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Abstract: Conventional fertilization practices in agroecosystems concern the supply of bioavailable
nutrients, such as mineral fertilizers. A consolidated alternative to restoring the long-term fertility of
agricultural soils is their amendment with organic fertilizers. Soil amendment with biowaste compost
or sewage sludge represents a sustainable strategy to avoid the landfilling of organic matter derived
from urban waste and sewage sludge. This study aims at validating the use of quality biowaste
compost and sewage sludge from secondary sedimentation (alone or in combination with mineral
fertilizers) in a Mediterranean agroecosystem and their effects on soil chemical and biological quality,
with a view to verifying the maintenance of soil fertility and functionality. In particular, the dynamics
of soil organic matter, pH, potentially toxic elements and microbial community functionality were
assessed, in experimental mesocosms, during 6 months of incubation. The research showed that,
while soil amendment with biowaste compost induces positive effects on soil organic matter and
phosphorous concentrations, as well as on microbial community functionality, the amendment with
the selected sewage sludge does not determine any benefit to the microbial community or any danger
in relation to soil potentially toxic element concentrations and toxicity. The quantity of sewage sludge
employed, chosen according to regional directives, was thus not enough to stimulate the edaphic
microflora activity.

Keywords: sewage sludge; biowaste compost; mineral and organic fertilization; physico-chemical
and biological soil properties; toxicity

1. Introduction

Soil organic matter (SOM) plays a major role at the global level in the context of
climate change [1]. A loss of soil organic carbon (SOC) contributes not only to a reduction
of soil productivity, but also to climate change, since the carbon is partly lost through
CO2 emissions [2]. SOM indirectly contributes to agro-ecosystem productivity and to
food security, maintaining the fertility of cultivated soils, providing energy for edaphic
microorganisms that allow the functioning of agroecosystems [3], and making inorganic
and organic pollutants less available [4,5]. Thus, there is the need to implement manage-
ment options that allow enhancing soil fertility and increasing SOC stocks, contributing
also to climate change mitigation. Especially within the Mediterranean area, facing a high
risk of desertification, the increase in SOC is pivotal in counteracting the current trends
of soil erosion and loss of fertility with the consequent long-term effects on ecosystem
viabilities [6].
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The use of soil organic amendments, such as biowaste compost (BC) or sewage
sludge (SS), is a sustainable agricultural practice presenting two advantages: on the one
hand, it supplies valuable nutrients (e.g., nitrogen and phosphorus) and organic matter
to agricultural soil, and on the other hand, it allows the reutilization of by-products
of waste treatment plants. Compost addition is the most employed land management
practice for the accumulation of organic carbon in soils [7,8], while providing plants with
essential nutrients [9–11]. Long-term soil amendments with biowaste compost, alone or in
combination with mineral fertilizers (MFs), may represent a cost-effective, eco-friendly, and
safe strategy [12,13]. Indeed this practice not only can have positive effects on crop yield [8]
and edaphic community [14,15], but also can ensure crop quality [12,16], even when
increases in soil potentially toxic element (PTE) bioavailability occur [17]. The physico-
chemical and biological properties of agroecosystem soils may be improved not only by
BC, but also by SS application. The organic matter (OM) contained in SS can improve the
soil physical properties, such as soil aeration and water holding capacity [18,19], increasing
the availability of limiting elements such as phosphorus (P) with positive effects on crop
yield [20]. Nevertheless, organic amendments can contain undesirable components such
as non-essential elements and pathogens, affecting on a one-health basis both humans
and the environment [15,21]. PTEs (and several chemical compounds) can affect soil
microbial communities and, in turn, soil functionality and fertility [22,23]. The study of
microbiological properties of agricultural soil is of great importance in highlighting the
overall soil quality and the stabilization and degradation of SOM, which can contribute to
soil CO2 emissions and loss of soil carbon stocks [24].

The agricultural use of organic amendments in Italy is regulated by Legislative Decree
75, 2010 [25]. At the European level, the EU regulation [26] on SS application establishes
regulatory guidelines to prevent potential damages to the environment and human health,
and sets limit values for heavy metal concentrations. However, the legislation on the use of
SS in agriculture is scantly developed in Italy [27]. Since the quality of the sludge produced
depends on several factors extremely variable along the peninsula (type of waste entering
treatment plants, different customs of Italian citizens, productive realities present in the
territory, collection and management of the waste cycle), it is not possible to establish
a unique guideline for all regions, and several regional guidelines have been recently
implemented.

In order to verify the maintenance/increase of soil fertility and functionality that we
expected from the use of sewage sludge and biowaste compost (alone or in combination
with mineral fertilizers), this study compared the chemical and biological effects of different
fertilization practices in soil mesocosms simulating Mediterranean agroecosystems. Soil
OM and PTE concentrations, microbial C and N concentrations, enzymatic activities
(hydrolytic, β-glucosidase and phosphatase), microbial respiration and biomass, and
toxicity trends were followed for 6 months. Our strategy included two main goals: (1) the
characterization of SOM and PTE concentrations following different fertilization practices,
and (2) the monitoring of the effects of SS or BC on soil microbial biomass and enzymatic
activities. In particular, soil microbial parameters, which provide information on the
biomass, activity and diversity of soil microbial communities, are often used as biological
indicators of the impact of disturbances (e.g., agricultural practices, contamination) on soil
quality [22] due to their sensitivity, fast response and ecological relevance [28–30].

2. Materials and Methods
2.1. Soil Sampling and Mesocosm Set-Up

From an agricultural Mediterranean area (40.764082 N, 14.658414 E) in the Campania
region (southern Italy) 120 kg of soil was sampled (0–10 cm depth), homogenized and
divided in 6 aliquots for differential treatments (three mesocosm replicates per treatment;
6 kg f.w. soil for each mesocosm). The 6 exposure conditions included the following
scenarios (Table S1): (1) untreated reference soil (UNT), (2) soil amended with BC (CMP);
(3) soil amended with SS (FNG), (4) soil amended with mineral NPK fertilizer (MIN),
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(5) soil treated with BC and MF at half doses of those supplied in CMP and MIN treatments
(C + M), and (6) soil treated with SS and MF at half doses of those supplied in FNG and
MIN treatments (F + M).

CMP treatment was obtained adding to each mesocosm 494 g of BC (Table 1 and
Table S1) produced by the Salerno (Italy) composting plant, from solid organic wastes and
urban greening, in order to reach a final dose of 30 t/ha; this treatment often demonstrated
to be the most advantageous in the Mediterranean area for edaphic community [31], as
well as for crop yield and quality [8,17,18]. FNG treatment was obtained by adding to
each mesocosm 987.5 g of SS (Table 1 and Table S1) produced by the Nocera Superiore
(southern Italy) urban wastewater treatment plant (UWWTP), taking into account the
quantity (5 t/ha) suggested by the regional legislation for the use of SS [32], as reported
in the ISPRA Lombardia report [33]. In MIN treatment, the quantity (6.6 g) of MF (Table
1 and Table S1) added to each mesocosm was calculated taking into account the doses
recommended by the manufacturer (Azovel Universale—Linfa SpA).

Table 1. Physico-chemical properties (when available) of biowaste compost (BC), sewage sludge (SS)
and mineral fertilizer (MF) employed in setting up the mesocosms.

Physico-Chemical Property BC SS MF

pH 7.7 7.8
Organic C (% d.m.) 30.0 24.8

Total N (% d.m.) 2.61 1.30 12
Organic N (% total N) 96.6

Nitric N (% d.m.) 7.5
Ammoniacal N (% d.m.) 4.5

C/N 12
Humic and fulvic acids (% d.m.) 11.9

Total P (% d.m.) 0.57 0.30
P2O5 (% d.m.) 10

Total K (µg/g d.m.) 0.02 0.40
K2O (% d.m.) 18
SO3 (% d.m.) 37

Total Cd (µg/g d.m.) 37.95 11.14
Total Cu (µg/g d.m.) 147.91 297.44
Total Ni (µg/g d.m.) 22.40 66.80
Total Mn (µg/g d.m.) 167.12 189.58
Total Pb (µg/g d.m.) bdl 0.20
Total V (µg/g d.m.) 23.41 121.02

Total Zn (µg/g d.m.) 208.40 107.23

bdl = below detection limit.

Mesocosms (20 × 30 × 10 cm each) were incubated in the dark at controlled tem-
perature (18 ± 2 ◦C) and relative humidity (81 ± 10%), and once a week irrigated with
500 mL of distilled water. Soil organic matter, microbial C and N concentrations, total
PTE concentrations and pH, as well as soil enzymatic activities (hydrolytic, β-glucosidase
and phosphatase), microbial respiration and biomass were monitored every month for
6 months. To this end, 6 soil sub-samples were collected from the 3 mesocosms with the
same treatment and pooled for the subsequent analyses.

2.2. Soil Physico-Chemical and Microbiological Analyses

Analyses were carried out in triplicates per soil treatment on sieved (2 mm) samples.
Physico-chemical parameters were analyzed on dry soil, whereas biological parameters
were analyzed on fresh soil after water content characterization.

Soil water content (after oven-drying at 105 ◦C for 48 h), and OM concentration
(calcination in muffle, at 550 ◦C for 4 h, Nabertherm GmbH, Controller B 170) were
determined using gravimetric methods. Total PTE (Cu, Mn, Ni, P, V, Zn) concentrations
were determined as reported in Baldantoni et al. (2016) [17].
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Soil pH was determined via potentiometric method (Mettler Toledo, Five-Go) in a
distilled water suspension (1:50, w:w soil:water).

Microbial biomass was determined measuring microbial C and N concentrations
(Shimadzu V-CNS TOC analyzer) through the fumigation–extraction method [34].

Fluorescein diacetate hydrolytic activity was determined by Schnurer and Ross-
wall’s (1982) method [35]. Phosphatase activity was determined by Doran et al.’s (1996)
method [36] and β-glucosidase activity by Rodríguez-Loinaz et al.’s (2008) method [37].
Spectrophotometric measurements were carried out by a Shimadzu UV-1800 UV/Vis
spectrophotometer. Microbial respiration was determined as reported in Iovieno et al.
(2009) [31], measuring the CO2 released during incubation by gas chromatography (GS 6850,
Agilent Technologies, CA, USA), and microbial biomass was obtained by Vance et al.’s
(1987) method [34].

2.3. Toxicity Testing

Toxicity testing was carried out in triplicate on eluates (Solid/Liquid ratio (S/L)
= 1:10) under mechanical agitation after dry weight determination (105 ◦C for 48 h) of
samples from month 2 to month 6 (due to the lack of enough soil material for month 1),
according to EN (2002) [38]. Bioassays included the growth inhibition test (72 h) with
Raphidocelis subcapitata [39], the germination index (72 h) with Lepidium sativum [40] and the
immobilization test (48 h) with Daphnia magna [41]. Reconstructed freshwater according to
ISO (2012) [41] was used as the eluting medium. Whole eluate samples were investigated,
and results expressed as the percentage of effect (%) after normalization on negative
controls according to Abbott’s formula.

2.4. Statistical Analysis

Data analysis was performed in the R 3.4.3 programming environment using the
“stats”, “vegan” and “agricolae” packages [42]. The overall differences among treatments
and over time, based on the determined chemical, physical and biological parameters,
were evaluated through two-way multivariate analysis of variance (MANOVA). In order
to evaluate the multivariate separation of the groups defined by soil treatments, and to
understand which variables contributed the most to the possible differences, the non-metric
multidimensional scaling (NMDS), with the superimposition of the confidence ellipses
(for α = 0.05) for the treatments and of the time gradient was applied. The significance of
the differences in each chemical, physical, biological and ecotoxicity parameter among the
treatments and along time were evaluated by two-way analyses of variance (ANOVAs),
followed by Tukey post hoc tests (for α = 0.05). Before ANOVAs, data were tested for nor-
mality and homoscedasticity through Shapiro and Bartlett tests, respectively. Correlations
among the biological parameters and each PTE analyzed were evaluated by the Pearson’s
test.

3. Results

The MANOVA highlighted significant differences among the treatments (F = 3.77,
p < 0.001) and sampling times (F = 32.55, p < 0.001). The NMDS with the superimposition
of confidence ellipses (Figure 1) clearly separated CMP and partly C + M treatments from
the others (FNG, F + M, MIN and UNT), with soil respiration, hydrolase activity, and
microbial C and N relatively more abundant in mesocosms amended with BC. The same
parameters were more abundant in the first months of incubation.
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Figure 1. Non-metric multidimensional scaling (NMDS) biplot showing the differentiation among
soil treatments in relation to parameters measured, with superimposition of confidence ellipses (for
α = 0.05) and the time gradient. Observations are coded in relation to the treatment (UNT: dark red,
CMP: orange, C + M: light blue, FNG: dark green, F + M: dark blue, MIN: light green), and to time (1
month: square, 2 months: large circle, 3 months: triangle, 4 months: diamond, 5 months: small circle,
6 months: star).

Organic matter (Figure 2, Table 2) maintained similar values along the incubation
period in all the treatments, with a significant (p < 0.001) decrease after 5 months. The
highest organic matter content was found in the CMP followed by the C + M treatment,
with an average value of 6.4 and 5.7% d.w., respectively. FNG, F + M and MIN did not
show significant differences with UNT; after six months, UNT contained the lowest amount
of organic matter (4.8% d.w.), whereas F + M, FNG and MIN reached a comparable organic
matter value of around 4.5% d.w.

Figure 2. Mean concentrations of organic matter in untreated soil (UNT), and in soils treated with
biowaste compost (CMP), sewage sludge (FNG), compost plus mineral fertilizer (C + M), sewage
sludge plus mineral fertilizer (F + M) and mineral fertilizer (MIN) during 6 months of incubation.
The error bars represent the standard deviations.
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Table 2. Two-way ANOVA F-values evaluated for the organic matter content, respiration, enzymatic activities and microbial
C and N concentrations. The q coefficients of the post hoc tests of Tukey (for α = 0.05) performed for the treatment
(UNT = untreated soil, CMP = soil treated with biowaste compost, FNG = soil treated with sewage sludge, C + M = soil
treated with compost plus mineral fertilizer, C + F = soil treated with sewage sludge plus mineral fertilizer, MIN = soil
treated with mineral fertilizer) factor are also shown. The asterisks indicate the p-value (*** p < 0.001, ** p < 0.01, * p < 0.05).

Comparison OM Respiration Hydrolase β-glucosidase Phosphatase Microbial C Microbial N

Two way ANOVA
treatment 355.9 *** 1040 *** 20.41 *** 31.08 *** 143.5 *** 85.419 *** 94.335 ***

time 52.17 *** 1645 *** 69.95 *** 184.5 *** 53.06 *** 60.696 *** 114.875 ***
treatment × time 3.61 *** 298.85 *** 4.87 *** 7.31 *** 4.29 *** 6.491 *** 7.075 ***

Tukey (comparison
for factor treatment)

CMP vs. UNT 44.625 *** 71.605 *** 12.759 *** 12.658 *** 27.333 *** 20.002 *** 17.028 ***
CMP vs. MIN 44.154 *** 74.596 *** 7.847 *** 11.801 *** 30.141 *** 24.041 *** 25.162 ***
CMP vs. F + M 42.935 *** 68.651 *** 8.64 *** 8.554 *** 29.538 *** 23.358 *** 24.267 ***
CMP vs. FNG 41.319 *** 73.351 *** 6.898 *** 5.548 ** 24.666 *** 20.564 *** 218.724 ***

CMP vs. C + M 16.408 *** 22.53 *** 2.747 0.0147 12.807 *** 11.782 *** 8.532 ***
C + M vs. UNT 28.216*** 49.076 *** 10.011 *** 12.643 *** 14.525 *** 8.220 *** 8.497 ***
C + M vs. MIN 27.745 *** 52.066 *** 5.1 ** 11.786 *** 17.333 *** 12.259 *** 16.630 ***
C + M vs. F + M 26.527 *** 46.121 *** 5.893 *** 8.539 *** 16.73 *** 11.576 *** 15.736 ***
C + M vs. FNG 24.911 *** 50.821 *** 4.151 * 5.533 ** 11.858 *** 8.782 *** 10.193 ***
FNG vs. UNT 3.305 1.745 5.861 *** 7.11 *** 2.667 0.562 1.696
FNG vs. MIN 2.835 1.245 0.949 6.253 *** 5.475 ** 3.477 6.438 ***
FNG vs. F + M 1.616 4.699 ** 1.742 3.006 4.872 * 2.794 5.543 **
F + M vs. UNT 1.689 2.954 4.118 4.104 2.205 3.356 5.095 **
F + M vs. MIN 1.219 5.945 *** 0.793 3.247 0.603 0.683 1.696
MIN vs. UNT 0.471 2.991 4.911 * 0.857 2.808 0.060 8.134 ***

All the biological parameters showed significant differences among treatments (p < 0.001)
and sampling times (p < 0.001), as well as for sampling time x treatment interactions
(Table 2). Microbial C and N (Figure 3, Table 2) showed significantly (p < 0.001) higher
concentrations in CMP and C + M throughout the incubation period; for the two param-
eters, FNG, F + M and MIN did not show differences with UNT. Whereas microbial C
reached comparable values in the six mesocosm types at the end of incubation (on average
180 µg C/g soil d.w.), microbial N still showed significant differences among treatments
after six months from incubation. Soil respiration (Figure 4, Table 2) followed the same
trend of soil organic matter and microbial C and N in relation to soil treatments, showing
a significantly (p < 0.001) higher rate in CMP and C + M treatments, with average values
of 229.4 and 177.1 µg CO2/g soil d.w. h, respectively. A strong decrease in respiration of
soils amended with BC was observed until the third month of incubation, when it reached
values comparable to those of the other treatments. After one month, FNG, F + M and
MIN showed values higher than UNT, but over the remaining incubation period the four
mesocosm types did not show significant differences, assuming comparable values at the
end of incubation: 4.2 µg CO2/g soil d.w. h, on average. Hydrolase activity (Figure 5a,
Table 2), at the first month of incubation, showed significant (p < 0.001) differences among
treatments, reaching comparable values (on average 0.41 mg FDA/g soil d.w. h) up to
the third month. A significant (p < 0.001) decrease was observed from the third month
of incubation, regardless of the treatment. In addition, from the third month to the end
of the incubation, UNT showed the lowest values, whereas CMP and C + M maintained
the highest values, with an average value of 0.25 mg FDA/g soil d.w. h. β-glucosidase
activity (Figure 5b, Table 2) showed the same trend in all the treatments along time, with a
significant (p < 0.001) decrease until the third month of incubation. In particular, a reduction
of 2-fold for UNT, 2-fold for FNG, 1.7-fold for MIN, C + M and F + M, and 1.5 for CMP,
compared to the beginning of the incubation, was observed. The activity increased again
until the fourth month. At each sampling time (except the first and third months), CMP
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and C + M showed the highest values (on average 16 µg PNF/g soil d.w.), F + M and FNG
assumed comparable values after 1 and 3 months, while they assumed values comparable
to MIN and UNT at the end of incubation (with an average β-glucosidase activity value of
13 µg PNF/g soil d.w.). Phosphatase activity (Figure 5c, Table 2) decreased along time in
all treatments, and the mean values generally followed the order CMP > C + M > FNG = F
+ M = MIN = UNT.

Figure 3. Mean values of (a) microbial C and (b) microbial N in untreated soil (UNT), and in soils
treated with biowaste compost (CMP), sewage sludge (FNG), compost plus mineral fertilizer (C +
M), sewage sludge plus mineral fertilizer (F + M) and mineral fertilizer (MIN) during 6 months of
incubation. The error bars represent the standard deviations.

Figure 4. Mean values of soil respiration in untreated soil (UNT), and in soils treated with biowaste
compost (CMP), sewage sludge (FNG), compost plus mineral fertilizer (C + M), sewage sludge plus
mineral fertilizer (F + M) and mineral fertilizer (MIN) during 6 months of incubation. The error bars
represent the standard deviations.



Sustainability 2021, 13, 26 8 of 15

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

Figure 5. Mean values of (a) hydrolase activity, (b) β-glucosidase activity and (c) phosphatase ac-

tivity in untreated soil (UNT), and in soils treated with biowaste compost (CMP), sewage sludge 

(FNG), compost plus mineral fertilizer (C + M), sewage sludge plus mineral fertilizer (F + M) and 

mineral fertilizer (MIN) during 6 months of incubation. The error bars represent the standard de-

viations. 

Figure 5. Mean values of (a) hydrolase activity, (b) β-glucosidase activity and (c) phosphatase activity
in untreated soil (UNT), and in soils treated with biowaste compost (CMP), sewage sludge (FNG),
compost plus mineral fertilizer (C + M), sewage sludge plus mineral fertilizer (F + M) and mineral
fertilizer (MIN) during 6 months of incubation. The error bars represent the standard deviations.

pH values (Figure S1) showed significant (p < 0.001) differences among treatments
and sampling times, with average values higher in UNT than in the other treatments.
All total PTE concentrations (Figure S2) showed significant (p < 0.001) differences along
time; significant (p < 0.001) differences among treatments were observed only for P and
Ni concentrations, with higher values in CMP and C + M soils in respect to the other
treatments for P, and highest values in F + M soil, at the beginning of incubation, for Ni.

Positive correlations were found between Cu, Mn, P and Zn and soil respiration,
between Mn, P and Zn and hydrolase activity, and between P and Zn concentrations and
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phosphatase activity. Negative correlations were observed between Ni and microbial C,
and between V and microbial C and N (Table S2).

Results from toxicity testing and relevant statistics were summarized in Figure 6
for R. subcapitata, L. sativum and D. magna. During the experimental period, the toxicity
results for all testing species did not significantly change except for R. subcapitata (i.e., CNT,
CMP, C + M, and F + M). The germination index values from L. sativum always ranged
for all treatment conditions between 80% and 120%, suggesting that neither inhibition nor
biostimulation effects occurred [43]. The immobilization effect values from D. magna were
not significantly different (for α = 0.05) from CNT (reference soil); all treatments, and time
(i.e., from treatment administration) ranging between 35% and 75% of effect. Microalgae
evidenced in CNT, C + M, and F + M a decrease of toxicity from month 2 to 6, keeping not
significantly different toxicity values from month 3 to month 6 (effect < 10%). Conversely,
R. subcapitata evidenced in CMP an increase of toxicity from month 5 to 6, keeping not
significantly different toxicity values from month 2 to month 5 (effect < 10%).

Figure 6. Effect data (%) for R. subcapitata (% growth inhibition, 72 h), L. sativum (% germination
index, 72 h), and D. magna (% immobilization, 48 h). Data with different letters are significantly
different (for α = 0.05) within the same testing species along time.
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4. Discussion

The separation of soils amended with biowaste compost from the other treatments,
observed in the NMDS space, highlighted that this practice strongly influences the edaphic
microbial community. Since microbial parameters possess a high sensitivity and a rapid
response, they are important to relieve soil functioning, also in relation to agricultural
practices [23,44]. In our case, compost amendment favors microbial community, primary in
relation to SOM increments. Conversely, SOM losses, observed during the incubation and
found in all the treatments, indicate that mineralization processes are mostly controlled
by soil conditions rather than the type of organic matter added. The observed increases
in SOM attributable to the addition of biowaste compost are also related to increases in
microbial biomass, in both microbial C and N, in respiration rate and in enzymatic activities,
suggesting that compost enhances native community and/or brings new microbial biomass
to the soil [45].

Contrary to biowaste compost, the amendment with sewage sludge did not determine
any benefit to edaphic microbial community, even if an increase in soil microbial activity
and biomass after sludge application (with higher doses than our study) has frequently
been reported [15,46,47]. It is known that sludge amendment generally improves soil
fertility and functionality in a dose-dependent manner [48]. However, in our study, an
improvement of respiration rate and enzymatic activities following the addition of sewage
sludge was not found.

Only soils amended with compost (alone or in combination with mineral fertilizers)
showed higher enzymatic activities than the untreated and mineral fertilized soils, in
agreement with other reports on the enhancement of hydrolytic enzymes by organic
amendments [49,50]. The increased values of enzymatic activities may be related both to the
amount of enzymes originally present in the materials and to “de novo” biosynthesis by soil
microorganisms, which are stimulated by organic compounds in the added materials [51,
52]. Hydrolytic activity, in particular, estimates the total soil heterotrophic activity involving
the use of a variety of substrates, such as esters, proteins and lipids [35] and it is regulated
by the presence of substrates available and easily mineralized by microorganisms [53].
The increase in hydrolytic activity following the addition of compost would thus reflect a
greater availability of organic compounds. Moreover, a significant increase in stable and
total carbon in soil amended with compost has generally been found [54–56], allowing
a maintenance of the microbial community with a slow release of nutrients. Sewage
sludge also contains easily-degradable compounds [49] that could stimulate the synthesis
of hydrolytic enzymes and their release from intracellular media into the soil, but only
compost supported the activity along the six months of incubation.

Additionally, the highest phosphatase activity found after compost addition can be
related to the highest SOM: several studies found a positive correlation between soil organic
carbon and phosphatase activity [57,58]. A similar scenario was observed for β-glucosidase
activity, in compost amended soils. In any case, differently from the other enzymatic
activities, which progressively decrease along time in all the treatments (in relation to
organic matter consumption), β-glucosidase increases after 4 months of soil incubation.
This occurrence could be due to a greater release of this enzyme at a later time from
incubation, when more recalcitrant organic compounds dominate, since a strong linkage
of β-glucosidase to humus has been found in soils [49]. Organic compounds may have a
complex structure and β-glucosidase can have a preferential immobilization in the humic
substances, the most stable fraction of SOM. The increase in this activity after 4 months
of incubation could also be related to a release of new organic matter to be degraded
following the death of part of the microbial community, highlighted by the decrease in the
microbial biomass recorded at the same sampling time. In particular, after three months
of incubation, the increase in β-glucosidase activity could be linked to the use of the
new necromass by the remaining microbial community. It is known that β-glucosidase
activity is particularly sensitive to changes taking place in the system, providing advanced
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evidences of variations in organic matter long before they can be accurately measured by
other routine methods [59,60].

The increases in microbial biomass (microbial C and N), respiration rate and enzymatic
activities in soils treated with biowaste compost can be thus consequence of microbial
growth, stimulation of microbial activity through greater availability of resources, as well
as changes in the composition of the microbial community, due to the inoculum introduced.
Furthermore, the improvement or stabilization of chemical (such as phosphorous concen-
trations) and physical properties of the soil [31,60,61], can make the environment more
favorable to microbial life.

The lack of any benefit following the amendment with sewage sludge is probably
related to the amounts of sludge used in our experimentation—not enough to stimulate
the microbial community. In addition, it must be taken into account that the quality of
the organic matter in sludge depends on the matrix arriving at the plant. In the case of
the Nocera UWWTP, the sludge comes from secondary sedimentation, and it is generally
poorer in organic matter than that the sludge coming from primary sedimentation.

Despite the limited effects on the functional activity of the edaphic microflora, the
amendment with sewage sludge (whose total metal concentrations are lower than the limit
values established by the EU Directive 86/278/EEC [26] did not determine detrimental
effects (as also in the case of biowaste compost), both in relation to total PTE concentrations
and toxic effects on crops, assessed by germination tests. This observation ensures that
detrimental effects (in relation to PTE concentrations and toxicity assays) did not result
from the application of this kind of sewage sludge to agricultural soils, usually restricted
by the potential environmental risks, deriving by the presence of toxic contaminants such
as metals [47]. Even if for crop and ecosystem quality, bioavailable concentrations may be
more relevant than total PTE concentrations [62], it should be considered that, on the one
hand, SOM can reduce soil PTE bioavailabilities, due to the formation of metal-organic
complexes [63]. On the other hand, a high pH is known to reduce the bioavailability of
most PTEs in soil [64]. In our study, sewage sludge application slightly decreases soil pH,
in agreement with other authors [48,65], which could increase PTE bioavailabilities, an
occurrence to be considered when studying the effects of different fertilization practices on
crop quality.

In relation to PTE concentrations, microbial biomass results were negatively affected
by soil Ni and V concentrations, as often reported in literature [66]. It is known that several
PTEs such as Cu, Mn and Zn are essential for microbes and plants, and are essential in
maintaining soil functionality, but they can be a threat when present in high concentra-
tions [67,68]. In this context, enzyme activities are not only important in sustaining the
bio-geochemical cycles, but are excellent ecological indicators of soil quality [69,70], being
greatly affected by soil type and toxic pollutant characteristics (i.e., most of them are re-
duced greatly by high heavy metal contamination) [70–73]. In particular, β-glucosidase
activity is a quick indicator of soil contamination by PTEs, usually showing a reduction
due to the exposure to heavy metals [72,74]. Among the studied enzymatic activities, only
β-glucosidase resulted negatively correlated with Mn. However, the effects of PTEs on
soil microbial biomass and activity are still controversial [75–77]. In our study, positive
correlations have often been found between PTEs and biological parameters, highlighting
their overall stimulating effects on the microbial community [78]. As expected, considering
the involvement of phosphatase activity in the cycling of P [36], the enzyme activity and the
element concentration were positively correlated. Also hydrolase activity can mineralize
organic P in the process of decomposition, but since it depends on several enzymes, it is
involved in the degradation of a wide range of organic compounds [35].

5. Conclusions

This mesocosm study shows that, although the amendment with sewage sludge from
secondary sedimentation does not provide any benefit, soil amendment with biowaste
compost induces positive effects on both the concentration of soil organic matter, and mi-
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crobial biomass (assessed through microbial C and N) and functionality (assessed through
enzymatic activity and soil respiration). Indeed, all the biological parameters exhibited
high average values only in soils amended with compost (alone or in combination with
mineral fertilizers), indicating a positive effect of the added organic matter on microbial
activity and, consequently, on soil biological quality. This is probably due both to the
amount of added organic matter, improving the physiological response of the microbial
community, and to a possible inoculation of microorganisms through the compost used. On
the contrary, no differences for all the biological parameters were found in soils with added
sewage sludge from secondary sedimentation, showing values comparable to mineral
fertilized and untreated soils. This indicates that sewage sludge amendment, at the doses
employed in our study, does not improve the soil biological quality and, consequently, the
sustainability of agroecosystem productivity. Additionally, in the framework of sewage
sludge use in agriculture, no detrimental effects (in relation to total PTE concentrations and
toxicity assays) derived by the use of sludge coming from secondary sedimentation was
observed, but regulations of the optimal quantities for each geographical area are needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-1
050/13/1/26/s1, Figure S1 Mean values of pH in untreated soil (UNT), and in soils treated with
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sludge plus mineral fertilizer (F + M) and mineral fertilizer (MIN) during 6 months of incubation.
The error bars represent the standard deviations. Two way ANOVA F-values evaluated for pH
are also shown; asterisks indicate significant (p < 0.001) differences; Figure S2 Mean values of
PTE concentrations in untreated soil (UNT), and in soils treated with biowaste compost (CMP),
sewage sludge (FNG), compost plus mineral fertilizer (C + M), sewage sludge plus mineral fertilizer
(F + M) and mineral fertilizer (MIN) during 6 months of incubation. The error bars represent the
standard deviations. Two way ANOVA F-values evaluated for the PTEs are also shown; asterisks
indicate significant (p < 0.001) differences; Table S1 Treatments, abbreviations and doses used in the
mesocosms setup; Table S2 Pearson coefficients and P values (*** p < 0.001, **p< 0.01, * p < 0.05) of
correlations between PTE concentrations and biological parameters.
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