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Abstract: The assessment of Technosols quality in urban environments is pivotal for the maintenance
of ecosystems impacted by human activities. The study was performed on Technosols constructed in
experimental mesocosms in the suburban area of Naples (Southern Italy) to highlight changes in the
main soil properties over eight years and to identify the most suitable indices at quality monitoring.
In this study, several chemical, biological, and integrated indices were analysed to evaluate the
mineral accumulation, potential ecological risk, edaphon activity, fertility, and the overall soil quality.
The Technosols showed alkaline pH, nitrogen ranged from 24.5 to 39.5 g kg−1, high organic matter
contents above 40 g kg−1, and there were no evident processes of soil compaction. Heavy metals
(Cr, Cu, Fe, Mg, Mn, Ni, Pb, and Zn) did not exceed the thresholds defined by the Italian law for
urban soils, despite their volcanic components. During eight years, the chemical indices depicted
changes in the elements balance and increase in ecological risk; the biological indices indicated a
reduction in the fungal fraction (fivefold) and in the resources utilisation and carbon storage. The
soil quality index with all parameters highlighted the reduction in the soil quality (from 0.78 to 0.65)
due to the decrease of the chemical quality, the increase of microbial stress conditions, and changes
of the microbial composition, underlining the importance of integrating chemical and biological
information for monitoring Technosols.

Keywords: urban soil; volcanic materials; soil functionality; microbial biomass; soil nutrients; heavy
metals content; minimum data set

1. Introduction

Soil quality is the soil capacity to promote plant growth, to protect watersheds by
regulating infiltration and precipitation, and to prevent water and air pollution by buffering
inquinants [1,2]. The soil quality definition is controversial, reflecting the complexity and
site specificity of the belowground part of terrestrial ecosystems as well as the many
linkages between soil functions and soil-based ecosystem services [3]. Soil quality can be
assessed both for agro-ecosystems where the main ecosystem service is productivity, and
for natural ecosystems where major aims are maintenance of environmental quality and
biodiversity conservation [4,5]. Soil quality is a dynamic concept and related to extrinsic
factors such as parent material, climate, topography, and hydrology, which can change
over time for effective land use or management [1,6]. In this view, the evaluation and
the maintenance of soil quality in the urban environments are an important goal to reach
because several urban soils are strongly affected by the addition of anthropogenic materials
that modify soil native properties [7,8], and uses and ecosystem services that can potentially
provide them [9]. In detail, urban soils inglobe several anthropogenic materials and all sorts
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of artefacts, as building debris or construction rubble made up of cement, concrete, pebbles,
or other recalcitrant fragments [10]. The anthropogenic addition strongly alters the natural
soil processes through contamination, depletion of living forms and changes of physical
and chemical features that impact soil health by decreasing soil quality [8]. In fact, Technic is
a qualifier for soils FAO classification [11] that defines Technosols as soils having≥ 20% (by
volume, weighted average) artefacts in the upper 100 cm from the soil surface or soils with
≥50% of artefacts in a layer≥ 10 cm thick and starting≤ 90 cm from the soil surface [11,12].
Technosols are widespread in urban contexts [8] and generally covered by ornamental
woody and grassy vegetation (shrubs and lawns) with the scope to create positive influence
on the microclimate of built urban environments [13]. Urban vegetation can play a crucial
role for environment and society, by providing important ecosystem services such as carbon
(C) sequestration, meant as a source of environmental balance to high C emissions [14],
microclimate formation, pollution and dust reduction in the atmospheric air, water balance
control, as well as recreational, educational, cultural, and aesthetic functions [15]. In
addition, several studies have highlighted the relationships between urban soil quality
and human health observing both direct (contaminant exposition, inhalation, ingestion,
and consumption of plants grown in contaminated soil) and indirect (interactions among
soil, microbial community, vegetation, and nutritional value of foods) effects of soil on
humans [16–18]. Preserving or improving Technosols quality is pivotal for creating or
maintaining urban green infrastructures [19] and for human health [9].

The urban soil quality was recently linked with the Technic requirement, to assess their
level of ecosystem functioning as a service provider [20]. This purpose is not easy at all, due
to the diversity of degradation processes and the kind of contamination, their interactions
and peculiarities of each urban settlement [21]. In this context, little is known about the best
applicable methods to assess the quality of Technosols or the most appropriate indicators
(physical, chemical, and biological features) to engage for its assessment and utilisation.
Valid tools must be identified to determine Technosol quality and the use of indices may
help to monitor its variation over time, more than individual pedogenetic characteristics.
In detail, a valid index is defined as “a decision tool intended to make complex information
more accessible for decision makers which can point out an overall trend among many
and conflicting indicator results” [22]. The integrated indices are meant as good tools
and their use is very common in soil quality determinations. Indeed, they quantify the
relationships between different typology indicators and soil functions [23,24] whereas
focusing the attention on the selection of a minimum data set (MDS) may quicken the
investigation by choosing, with a statistical approach, the most responsive indicators from
the total dataset (TDS) [24]. In fact, the use of MDS reduces both the need to evaluate a
large number of indicators and the data redundancy [24,25].

In this perspective, the aims of the current study performed on Technosols of the
suburban area of Naples (Southern Italy) were: (1) to highlight the changes in the main
soil properties over eight years, in order to envisage specific management actions and
maintain the ecosystem services supply; (2) to identify the most suitable indices at quality
monitoring to assess the potential use of Technosols for a sustainable green city.

2. Materials and Methods

The study was carried out on topsoils of Technosols set up in 12 experimental meso-
cosms located in the city of Naples (Campania region, Southern Italy), starting from a
previous investigation on the effects of a single compost application on several Technosol
characteristics, particularly on microbial community responses [26]. In this new study, sev-
eral chemical, biological, and integrated indices were analysed as they were specific for the
mineral accumulation, potential ecological risk of heavy metal contamination, edaphon ac-
tivity, fertility, and the overall soil quality. The investigated indices were: geo-accumulation
index (Igeo), enrichment factor (EF), pollution load index (PLI), ecological risk index (RI),
and nutrients and metals availability (Availability) for chemical characteristics; microbial
quotient (qCmic), fraction of fungal biomass on the microbial biomass (FB/MB ratio),
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metabolic quotient (qCO2), coefficient of endogenous mineralization (CEM), and biological
fertility index (BFI) for biological characteristics; soil quality index on total and minimum
data set (SQI and SQIMDS) and scaled soil quality index (sSQI) as integrated indices of the
soil’s overall physical, chemical and biological features.

The design was chosen in order to better validate the investigated chemical, biological,
and integrated indices over time and to provide simple tools to monitor soil quality in
newly constructed Technosols by promoting the use of these soils for green infrastructure
and green areas in urban environments [27].

2.1. Study Area

The experimental sites, reported in Figure 1, were located at University Campus of
Monte Sant’Angelo, Federico II of Naples (40◦50′12.63′ ′ N, 14◦10′58.0322′ ′ E, 122 a.s.l) in
the western urban area, in mesocosms set up during the campus construction in 2006, as
reported in Panico et al. [26].
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Figure 1. The investigated study area in Naples (Campania region, Italy). The bottom panels show
the experimental mesocosms in 2006 after setting up and in 2010, before the first soil sampling.

Each mesocosm was a cement vessel with area of 16 m2 and 2 m depth. In the vessels
the native volcanic soils, identified as Lepti-Vitric Andosols [28], excavated and moved
during the construction of the foundations of the university campus, were mixed with
building rubble and other edification waste products. The resulting soils, made of materials
deposited by humans (≥20% by weighted average in the upper 100 cm from the soil surface)
and volcanic soils, were isolated below and to the sides, and contained fine earth without
any contact to other soil material containing fine earth [11]. These soils were classified
as Isolatic Ekranic Technosols according to the FAO-WRB system [11]. The Technosols’
profile observed in the mesocosms showed presence of artificial infill without a sharp
transition along the entire section. The topsoils were different from the deeper layers and
until 30–40 cm the horizons were heterogenic mixed with concrete, bricks fragments, part
of iron roads and metal objects, pebbly, sandy layers with medium artefact content. The
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artefact content was downward decreasing and the horizons below the depth of 100 cm
were almost completely free of artefacts. The particle-size classes dominating the profile
were sands and sandy loams.

The plant cover is mainly represented by species from Gramineae, Leguminosae, and
Malvaceae families, which quickly (about one year) and spontaneously colonized the meso-
cosms (Figure 1). During the research, the investigated mesocosms were left undisturbed
and subjected only to the influence of natural factors.

The climate is Mediterranean, warm temperate with dry and hot summers [29] and
mild, wet winters featured by annual rainfall of 929 mm and mean monthly temperatures
of 11 ◦C in January and 26 ◦C in August [30]. Soils were analysed in 2010 and 2018,
after four and twelve years since the mesocosms’ construction, respectively, and soil
samples were collected at 0–10 cm depth with a core of 5 cm in diameter. Five subsamples
from each mesocosms were picked and mixed together in order to have representative
samples. Soil samples were sieved at <2 mm and analysed for physical, chemical, and
biological characteristics.

2.2. Soil Analyses

All the physical, chemical, and biological analyses were performed in triplicate and
converted into different units to calculate the investigated indices.

2.2.1. Physical and Chemical Analyses

All soil samples were subjected to chemical and physical laboratory analyses following
the Italian Methods Manual on Soil Chemical Analyses [31]. Soil pH was determined in
soil:distilled water (1:2.5 = v:v) suspension by electrometric method. Soil water content
(WC) and water holding capacity (WHC) were determined in oven-dried samples at 105 ◦C
until constant weight and by the gravimetric method respectively. Bulk density (BD)
was determined as the ratio between dry soil mass and total soil volume on soil cores
after drying for 48 h at 105 ◦C. Soil porosity was assessed according to Danielson and
Sutherland [32]. Total nitrogen (Total N), total carbon (Total C), and organic carbon (organic
C) were evaluated in oven-dried (105 ◦C until constant weight) and grounded (Fritsch
Analysette Spartan 3 Pulverisette 0) samples by gas chromatography (Thermo Finnigan,
CNS Analyzer). In addition, the C/N ratio was calculated from total N and C content. The
organic C was evaluated by treatment with HCl 10% soil samples to remove carbonates
before measurement. The soil organic matter (SOM) was obtained by multiplying organic C
by 1.724 [33]. The total content and the available fractions of minerals (Cr, Cu, Fe, K, Mg, Mn,
Na, Ni, Pb, and Zn) were evaluated in grounded and mineralized soil samples by atomic
absorption spectroscopy (SpectrAA 20—Varian). The total content was evaluated after
soil digestion with a mixture of HF and HNO3 (1:2 = v:v) in a microwave oven (Milestone
mls 1200—Microwave Laboratory Systems). The available fractions of K, Mg, and Na
were evaluated through mineralization with BaCl2 and triethanolamine at pH 8.1 [34].
The available fractions of Cu, Cr, Fe, Mn, Ni, Pb, and Zn were determined in digested
soils with diethylenetriamine pentacetic acid, CaCl2, and triethanolamine at pH 7.3 [35].
Accuracy was checked by concurrent analysis of standard reference material (BCR CRM
142R—Commission of the European Communities, 1994) and recoveries ranged from 86%
to 98%.

2.2.2. Biological Analyses

The soil biological activities were assessed in fresh samples within one week from the
sampling. Basal microbial respiration (BR), microbial and fungal carbon (Cmic and Cfung),
fungi abundance and vitality expressed as total and active fungal biomass (TFB and AFB),
and active on total fungal biomass (FAR) were determined.

BR was assessed as CO2 evolved in one hour by soils and trapped in the soda (NaOH
0.1 N), determined by two-phase titration (HCl 0.05 N) after addition of distilled water and
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incubated at 25 ◦C in the dark for ten days [36]. CR is the cumulative respiration during
the whole incubation period, determined according to Insermeyer [37].

Cmic was evaluated through the substrate-induced respiration method SIR as re-
ported in Degens et al. [38], after the addition of glucose (75 mM) as an easily mineralizable
substrate. Cfung was calculated from total fungal biomass on the basis of mean fungal
values of the C/N ratio [39] and nitrogen content [40]. TFB was determined by the mem-
brane filter technique through optical microscopy as intersections of fungal mycelia [41,42]
stained with aniline blue, extracted from the soils, and dispersed in phosphate buffer
(60 mM, pH 7.5). AFB was determined in soil dispersion as TFB, by using fluorescence
microscopy after sample pretreatment with fluorescein diacetate for fungal vital mycelia
colouration [43]. FAR, the fungal activity ratio, was evaluated as the percentage of AFB
on TFB.

2.3. Soil Chemical Indices

The following chemical indices were calculated for the current study: geo-accumulation
index (Igeo), enrichment factor (EF), pollution load index (PLI), and potential ecological
risk index (RI). In addition, the percentage of mineral availability (Availability) was also
calculated for the investigated urban soils.

Geo-accumulation index-Igeo expresses the degree of the specific mineral contami-
nation in the investigated soils by comparing current concentration with the natural level
used as reference [44]. It is calculated as reported in Equation (1):

Igeo =
log2[sample]

1.5× [re f erence]
(1)

where [sample] is the concentration of the investigated element in soil and [reference] is
the geochemical background concentration of the same mineral [45]. The factor of 1.5 is
applied to minimize the fluctuation of the values in the background due to the lithological
heterogeneity. Igeo evaluation is based on seven classes [44]: Igeo 0: uncontaminated, Igeo
0–1: uncontaminated to moderately contaminated, Igeo 1–2: moderately contaminated,
Igeo 2–3: moderately to strongly contaminated, Igeo 3–4: strongly contaminated, Igeo 4–5:
strongly to extremely strongly contaminated, Igeo >5: extremely contaminated.

Enrichment factor (EF) evaluates the enrichment degree of the Technosols by compar-
ing Fe concentration with uncontaminated background levels to normalize heavy metal
contaminants [46].

EF was calculated according to the Equation (2) [46]:

EF =

[element]
[normalizer] sample
[element]

[normalizer] reference
(2)

where [element] and [normalizer] refer to the concentration of the investigated metal and
Fe in the sample and background respectively. Enrichment factor is divided into five
classes [46]: EF < 2: deficiency to minimal enrichment, EF 2–5: moderate enrichment,
EF 5–20: significant enrichment, EF 20–40: very high enrichment, EF > 40: extremely
high enrichment.

The pollution load index (PLI) assesses the degree of heavy metal contamination. It
is based on the contamination factor (CF) that describes the degree of the contamination
related to background values [47]. PLI was calculated as the following Equation (3) [47]:

PLI =
n
√

CF1 ×CF2 ×CF3 × . . .×CFn (3)

where n is the number of the investigated minerals in the samples. PLI may assume values
>1 or <1 [47] and assesses absence or existence of pollution, respectively. In this work the
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pollution load index included all the investigated minerals in order to assess the overall
pollution due to all the measured elements.

The potential ecological risk index (RI) is useful to evaluate the impact of metals on
environmental and ecological processes [48,49]. It is always used for heavy metals [50] but
in the current research it includes all the investigated minerals which can have negative
effects at high concentrations [49]. It was calculated as reported in Equation (4):

RI = ∑ Ei
r (4)

where Ei
r is the potential ecological risk factor of the element calculated as (Equation (5)):

Ei
r = Ti

r ×CF (5)

Ti
r is the toxic response factor of the metal i which were 1 for Mn and Zn, 2 for Cr, and

5 for Cu, Ni, and Pb [50]. The Ti
r for Fe, K, Mg, and Na is assumed to be 1 for their

chemical characteristics. RI and Ei
r are classified as follows [50]. RI < 150 means low risk,

150 ≤ RI < 300 means moderate risk, 300 ≤ RI < 600 means considerable risk, RI ≥ 600
means very high risk, while Ei

r : <40 means low risk, 40 ≤ Ei
r < 80 means moderate risk,

80 ≤ Ei
r < 160 means considerable risk, 160 ≤ Ei

r < 320 means high risk, and 320 ≤ Ei
r

means very high risk.
Finally, Availability refers to the degree of availability in respect to the total content of

the investigated elements. It was calculated as in Equation (6) [51]:

Availability =
[element]available
[element]total

× 100 (6)

2.4. Soil Biological Indices

The following soil biological indices were calculated for the investigated Technosols:
microbial efficiency quotient (qCmic), fraction of fungal biomass on the microbial biomass
(FB/MB), metabolic quotient (qCO2), and coefficient of endogenous mineralization (CEM).
Additionally, the integrated biological fertility index (BFI) was evaluated and included in
the biological indices for the eco-physiological indicators engaged for its determination.

qCmic is the microbial efficiency quotient and defines the equilibrium of microbial
C on soil organic C [23,52]. It is the ratio between Cmic and organic C according to
Sparling [53].

FB/MB measures the fraction of fungal biomass on the microbial biomass calculated
as the percentage of the Cfung and Cmic ratio [54].

qCO2 is the soil metabolic quotient that is the amount of CO2 evolved from the soil
(BR) as a function of the microbial biomass (Cmic) and measures the degree of the microbial
community stress [55].

CEM is the coefficient of endogenous mineralization, it indicates the rate of organic C
mineralization and it is calculated as the ratio between BR and organic C [56].

BFI is the biological fertility index and it is based on the equation reported by
Renzi et al. [57] whose values of each variable are organized into classes according to
Sequi et al. [58].

BFI was calculated as below (Equation (7)).

BFI = SOM + BR + CR + Cmic + qCO2 + CEM (7)

The biological fertility index is scored in increasing classes of soil fertility. Class I,
BFI < 9, stressed soils with very low fertility; class II, 9 < BFI < 12, pre-stressed soils; class
III, 13 < BFI < 18, intermediate fertility soils; class IV, 19 < BFI < 24, good fertility soils and
class V, BFI > 24, very high fertility soils.
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2.5. Minimum Data Set (MDS)

The overall minimum data set was determined on the total dataset, 34 indicators
among physical, chemical, and biological parameters. The principal component analyses
(PCA) for 2010 and 2018 were performed in order to reduce the dimensionality of the TDS
and to limit the loss of information [25]. Only PCs with eigenvalues≥ 1 were considered for
MDS identification whereas principal components with eigenvalues ≤ 1 accounted for less
variance than individual variables [25,59]. Within each PC, highly weighted variables were
selected for factor loadings > 0.60 according to Vasu et al. [59]: if more than one indicator
was chosen a Spearman rank order correlation was analysed. Only the uncorrelated
variables were accepted in order to reduce the redundancy of information [25,59]. The
variables in common for both the years were accounted for the overall MDS.

2.6. Soil Integrated Indices

Soil quality can be measured through the evaluation of several integrated indices
calculated from the investigated physical, chemical, and biological indicators that refer
to soil functioning. The investigated soil integrated indices were soil quality index (SQI)
with all measured parameters, soil quality index inclusive of MDS validated parameters
(SQIMDS), and scaled soil quality index (sSQI).

The soil quality index (SQI) is an integrated index that provides information about the
general soil capacity of functioning [60]. It takes into account the following parameters:
soil pH, WC, WHC, BD, total C, Cr, Cu, Fe, K, Mg, Mn, N, Na, Ni, Pb, and Zn, available
fractions of minerals, SOM, C/N ratio, BR, Cmic, Cfung, and AFB through the “more is
better” and “less is better” functions [61]. SQI is calculated in Equation (8) [22]:

SQI = ∑i
n=i

Si
n

(8)

where S is the score assigned to each indicator and n is the number of the investigated
parameters. SQI may be classified into three different classes according to [61]: high quality
(>0.70), medium quality (0.55–0.70), and low quality (<0.55).

In addition, a second SQI (SQIMDS) was calculated from parameters validated by PCA
for minimum data set.

The scaled soil quality index (sSQI) integrates the investigated indicators into a single
parameter to measure the soil’s vital signs [62]. For every single sample, it was assigned
a value to each parameter (soil pH, BD, organic C, total Cu, Fe, K, Mg, Mn, N, Ni, Pb,
Zn, BR, and Cmic) [57,62,63]. The minimum and the maximum assigned values (SQI min
and SQI Max respectively), as well as the sum of the overall assigned values (ΣSQI) for
each year were used for the calculation of the scaled soil quality index (sSQI) as follows in
Equation (9) [62,63]:

sSQI = ∑ SQI− SQI min
SQI Max− SQI min

(9)

The index was then normalized between 0 and 1. The investigated soils were classified
as reported for SQI or SQIMDS.

2.7. Statistical Analyses

The normality of the data distribution was assessed by the Shapiro–Wilk test. The
paired t-test and the Mann–Whitney rank test for normal or non-normal data distribution
respectively were performed to evaluate the differences between 2010 and 2018. The
statistical tests were considered to be significant for p < 0.05.

The PCA was performed on all measured physical, chemical, and biological data for
2010 and 2018, in order to select the soil quality indicators for MDS. The Spearman rank
order correlation were performed to test correlations among the indicators and among the
integrated soil quality indices. More details are reported in Section 2.5.
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Systat_SigmaPlot_12.2 software (Jandel Scientific, San Rafael, CA, USA) was used for
statistical analyses and graphs whereas Past 4.03 (Øyvind Hammer, Oslo, Norway) was
used for the PCA.

3. Results
3.1. Technosols Characteristics

Table 1 and Supplementary Material Table S1 report the Technosols main physical
and chemical characteristics. During the study years, the urban soils showed a significant
increase in pH from 7.47 in samples of 2010 to 8.15 in 2018 and a significant reduction in
organic matter content (SOM) ranging from 79.95 to 47 g kg−1, and in C/N ratio ranged
from 22.12 to 9.08 in 2010 and 2018 respectively. Additionally, water content (WC) and
water holding capacity (WHC) reduced from 2010 to 2018, decreasing from 33.40 to 28.80%
d.w. and from 42.30 to 35.57% d.w., respectively. In contrast, bulk density (BD) and porosity
remained essentially unchanged (Table 1).

Table 1. The main physical and chemical characteristics of the Technosols (0–10 cm depth) sampled in
the study years (2010 and 2018). Values are means (n = 36, twelve mesocosms in triplicate)± standard
errors. Different letters show statistically significant differences between years (t-test, p < 0.05). Data
for year 2010 were also reported in Panico et al. [26]. Reproduced with permission from Panico S.C.,
Memoli V., Napoletano P., Esposito F., Colombo C., Maisto G., De Marco A., Applied Soil Ecology;
published by Elsevier, 2019.

2010 2018

pH 7.47 8.15
(±0.05) b (±0.01) a

WC (% d.w.)
33.40 28.80

(±0.90) a (±0.01) b

WHC (% d.w.)
42.30 35.57

(±3.90) a (±0.89) b

BD (mg cm−3)
0.90 0.92

(±0.11) (±0.12)

Porosity (% d.w.) 65.40 65.19
(±4.31) (±4.53)

SOM (g kg−1)
79.95 47.00

(±4.39) a (±5.17) b

C/N
22.12 9.08

(±1.18) a (±0.59) b

In addition, the N content of Technosols almost doubled from 24.54 in 2010 to
39.53 g kg−1 in 2018 (see Supplementary Material, Table S1). The Technosols sampled
in 2018 were also richer in the total content and available fraction of many investigated
elements. The exceptions were the total Mg and Mn contents that had the highest values
(4.35 mg g−1 and 780 µg g−1, respectively) in 2010 (Supplementary Material, Table S1).

In 2018, the Technosols showed a significant decrease of fungal component (Cfung,
total and active biomass, fungal activity ratio) and a significant increase of microbial
respiration (BR) (Supplementary Material, Table S2). In detail, Cfung showed values of
13.31 in 2010 and 2.94 µg g−1 in 2018, fungal activity ratio (FAR) was 28% in 2010 and
13% in 2018, and BR increased from 5.60 to 11.54 µg CO2 g−1 dw h−1 in 2010 and 2018
respectively (Supplementary Material, Table S2).

3.2. Chemical Indices

The following chemical indices were calculated for the current study: geo-accumulation
index (Igeo), enrichment factor (EF), pollution load index (PLI), potential ecological risk
index (RI), and availability for each element. The results are reported in Figure 2 and for
each index the appropriate reference classes to describe soil quality are given.
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Figure 2. The investigated chemical indices: geo-accumulation index (Igeo), enrichment factor (EF),
pollution load index (PLI), ecological risk index (RI) and availability (% total content). White bars
refer to measurements performed in 2010; black bars refer to measurements performed in 2018.
Different letters show statistically significant differences between years (t-test, p < 0.05). Different
colours indicate specific classes of soil quality increasing from green to red.

The geo-accumulation index (Igeo), pollution load index (PLI), and ecological risk
index (RI) for both 2010 and 2018 showed low values and did not indicate any degree
of risk due to pollution (Figure 2). Igeo showed values below 1 for all the investigated
elements; the lowest values were calculated for K (0.0037 and 0.0042 in 2010 and 2018
respectively), the highest values for Pb (0.51 and 0.62 in 2010 and 2018 respectively). Igeo,
for several elements, showed significantly higher values in 2018 as compared to 2010. Igeo
for Mg and Mn showed opposite trends. However, PLI and RI were significantly higher in
2018 (0.38 and 25.3 respectively) than in 2010 (0.35 and 21.7 respectively) (Figure 2).

In the two studied years, EF showed a moderate enrichment for Cu, Mn, and Na with
values ranging between 2 and 5. For Pb and Zn, EF exceeded 5, indicating significant
enrichment in both 2010 and 2018 (Figure 2). In addition, EF showed significantly higher
values in 2018 than 2010 except for Mg and Mn (Figure 2).

In the investigated soils, the percentages of available Fe, Ni, and Pb for both years
were below 1%, whereas the highest availability were measured for Mg (23.91 and 59.56%
in 2010 and 2018 respectively) and Na (33.39 and 52.33% in 2010 and 2018 respectively).
The percentage of available elements showed higher values in 2018 than 2010 except for Cr,
Cu, and Zn, which had opposite trends (Figure 2).

3.3. Biological Indices

The biological indices (qCmic, FB/MB, qCO2, CEM, and BFI) calculated for the Tech-
nosols are shown in Figure 3.
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Figure 3. The investigated biological indices: microbial quotient (qCmic), fraction of fungal biomass
on the microbial biomass (FB/MB), metabolic quotient (qCO2), coefficient of endogenous miner-
alization (CEM), and biological fertility index (BFI). Different letters mean statistically significant
differences between years (t-test, p < 0.05). Different colours indicate specific classes of soil quality
increasing from red to green. qCO2 and CEM for year 2010 were also reported in Panico et al. [26].
Reproduced with permission from Panico S.C., Memoli V., Napoletano P., Esposito F., Colombo C.,
Maisto G., De Marco A., Applied Soil Ecology; published by Elsevier, 2019.

qCmic and qCO2 did not show any statistical difference between 2010 and 2018. The
fungal fraction in the microbial biomass showed higher values in soils of 2010 (0.54%) than
2018 (0.12%). By contrast, the mineralization rate (CEM) and biological fertility index (BFI)
were higher in 2018 as compared to 2010. CEM ranged from 0.033 to 0.11 mg C-CO2 g
OC−1 h−1, and BFI ranged from 8.67 to 9.67 (Figure 3).

3.4. Minimum Data Set and Integrated Indices

Principal component analysis (PCA) for 2010 and 2018 indicated the soil properties to
select as minimum dataset (MDS). In Table 2, the highly weighted variables for 2010 and
2018 are reported in bold. The uncorrelated indicators in common for both the years and
selected for MDS were pH, WHC, BD, C/N, and Cfung.

The integrated indices (SQI, SQIMDS, and sSQI) are reported in Figure 4. SQI decreased
over time and ranged between 0.78 and 0.65, i.e., “high quality” and “medium quality”
classes for 2010 and 2018 respectively. SQIMDS and sSQI did not show any significant
change between the years. No significant correlation was found between SQI and the other
integrated soil quality indices (Supplementary Material, Table S3).
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Table 2. Results of principal component analysis (PCA) for 2010 and 2018, showing the indicators selected as the minimum
dataset (MDS). The data in bold indicate the highly weighted variables for 2010 and 2018 respectively. The underlined data
indicate uncorrelated variables for the same PC. Grey lines highlight the uncorrelated indicators in common for both the years.

2010 2018

PCs parameters PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC5

Eigenvalues 7.69 5.51 4.20 2.78 2.40 15.11 10.36 4.51 2.60 2.39

Variance (%) 21.97 15.75 12.01 7.96 6.87 43.18 29.62 12.90 7.44 6.83

Cumulative variance (%) 21.97 37.72 49.73 57.69 64.56 43.18 72.80 85.70 93.14 99.97

Eigenvectors/factor loadings
pH 0.198 0.119 0.764 −0.083 0.118 −0.413 0.604 −0.346 0.445 0.380
WC −0.444 −0.592 0.435 0.433 0.047 0.391 −0.772 0.431 −0.034 0.251

WHC −0.778 0.415 −0.034 0.167 −0.260 −0.630 0.507 0.064 0.583 −0.033
BD 0.632 −0.533 −0.036 −0.261 0.210 0.745 0.631 0.174 0.111 0.043

Porosity −0.540 0.566 0.184 0.202 −0.237 −0.973 −0.106 −0.122 0.113 0.117

Total N 0.591 −0.074 −0.088 0.134 −0.028 0.337 −0.376 0.754 0.402 0.113

Total C 0.728 −0.038 0.098 0.210 0.093 0.589 −0.621 −0.391 0.333 −0.041
C/N −0.835 −0.099 0.097 −0.046 0.070 0.608 −0.359 0.482 0.021 −0.516
SOM 0.626 0.376 0.376 0.163 0.096 0.590 0.130 0.491 0.300 −0.549

BR 0.123 0.034 −0.066 0.263 0.474 0.159 0.939 −0.117 0.279 −0.019

Cmic 0.145 −0.068 −0.034 0.133 −0.313 0.554 −0.395 −0.376 0.374 0.504
Cfung −0.800 −0.326 −0.346 −0.438 −0.158 0.112 0.952 −0.186 −0.210 0.023

TFB 0.103 −0.174 0.145 0.352 −0.104 0.347 0.903 −0.176 0.148 −0.097

AFB −0.283 0.403 0.289 −0.016 −0.201 0.230 −0.369 0.694 0.281 0.498

Total Cr 0.583 0.634 0.228 −0.012 0.225 0.823 −0.418 −0.269 0.002 −0.271

Total Cu 0.830 0.117 0.259 0.208 −0.144 0.590 −0.625 −0.392 0.322 −0.041

Total Fe −0.050 −0.243 0.129 −0.263 0.381 −0.496 −0.269 −0.160 0.418 −0.693

Total K 0.183 0.044 0.837 −0.296 −0.009 0.843 0.443 0.265 −0.052 −0.137

Total Mg 0.558 0.144 −0.445 −0.152 −0.066 0.726 0.668 0.126 0.092 0.021

Total Mn −0.812 0.102 0.209 −0.330 0.269 0.921 −0.155 −0.322 −0.001 0.149

Total Na 0.085 −0.769 0.179 −0.056 −0.182 0.901 −0.019 −0.369 0.065 0.216

Total Ni 0.719 −0.426 −0.091 0.347 −0.297 0.254 −0.687 0.612 0.245 0.162

Total Pb 0.356 0.743 0.294 0.338 0.265 −0.543 0.334 0.158 0.752 0.030

Total Zn −0.052 0.146 0.366 −0.636 −0.022 0.523 −0.692 −0.408 0.278 −0.053

Available Cr −0.623 0.237 −0.246 0.030 0.631 0.931 0.358 −0.025 0.037 0.050

Available Cu 0.492 −0.026 −0.649 0.010 0.435 0.844 −0.009 −0.444 0.107 0.276

Available Fe 0.213 0.724 −0.121 −0.568 −0.107 0.953 0.257 0.156 −0.012 −0.027

Available K 0.462 0.547 0.525 0.151 0.087 0.457 −0.717 −0.444 −0.215 0.180

Available Mg −0.439 0.315 0.032 0.416 −0.361 0.939 0.294 0.143 −0.057 −0.088

Available Mn −0.391 0.413 −0.306 0.467 0.404 0.947 0.315 −0.024 0.021 0.038

Available Na −0.042 0.434 −0.196 0.010 −0.520 0.837 0.525 0.120 0.080 −0.027

Available Ni 0.719 −0.426 −0.091 0.347 −0.297 −0.073 0.279 0.771 −0.318 0.468

Available Pb 0.255 0.763 −0.464 0.099 0.037 0.913 0.372 0.157 −0.007 −0.043

Available Zn 0.198 0.115 0.072 −0.568 −0.211 0.592 −0.706 0.047 −0.309 −0.229
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quality increasing from red to green.

4. Discussion
4.1. Technosols Characteristics

Monitoring soil quality is essential to ensure that soil functions are maintained for
current and potential future uses [23]. Generally, soil quality is not simple to assess and
urban soils, especially Technosols, are very complex as they are made up of a combination
of natural and man-made materials that determine soil processes and functionality. Soil
substrata are usually affected by strong alterations during the early stages of evolution,
thus by influencing the main soil physico-chemical and biological processes [64]. Therefore,
although the investigated Technosols are very young, it is known that the evolution
of urban soils is rapid and could be further accelerated in mesocosms by the volcanic
origin of the soils used for their construction [65]. In any case, the results about several
characteristics of the investigated Technosols confirmed values commonly reported in
the research comparing urban and natural soils. However, these physical, chemical, and
biological characteristics show different trends over time.

Firstly, starting from 2010 up to 2018, a significant reduction of soil organic matter
content and a decrease of C/N ratio were observed in the Technosols (Table 1). However,
the investigated soils showed an interesting accumulation of organic matter comparable to
those measured in many forests and agriculture soils [66–68]. SOM is a fertility indicator
which responds well to changes in soil processes [67] and drives the main soil properties
such as hydrological and nutritional status, and heavy metal availability [67,69]. In fact,
the decrease of soil organic substrates reflects a reduction of water holding capacity and
water content, probably by losing the polar and aliphatic groups that usually bind water
molecules [66]. In addition, there are no evident processes of soil compaction according to
the bulk density close to 0.9 kg/dm3, typical of urban soils, that could create impermeable
layers and reduce water infiltration [8,10]. The non-limiting values of soil bulk density and
porosity and the lack of change for these parameters over time confirmed the low process
of aggregation in these soils [70].

The urban soil pH is slightly to very strongly alkaline, similarly to many urban soils
generally due to the increase of calcium carbonate [8], and usually varies from 7.4 to 8.6
with most of values in the narrow range of 8.0–8.2 [71]. In this context, the increase
of alkalinity in the investigated soils, from 7.5 to 8.2 (2010 and 2018 respectively), can
be commonly attributed to the filling materials such as construction wastes, concrete,
and cement that release carbonates in either the short or long term. This finding is in
accordance with the values measured for C content in Technosols due to natural and
anthropogenic inputs and also depends on its stability or transformation rate in soils [19].
In detail, the soil organic C can be loss through excavation and relocation of the topsoil
layer [7] and by the fast microbial mineralization of plant debris, mainly represented by
herbaceous species established on young Technosols [64]. By contrast, the high content of
soil inorganic C in urban topsoil is due to the input from lime dust, cement, and concrete
particles from building sites and cement factories [72]. Moreover, a variable contribution to
the C accumulation in urban soils is given by asphalt and bitumen resins used for road
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construction [73], plastics and polymers used for construction (e.g., tubes and pipes) and
food industries [74], and polycyclic aromatic hydrocarbons and synthetic rubber, coming
from chemical industries and transport [75]. The slow or absent natural degradation
of these materials determines their long-term persistence in the urban soils and a stress
condition for edaphic communities [19].

Moreover, in the studied Technosols, N content increased significantly over 8 years,
confirming that larger N reserves are generally reported in urban soils than in natural
soils [72,75]. Vasenev and Kuzyakov [19] reported that the N inputs are abundant in
residential and city public zones due to the atmospheric N deposition as nitrogen oxides
(NOx), and ammonia (NH3) emissions from fuel combustion, and industrial and urban
traffic. In addition, among the spontaneous vegetation established on the Technosols,
leguminous were abundantly represented, and certainly contributed to enriching the soil
with the fixation of atmospheric N [76].

In addition, the alkaline soil in urban ecosystems can cause nutrient imbalance and
change the metal speciation and activities [8]. Heavy metals in urban soil come from par-
ent material and exogenous input including household, garbage disposal, transportation,
mining and processing, manufacture, and fossil fuel burning [8]. In detail, the investigated
Technosols are developed on volcanic deposits with a high baseline content of some trace
elements and are rich in inorganic and organic compounds that bind elements [77]. Never-
theless, for both years of study, heavy metals and minerals do not exceed the thresholds
defined by the Italian law (D.L. 152/2006) for urban soils. In addition, the Technosols
showed higher amounts of both total content and available fraction for many investigated
elements in 2018 than 2010. Metal deposition and accumulation in Technosols may vary
according to natural and human sources. Indeed, whether Fe and Ni probably increase be-
cause of parent materials, Cr, Pb, and Zn surely increase due to human activities occurring
in cities such as traffic, combustion of gasoline, or abrasion of Zn-added tires [8,78]. The soil
K content could derive either from the plant or microorganism activities that release it (as
exchangeable and non-exchangeable form) locked in primary and secondary minerals [79],
but also inherited from the construction wastes and material of the roadside soils [10].
Sodium content is usually a little higher than K in earth’s crust and it significantly raised as
total content and available fraction in the investigated Technosols over time, probably for
effect of precipitations or/and run-off waters from roads, being in a site far few kilometres
from the sea [79]. However, the Na content measured in the Technosols appears not to cause
salinity problems [10]. By contrast, in the investigated soils, the Mg and Mn behaviour,
whose total content of both decrease over time, appear to be influenced by the pH values
and soil biological activities through the mediation of plants and microorganisms that
engaged these elements for their metabolic processes [80].

However, the general trend of increasing elements (minerals and heavy metals) im-
pacted the biological activities occurring in the investigated Technosols. The response of
the microbial community is widely studied in soil quality evaluations because it rapidly
responds to environmental stressors and hazardous environments [53]. Despite the in-
creasing release of elements and the lowering of SOM content, the investigated Technosols
show better biological features if compared to agricultural soils [81] and quite similar
to forest soils [82] of the Mediterranean area. After 8 years of monitoring, the microbial
community changed in composition but not in biomass. In detail, variation in SOM amount
and quality reduced activity and abundance of specialized microorganisms as fungi (Cfung,
TFB, and AFB) in favour of generalist species such as bacteria that may release compounds
by inhibiting the fungal growth [26]. In addition, soil bacteria have a relative resistance
to external influences and extreme environmental conditions whereas fungi, in contrast,
are more sensitive to various anthropogenic influences [82]. Additionally, the increase in
microbial respiration over time may be a response of the edaphic community to increased
stress conditions in the investigated Technosols [81,82]. Indeed, the increase of soil Cr, Pb,
and Zn contents can affect the soil microbial community with negative effects on microbial
biomass and basal respiration, and changes of the microbial community structure [77].



Sustainability 2021, 13, 9101 14 of 20

4.2. Variation of Chemical Indices

The geo-accumulation index showed a moderate enrichment of heavy metal in the
Technosols, particularly Pb and Zn, probably as dissolution or the weathering of the soil
substrata, but also due to input of particulate and atmospheric deposition from anthro-
pogenic urban activities such as intense traffic of the suburban area of Naples and waste
debris [69,83]. The enrichment factor classifies the Cr and Ni content in the investigated
soils as “deficiency to minimal enrichment” while Pb and Zn as “significant enrichment”.
Similarities are reported by Charzyński et al. [69] for Igeo (Pb and Zn) and EF (Pb) in some
sealed Polish Ekranic Technosols. In summary Pb and Zn show the highest values for
Igeo and EF showed an increase over time in the investigated Technosols, confirming the
relationship between the intensity of urbanization and the environmental damage [84,85].
This indicates that the studied Technosols showed a moderate anthropogenic input, with
potential adverse effects on the health of urban green plants [86].

A similar trend is also shown from the pollution load index and the ecological risk
index that assess the contamination level and the potential ecological risk of the measured
elements (heavy metals and nutrients) in the study area [48]. In fact, the two indices
confirmed that the investigated soils are not polluted and their increase from 2010 to 2018
indicated a worsening of soil biological conditions and an increase in risk for the occurring
processes. The indices trend would be particularly affected by several heavy metals whose
content depends on the weathering of volcanic parent material as well as the technogenic
depositions in the surface layers [69].

Moreover, the Igeo and EF indices show high values which highlighted moderate
enrichment for Mn and Na. In addition, Mn shows a decrease over time for the two
mentioned indices. The soil Mn content often follows the organic matter trend and can be
rapidly used by plants and soil microorganisms, especially at alkaline pH by reducing its
availability [80].

Soil pH has a dominant effect on solubility, availability, and potential phytotoxicity
of ions, nutrients, as well as toxic elements [87]. In fact, low pH shifts the equilibrium
toward free metal cations and protonated anions, higher pH favours carbonate or hydroxyl
complexes [87]. In addition, the oxidative activity of soil microorganisms can affect the
availability of many micronutrients [87]. In this way the increase of Mn, K, and Fe avail-
ability during soil monitoring may be due to the biological activities of soil communities
that improve the bio-accessibility of those elements incorporating them in their metabolic
processes [87].

4.3. Variation of Biological Indices

Soil chemical properties (i.e., pH, SOM content, micro and macronutrients) create
specific niche conditions for microorganisms and thus indirectly affect both biological
activity and microbial diversity in the soil environment [23]. It should be emphasized that
extreme soil conditions (as in the case of polluted soils) usually have an inhibitory impact
on soil biological properties. Moreover, soil microbiota rapidly responds to environmental
change and biological indices give evidence on soil functionality and on the interactions
with all the components of the ecosystem [23].

Microbial (qCmic) and metabolic (qCO2) quotients have been employed for the eco-
physiological characterization of the microbial community “performance” in a particular
soil category [88,89]. qCmic is an index that reflects substrate availability to soil microbes:
high values are indicative of soil labile C accumulation and favourable environment for
microbial growth whereas a low ratio is due to the poor quality of the organic matter [23].
In the investigated Technosols, values of qCmic for 2010 and 2018 are lower than agricul-
tural or other urban soils [70,90,91]. Generally, in managed soils, the microbial quotient
decreases [92] and it is assumed that values below 0.2 mg g−1 indicate limited organic
substrate availability for the microbial community [89]. A measure of the efficiency of
microbial biomass in C substrates utilisation is supplied by qCO2 that tends to increase in
response to stress conditions, in which the prevalence of catabolic versus anabolic processes
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reduces C accumulation by soil microorganisms [55]. The stress condition in the investi-
gated Technosols is confirmed by the values of qCO2 higher than reported by Marzaioli
et al. [61] for arable and forest soils and Renella et al. [70] for urban de-sealed soils. In
addition, an increase of the metabolic quotient in response to metal contamination has
been reported by other authors [77,82]. The stressful conditions occurring in the study sites
were, however, confirmed by both low qCmic and high qCO2 values. In fact, the qCO2
depicts the energetic efficiency of the microbial community and a high qCO2 indicates a
high energy demand for microbial biomass maintenance [55]. The lowest qCmic would
further suggest a scarce efficiency of microbes to convert the soil organic carbon into mi-
crobial biomass [93,94]. The results confirmed the influence of SOM on microbial amount
and activity [94]. In fact, qCmic and qCO2 did not significantly change over time in the
investigated Technosols, probably due to the decrease of soil organic matter content and
the increase of its quality observed from 2010 to 2018.

The more labile SOM induces a faster mineralization over time, measured through the
significant increase of coefficient of endogenous mineralization. In 2018, the Technosols’
microbial community probably tended to immobilise less C into the microbial biomass
and to lose it through CO2 emissions, showing a reduction over time in the efficient
use of C resources. This result is corroborated by the observed shift in the microbial
community’s composition, enhancing the bacterial rather than the fungal abundance in
soil. In this view, the percentage of FB/MB and the fungal activity ratio gives specific
information about shifts in the soil community structure [54] and show both significant
decrease from 2010 to 2018. Fungi and bacteria represent 95% of soil microbial biomass
and differ in occupation of ecological niches in soil, consumption of organic matter, and
rates of nutrient turnover [53,66]. Soil fungi contribute to the stabilization of soil organic C,
with approximately 55% of C-use efficiency and incorporate more soil C in their biomass
than bacteria, so that fungal cell walls are more recalcitrant than bacterial cell walls [54].
Therefore, C sequestration may be more intense in soils dominated by fungal communities
than in those whose communities are essentially dominated by bacteria [95]. Consequently,
low values of C/N ratio favour bacteria and they dominate in N-rich soils [95]. Therefore,
our results confirmed that soil organic matter content is the primary factor influencing soil
fungal abundance and activity [75] and in urban soil the decrease of SOM quantity and
quality leads to less fungal fraction on total microbes, by inhibiting fungal activity [96].
The lower efficiency of the investigated soils to C sequestration and the microbial activity
linked with the faster bacterial turnover compared to the fungal one is also highlighted
by the biological fertility index (BFI). In fact, the soils are classified as “stressed with
very low fertility” for 2010 and “pre-stressed” for 2018, classes I and II respectively [58].
According to Khanghahi et al. [97] and Renzi et al. [57], BFI increases linearly with the
composing variables related to soil microbial activity, but also seems to be poorly affected
by microbial biomass and qCO2. However, BFI depends mainly on the rise of CEM or
BR over time. Probably this index is more sensitive to spatially varying soil fertility than
microbial activity or microbial biomass alone and allows large-scale assessment of arable
soil quality at varying levels of human disturbance [58], but it is less informative for a time
scale evaluation and for other disturbances than agricultural practise.

4.4. Soil Quality Variation through Integrated Indices

The investigated integrated indices highlight medium to good quality for the studied
Technosols but different results are evident over time due to the different approaches.

The results of the SQI reflect a reduction in the soil chemical quality, such as a decrease
in the quantity and stability of organic matter and an increase in Cu, Pb, and Zn content,
with an improved stress condition for the microbial community, mainly represented by
bacteria less efficient in the C utilisation and storage than fungi.

The selection of a minimum data set does not seem to be sufficiently informative for
the assessment of the Technosols’ quality over time, and the lack of statistically significant
correlations between SQI and SQIMDS confirms this result. It is likely that a limited
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number of parameters such as those selected in the MDS cannot be fully representative
of changes in the quality of recently established and poorly developed Technosols under
investigation [98].

The quality reduction of the investigated soils over time is also shown by the sSQI
index. In fact, the fluctuations between the maximum and minimum values of the indicators
used for sSQI calculation increase the variability of the index and cover both the differences
between the years and the statistical relationships between the SQI and sSQI indices.

5. Conclusions

This study highlights the need to monitor the quality of urban soils over time, even
when neither pollution nor stress conditions are detected. The continuous anthropogenic
impact and the great variability of the urban environment can induce a gradual deterio-
ration of soil quality through the increase of pollutant concentrations, nutrient loss, and
the fast organic matter turnover. These variations can affect the microbial community,
which shows a low efficiency in the resource utilisation and C storage. The decreasing
of the carbon sequestration function in relatively low polluted urban systems should be
considered in the development of urban assessment and future soil monitoring.

In addition, our study provided evidence about the usefulness of an integrate approach
of chemical and biological indices to evaluate the stressful conditions of Technosols.

The high spatial and temporal variability of urban soils and the continuous and persis-
tent influence of human activity make some indicators unsuitable for providing information
on soil quality. On the other hand, the soil variability must be considered together with
broader effects as variations of soil chemical composition due to the contribution of parent
material background which is often ignored in urban ecosystems.

In conclusion, starting from the investigated Technosols, our study suggests that in
urban areas the integration of physical, chemical, and biological characteristics is essential
to obtain more information about both the general soil functionality and ecosystem services
it is providing. In fact, an integrated approach is recommended in order to maintain soil
quality over time, ensure the soil use, and prevent damages to the environmental and
human health.
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Table S3: Relationships among the integrated soil quality indices (Spearman correlations).
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