted for less than 2% of the microfauna
found. In site B, Nematoda accounted for 90% of the microfauna, followed by Tardigrada (5%),
Ciliophora (3%) and Sarcomastigophora (2%), while no Rotifera were found.

Ciliophora and Nematoda were mostly found at 5 m and 10 m from the seepages, both in site A
and B, but their abundance did not differ significantly either between equally spaced spots from the
seepages or along the transects (Figure 4a,b).
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There were also no differences observed for the other microfauna, with the exception of Rotifera
along transect A (absent in B), where they resulted to be more abundant at 10 m from the seepage
(p ≤ 0.01).

3.3.2. Soil Arthropods

Results from microarthropods extractions are reported in Table 2. A total of 15 groups of
Arthropoda was found: Acarina and Collembola were the most abundant taxa, together representing
89% of the total arthropods extracted; only Diptera (3%), specifically larvae, were present in all soils;
Coleoptera, mostly larvae, Isopoda, Hymenoptera, Hemiptera and Pauropoda together represented 6%
of the total; each of the remaining taxa accounted for less than 1%.

Along transect A, Collembola represented 75% of the specimens extracted, followed by Acarina
(19%), Coleoptera (2%) and Diptera (1%). The other groups together accounted for 3% of the arthropods
found, with Araneidae, Diplura, Pauropoda and Pseudoscorpionida being absent. Along transect B,
Acarina, Collembola and Diptera represented 65%, 20% and 5%, respectively, of the total arthropod
abundance. Hemiptera, Pauropoda, Isopoda and Hymenoptera each accounted for 2%, with Coleoptera
accounting for 1% and a further 1% made up of the remaining groups. Chilopoda and Lepidoptera
larvae were absent.

PERMANOVA analysis revealed no site-dependent differences between arthropods assemblages
up to 10 m, whereas the distance from the seepage resulted as a significant factor (p ≤ 0.01; Figure 5).

Pairwise comparisons revealed a difference between 0 m and further distances (p < 0.05 for both
comparisons). Following this result, SIMPER analysis was conducted using distance as a grouping
factor. Faunal assemblages differed for >78% in contrasts between samples collected near the seepage
(i.e., at 0 m) and the other distances, while 5 m differed from 10 m assemblages for <50% (Table 3).
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Table 3. Results of similarity percentages (SIMPER) analysis. Most influential arthropod groups are
shown, accounting for a cumulative dissimilarity between distances from the seepages of 70%. Overall
(%): average contrast dissimilarity; Ratio: average contribution to overall dissimilarity to sd ratio; Cum.
(%): ordered cumulative contribution of each arthropod group.

Contrasts between Distances Overall % Most Influential Groups Ratio Cum. %

0 m

- 5 m 82.82
Acarina 2.08 36.54

Collembola 1.25 63.01
Coleoptera larvae 0.88 72.03

- 10 m 78.10

Collembola 1.56 30.51
Acarina 1.75 59.00

Diptera larvae 1.11 68.63
Hymenoptera 1.14 75.04

5 m - 10 m 48.50

Acarina 1.41 28.47
Collembola 1.43 45.67

Diptera larvae 1.07 54.55
Coleoptera larvae 1.02 61.87

Hymenoptera 1.14 67.29
Pauropoda 0.89 72.51

A separate analysis of the two sites revealed an increase in both Simpson and Shannon indexes
with greater distance from the springs, with the exception of B15. Diversity was greater in transect B
compared to transect A (Table 2).

The number of taxa and abundances (both total abundance and abundances of each taxon) did
not differ significantly either between equally spaced spots in A and B nor along transect A (Figure 6).
On the contrary, both number of groups and total abundance differed significantly between distances
on the transect from spring B (p ≤ 0.001 and p < 0.01. respectively) (Figure 7). Both data were higher in
B5 than in B0 and B15. The number of taxa in B0 were also lower than those found in the other soils
along the transect, and the total abundance was higher at a distance of 20 m from the seepage.

Acarina abundance did not differ along transect A, in contrast to transect B (where p < 0.01 among
distances in transect B). In site B, Acarina were mostly found at 5 m from the seepage. Here their
abundance was significantly higher than that found in B0 and at 15 m (Figure 8a).
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found along the transect at 0 m (soil surrounding seepage B), 5 m, 10 m, 15 m and 20 m from seepage B.
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A higher abundance of Collembola was found in site A, but no significant differences were found
along the transect (Figure 8b). In site B, their abundance was lower than in site A but with significant
differences among the transect (p ≤ 0.01): more Collembola were found at 5 m and 20 m than at 15 m
from B0.

Diptera, mostly larvae, were present in lower numbers, and their abundance did not differ
significantly along either transect A or B. Nevertheless, a gradual increase was found with greater
distance from the springs (Figure 8c). Among the remaining taxa, only Pauropoda abundance differed
significantly along transect B (p ≤ 0.01), as they were only found at 5 m from spring B.
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4. Discussion

Soil fauna plays a key role in soil ecosystem functioning, since it is involved in the decomposition
of organic matter, regulation of the microbial community and nutrient cycle. This key role, together
with the stability of community composition in an undisturbed environment, makes soil fauna a widely
used tool for the bio-indication of changes in soil properties [43]. Species such as F. candida and E. fetida
are, therefore, frequently used as indicators on account of their sensitivity to soil contamination. Our
study revealed that F. candida was negatively affected by the presence of hydrocarbons, so much so that
no springtails survived after 28 days and no reproduction was observed, confirming the toxic impact of
these compounds for some organisms. However, ecotoxicological tests on E. fetida highlighted the fact
that other organisms, such as earthworms, which are generally sensitive to contaminants, were able to
survive in soils containing hydrocarbons. Results in soil B0, when compared to A0, suggested that
organisms such as these are able to take advantage of higher concentrations of these toxic compounds,
confirming observations made by García-Segura et al. [44]. The lower survival of earthworms in soil
A0, however, might also be related to the physical properties of the soil (i.e., high skeleton proportion).
The absence of cocoons, however, suggested that E. fetida was also negatively affected by the presence of
hydrocarbons, even if it is possible that reproductive activity was only slowed down. Since earthworms
are under investigation for their crude-oil decontamination potential [45], the results of our study
point to E. fetida as a potential species of interest for bioremediation, especially as some studies have
found this species to be not only more resistant than others to this contaminant, but also to possess an
effective ability to breakdown crude oil [46–48].

Erstfeld and Snow-Ashbrooky [9] have suggested that some invertebrate communities are
favourably impacted by the presence of hydrocarbons, since carbon represent a food resource. In light
of this and considering the strong symbiotic relationship with the final element in the chain of organic
pollutant breakdown (i.e., microflora) [10], hydrocarbon-resistant soil fauna has been proposed as a
bioremediation agent. In our study, microfauna was mostly represented by nematodes as in other
similar studies, which found higher abundances of deposit feeders (especially nematodes) near active
springs which, by feeding on the same bacteria, caused a reduction in the amount of other microfauna
through competitive exclusion [14,49–51]. In addition, the abundance of Nematoda was not significantly
affected by the proximity of the seepages, either in A or B. Such a result contrasts with Blakely et al. [52],
who recommend nematodes as good indicators for some contaminants, such as PAHs, because their
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permeable cuticle leads to a direct exposure to soil particles and contamination, thus increasing their
sensitivity to pollutant compounds. Other studies, on the other hand, highlight the fact that nematodes
are petroleum fuel tolerant and are able to co-operate with bacteria to promote the biodegradation rate
of petroleum hydrocarbons [51,53,54]. In fact, in a recent study on bacterial communities carried out in
the same study area, several bacterial strains capable of degrading hydrocarbons were isolated and
screened, such as those belonging to genera Achromobacter and Pseudomonas [55].

With regard to Simpson and Shannon indexes calculated on arthropods in the present study, these
generally increased as the distance from the springs became greater. Higher values, however, were
found along transect B, even though B0 had a higher concentration of PAHs. This result is in line with
García-Segura et al. [44], who noted that diversity indices were generally higher in contaminated sites.
Nevertheless, the extreme conditions near the springs can affect soil fauna biodiversity, together with
the microbial community, by stimulating hydrocarbon degraders while, at the same time, rendering
other organisms inactive [10].

In our study, higher densities of arthropods were found in A0 and B5. Since PAH concentration
in B0 was higher, it is possible that arthropod abundance, mainly driven by a greater abundance
of Collembola and Acarina, increased with the presence of hydrocarbons at low concentrations.
Together with nematodes, Erstfeld and Snow-Ashbrook [9] noted that the abundance of collembolans
also increased with some hydrocarbon contaminants, such as PAHs, a result also confirmed by
Migliorini et al. [12], who found that Collembola exhibited higher densities in contaminated sites. Like
nematodes, a higher abundance of Collembola could be linked to changes in microbial dynamics [56].
Finally, even though Acarina was one of the most abundant taxa in this study, this taxon was absent in
the soil surrounding spring B (i.e., the one with higher hydrocarbon concentration). This represents
an interesting result, considering the fact that Acarina, together with Coleoptera and Hymenoptera,
are generally thought to be more tolerant than other organisms to hydrocarbons, due to their lower
permeable cuticle [52]. In contrast, other taxa were confined to one spot: Diplura, Pauropoda and
Pseudoscorpionida were only found in B5, a result in line with García-Segura et al. [44], who found the
presence of these taxa only in moderately contaminated sites; Chilopoda was found only in A10, with a
progressive reduction in soil concentration of hydrocarbons moving away from the seepage, suggesting
they are to be considered pioneers in site rehabilitation [57]. Diptera was the only mesofaunal group
found in all spots, where its larvae did not seem to be strongly affected by hydrocarbons, even if their
abundance generally increased with greater distance from the springs; their presence in sites with
a low number of groups could be due to the reduction of competition and/or predation, as well as
changes in the microbial community [58].

To conclude, it is to be noted that differences in arthropod assemblages in the first 10 m from the
seepages were driven by the distance from the seepage rather than the sample area (A or B), even if B
was characterized by higher PAH concentrations. In fact, community assemblages from soils collected
further away from seepages were similar for almost 50% of the population, independent of whether
they came from site A or B, while there was a significant difference between them and assemblages from
soils collected near the seepages. Apart from the presence of hydrocarbons, sample areas share similar
characteristics, so it is possible to speculate that soil populations further from the seepages consist of
primary edaphic zoocoenoses that, nearer the seepage, are gradually substituted and dominated by
more resilient organisms. These results could be compared with those of Melekhina [59], who found
that the proportion of microfaunal taxa in an oil polluted area in the Subarctic of European Russia
changed during a seven years remediation study, with some groups of microarthropods acting as
biomarkers of succession stages. In Melekhina’s study, the highest relative abundance of dipterous
larvae was observed at the first stage of zoocoenosis recovery, but then, their proportion decreased
with the increasing of collembolans, similarly to what observed along transects in our study.

As a final observation, even if the site did not significantly affect community structure, nevertheless,
a higher variability was observed within communities near seepages; this was probably due to different
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concentrations of hydrocarbons. As suggested by Migliorini et al. [60], even small differences in
environmental characteristics can result in distinct edaphic populations.

5. Conclusions

Results obtained with E. fetida suggest that this particular earthworm could benefit from the
presence of some of the compounds found in these soils, thus responding to the need for organisms
which are both easy to breed and able to accelerate bioremediation processes in contaminated
industrial sites.

Moreover, this study reveals that some soil organisms, specifically Collembola and Acarina,
even if negatively affected by the higher oil concentration near the seepages, are still able to increase
their abundance at lower levels of contaminant pollution. Other soil fauna, on the other hand, such
as Nematoda and Diptera larvae, seem not to be affected by the presence of PAHs and are able
to live at higher concentrations of hydrocarbons, some of which having carcinogenic properties
(e.g., Benzo(b)fluoranthene). Therefore, taxa such as these could be suitable for study as potential
candidates for incorporation in PAH degradation processes.

In a wider perspective, purpose-designed experiments are being planned with the aim of exploring
the degrading potential of consortia made up of soil fauna and bacterial strains isolated at the study site.
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