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Abstract: The aim of this work was to identify the most sensitive soil quality indicators and assess
soil quality after long-term application of sewage sludge (SS) and conventional mineral fertilization
for rainfed cereal production in a sub-humid Mediterranean calcareous soil. The treatments included
six combinations of SS at different doses (40 t ha−1 and 80 ha−1) and frequencies (every 1, 2 and
4 years), plus a control with mineral fertilization, and a baseline control without fertilization. Twenty-
five years after the onset of the experiment, 37 pre-selected physical, chemical and biological soil
parameters were measured, and a minimum data set was determined. Among these indicators, those
significantly affected by treatment and depth were selected as sensitive. A principal component
analysis (PCA) was then performed for each studied depth. At 0–15 cm, PCA identified three factors
(F1, F2 and F3), and at 15–30 cm, two factors (F4 and F5) that explained 71.5% and 67.4% of the
variation, respectively, in the soil parameters. The most sensitive indicators (those with the highest
correlation within each factor) were related to nutrients (P and N), organic matter, and trace metals
(F1 and F4), microporosity (F2), earthworm activity (F3), and exchangeable cations (F5). Only F3
correlated significantly (and negatively) with yield. From these results, we concluded that soil quality
can be affected in opposite directions by SS application, and that a holistic approach is needed to
better assess soil functioning under SS fertilization in this type of agrosystem.

Keywords: soil quality assessment; sewage sludge; long-term effect; Mediterranean soils

1. Introduction

In the framework of circular economy and the European Green Deal goals, land
application of sewage sludge (SS) is suggested as one of the most economical and ecological
sludge disposal methods [1,2]. When properly managed, it is seen as way to prevent
environmental pollution [3], recycle nutrients, and decrease the need for commercial
fertilizers [4,5]. Sewage sludge, in general, has a high content of organic carbon, nutrients
(particularly N and P) [6], and trace elements (S, Mg, Ca), and can promote the proliferation
and activity of soil micro and mesofauna [2]. As a consequence, amending soils with SS can
improve some soil properties, such as organic matter and nutrient content, soil porosity,
bulk density, aggregate stability, or available water holding capacity [2,3,7–9].

However, SS can also contain trace metals and persistent organic pollutants, which
present a harmful risk to the environment and can be transferred to crops [10]. Indeed,
larger studies on the effect of different organic amendments on soil quality [11] observed
that the overall effect can be positive, although some aspects, such as soil contamination or
grain quality, may be compromised, depending on the type of amendment used. In particu-
lar, the consequences of SS application on soil chemical properties and the accumulation of
contaminants have been extensively studied [5,12,13] and different strategies to minimize
the risk associated with SS application have been developed [14].
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In this framework, the European Commission implemented the EU Directive 86/278/EEC
with regulatory guidelines on SS application and the concentration of toxic elements [15].
Other regulations exist at the national and regional level worldwide. Nonetheless, the
consequences of the continuous application of SS on other soil quality indicators, particu-
larly the interaction between indicators and their relation to soil functions, have received
less attention [11]. These consequences are dependent not only on the composition and
frequency of SS application, but also on the pedoclimatic and agronomic characteristics
of each site [2,16,17]. The importance of considering all dimensions and properties of soil
(in terms of its physical, chemical, biological, and organic matter properties) is intrinsic to
any such study [17–19].

In the last decades, the literature on the study of soil quality has grown substantially,
with an increasing emphasis on the inclusion of this concept associated with agriculture
and other land uses, which should consider the many relationships between soil functions
and the ecosystem services they provide [20,21]. Within the diversity of the approaches
developed, there is an agreement on the existence of a series of basic steps in the evaluation
of soil quality, among which the selection of appropriate indicators stands out for its special
relevance [22]. Global reviews of these indicators [22–24] point out the most frequently
proposed ones as those related to the organic fraction and soil reaction, together with those
referring to the status of some nutrients, porosity (density), and water retention.

In any case, the selection of soil quality indicators needs to be made by simultaneously
considering the soil functions and/or the services associated with them that are to be eval-
uated, and the local conditions imposed by the soil-climatic characteristics at the site under
consideration. Some examples of the use of this approach in Navarre, Spain [25,26] for the
evaluation of soil quality in agrosystems managed according to conservation agriculture
criteria showed that the most appropriate indicators can vary in a relatively short lapse of
time with a change of context, such as the transformation from rainfed to irrigated. The
identification of these indicators, therefore, must also consider the management context.

In the particular context of farmlands in semiarid and sub-humid Mediterranean
regions, which are usually depleted in organic matter [27], and therefore especially sensitive
to soil degradation, SS addition to croplands has been seen as a promising practice, due
to its high content in organic matter and nutrients [28]. Still, physical degradation of the
soil may occur depending on the quality of SS, the doses and frequency of application,
and the pedo-environmental conditions [29]. An adequate assessment of soil quality in
this context needs, therefore, to be holistic (comprise chemical, physical and biological
soil indicators of relevance in this type of agroecosystem [30]). In addition, adequate soil
quality indicators have ben conceptually defined not only as sensitive to changes in soil
condition, but also as precocious in their reaction as possible, easy to measure, and, if
possible, available in common soil datasets [17,31]. Ideally, soil quality indicators should
also comprise information measured at the field level (in addition to laboratory analysis),
and be easily understandable by famers and policy-makers [32].

Regional studies after long-term applications, and with extreme rates of application,
seem useful to better understand the actual effect of SS application on soil quality in these
conditions [23]. In this context, this study aimed to identify the most sensitive soil quality
indicators and, by studying their correlations, to understand the effect of the long-term
application of SS on the overall soil quality of a cultivated calcareous soil after 25 years
of SS application at different rates and doses by comparing it with conventional mineral
fertilization in a controlled experimental field in Mediterranean sub-humid conditions.
We hypothesized that the amount and frequency of SS used might induce differences in
the chemical, physical and biological condition of this soil that might be interrelated and
explained by the selected soil quality indicators.
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2. Materials and Methods
2.1. Site and Experimental Design

The long-term experimental field site in Arazuri, Navarra, NE Spain (42◦48′ N, 1◦43′W,
396 m a.s.l.) was established in 1992 to assess the effect of the continuous application of
SS on agricultural soil quality and productivity. The climate in the area is temperate
Mediterranean, with a humid water regime, according to Papadakis [33]. Mean annual
precipitation is 750 mm year−1, and mean annual Thornthwaite’s evapotranspiration,
687 mm year−1 [34]. The soil in this field is calcareous (approx. 20% of calcium carbonate in
the tilled layer) with a clay-loam texture in the topsoil (31% clay, 30% silt, 39% sand) [35], is
well-drained and has no salinity problems. It has been classified as a Calcaric Cambisol [36].
The soil’s main physical–chemical characteristics in the tilled layer (0–30 cm) at the control
plots are summarized in Table 1.

Table 1. Physical and chemical properties of the soil tilled layer (0–30 cm) for the control plots. Values
are given as the mean ± standard deviation (n = 3).

Soil Physical and Chemical Properties

pH
(water 1:2:5) 8.67 ± 0.03

Electrical Conductivity (µs cm−3 at 25 ◦C)
(soil:water extract 1:2.5)

169 ± 10

Bulk density (g cm−3) 1.59 ± 0.08
Carbonates (%) 16.0 ± 2.1

Clay (%) 27.72 ± 1.03
Organic Carbon (%)

(Walkley–Black) 1.35 ± 0.02

The experimental design consists of a random factorial block design with eight treat-
ments with three replicates (n = 3), each plot with an area of 35 m2 (10 m × 3.5 m). The
treatments included six combinations of SS at different doses (40 t ha−1 and 80 ha−1) and
frequencies (every 1, 2 and 4 years), plus a control with the usual mineral fertilization in
the area (46% urea and ammonium sulphate), and a baseline control without SS or mineral
fertilization. Sewage sludge treatments were denoted after the dose and frequency (40-1,
40-2, 40-4, 80-1, 80-2, and 80-4). Mineral-fertilized and baseline controls were noted as MF
and C, respectively. Both doses and frequency of SS were chosen according to the common
practices in the area, and to get the highest possible rates in the plots with high doses
and frequencies.

The crops used corresponded to the most frequent rainfed rotation of 3 years in
the area (cereal–cereal–no cereal), managed with annual tillage with a 30 cm deep mold-
board plow, and application of phytosanitary products according to the crops’ needs each
year. The most common cereal crops used were wheat (Triticum aestivum L.) and barley
(Hordeum vulgare L.), with sunflower (Helianthus annuus L.) as the non-cereal crop in the
rotation. Sewage sludge was produced in the urban wastewater treatment plant from the
city of Pamplona (population 330,000), with primary and secondary treatments, stabilized
through anaerobic digestion and mechanical dewatering. Sewage sludge characteristics,
as described by [10], are summarized in Table 2. The SS was applied each campaign in
September, 3 to 4 weeks before sowing, using a 3.5 m wide spreader trailer, followed by
moldboard plowing down to 30 cm. Mineral fertilization with a commercial fertilizer
purchased from a local provider was carried out before sowing. Wheat sampling was
carried out in June in the year of study, at harvest. Each field replicate was harvested with
a plot-scale combine, and grain yields were recorded. Grain weights were taken directly
from the combine, and grain samples were collected to analyze their water content, to
obtain yield data on a dry-mass basis.
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Table 2. Physical and chemical properties of the sewage sludge. Values are given as the mean ±
standard deviation (n = 3).

Sewage Sludge Physical and Chemical Properties

pH 8.16 ± 0.03
Electric Conductivity (µs cm−3) 1795 ± 28

Dry material (%) 18.1 ± 0.4
Volatile matter (% of dry substance) 62.8 ± 1.9

C/N 5.35 ± 0.08
Total N (%) 5.85 ± 0.13

Ammonium-N (%) 0.75 ± 0.02
Phosphorus (P2O5) (%) 5.59 ± 0.22

Potassium (K2O) (%) 0.62 ± 0.05
Iron (Fe) (%) 1.68 ± 0.04

Calcium (CaO) (%) 7.98 ± 0.29

2.2. Soil Sampling and Analysis

Soil sampling was carried out 25 years after the onset of the experiment, in September,
at each treatment and replicate at two depths (0–15 cm and 15–30 cm) after the crop cycle
was completed, and at the furthest moment in time from previous soil alterations, except
for samples for the physical properties, which were sampled in June before harvesting to
avoid the possible effect of harvesting machinery. Disturbed and undisturbed samples
were collected for the various analyses. Disturbed soil samples were collected for the
0–15 cm and 15–30 cm depths using an Edelman-type auger (Ø = 5 cm) or a shovel. Three
subsamples were collected per plot for each depth increment and combined to obtain a
composite sample. Immediately after sampling, a portion of the composite soil was stored
at 4 ◦C for further biological analyses. Part of the sample was gently pushed through a 6 mm
sieve. These aggregates were air dried and used for aggregate stability determinations. The
remainder of the soil was air-dried and ground to pass through a 2 mm sieve. Undisturbed
core samples were collected in triplicate using bevel-edged steel rings (Ø = 5 cm, total
volume = 100 cm3) for the 0–15 cm and 15–30 cm depth increments to determine soil
bulk density (ρb), permeability, and water retention characteristics. Undisturbed soil
samples were also collected using Kubiena boxes for thin section analysis. For earthworm
population assessment, two 20× 20× 30 cm soil blocks were extracted from each treatment
in all replicates.

2.2.1. Soil Physical Properties

The soil’s physical condition was assessed using properties related to compaction and
porosity, aggregation, and water flow and storage. Bulk density and penetration resistance
(PR) were measured to assess compaction and porosity. As explained above, the core
method was used to determine ρb [37]. Penetration resistance was measured at 9 points per
field replicate to a depth of 60 cm using a field penetrometer (Rimik CP20, Agridy Rimik
Pty Ltd., Toowoomba, Qld, Australia). Measurements were made after a rainy period to
avoid differences in water content between treatments. Measurements were recorded every
15 mm, and PR for 0–15 and 15–30 cm were calculated as weighted depth averages.

Dry aggregate stability was determined by placing 100 g of dry aggregates (<6 mm) in
the top of a column of sieves of 4, 2, 1, 0.5, and 0.25 mm openings, and shaking in a rotary
movement at 60 strokes/min for 60 s in a Retsch VS 100 device (Retsch GmbH & Co., Haan,
Germany). For wet aggregate stability, a constant shower-like flux (6 L/min) of distilled
water was applied from the top of the same set of sieves while sieving (60 strokes/min,
60 s). We used a mechanical sample divisor (Retsch GmbH & Co., Haan, Germany) to
ensure that the initial distribution of aggregates was similar among replicates. Aggregate
size distribution and stability were expressed as the mean weight diameter (MWD) after
dry and wet sieving [38]. The stability of the aggregates was also evaluated using the mass
proportion of water-stable aggregates (WSA) > 0.25 mm [39]. Soil saturated permeabil-
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ity (Ks) was measured on undisturbed soil cores after saturation with deionized water
under a vacuum using a laboratory permeameter (Eijkelkamp Soil & Water, Giesbeek,
The Netherlands).

Soil water retention at −33 kPa, −50 kPa, and −90 kPa was determined on intact
soil cores, and sieved (<2 mm) soil samples were used for water retention assessment at
−1500 kPa. Samples were placed on pressure plate extractors (Soil Moisture Equipment
Corp., Santa Barbara, CA, USA). Volumetric water was calculated using ρb. Available
water-holding capacity (AWHC) was calculated as the difference between volumetric water
content at field capacity (−33 kPa) and wilting point (−1500 kPa). From these data, as
described in [40,41], the model proposed by [42] was used to estimate the equivalent pore
diameter corresponding to each of the water potentials. According to this model, the equiv-
alent pore diameter was 9 µm for −33 kPa, and 0.2 µm for −1500 kPa. This allowed us to
obtain the equivalent size ranges of micropores in each sample, expressed as the proportion
of each pore range (<0.2 µm, 0.2–9 µm, and >9 µm), as well as the proportion of pores able
to retain water (0.2–9 µm) over those able to store water available for plants (>0.2 µm).
These were denoted as PØ < 0.2, PØ 0.2–9, PØ > 9 and PØ 0.2–9 (>0.2), respectively.

Soil thin sections were prepared from undisturbed soil samples as described in [43].
Image analysis was used in these sections to determine parameters related to macroporosity.
For this, a scanned image was obtained per thin section under two light conditions: parallel
polarizers and crossed polarizers. They were processed using Image J [44] to obtain digital
binary images. From each binarized thin section, five random images (10 × 10 mm) were
selected using an adaptation of the method used by [45], where a grid of 27 squares
(1 cm2 each) was placed in each scanned section from which the eligible squares were
chosen using a random number generator. From these, pore-size distribution analysis was
carried out based on an open mathematical algorithm: the Quantim4 library [46]. The
area occupied by pores was divided into five intervals according to the pore’s apparent
diameter: 100–400 µm; 400–1000 µm; 1000–2000 µm; >2000 µm. The proportion of the area
(equivalent to volume proportion over total soil volume) occupied by pores with diameters
between 400–1000 µm was selected for this study because of their special relevance when
describing structure (size of planar voids or fissures), and also because these pores can
result from the activity of mesofauna [47].

2.2.2. Soil Chemical Properties

All chemical analyses were performed on air-dried sieved (<2 mm) samples. Total
N was analyzed using the Kjeldahl digestion method. Available P was determined as
described by [48]. Exchangeable K and Na were quantified using atomic absorbance after
extraction with NH4OAc 1N [49]. The soil electrical conductivity (EC) and soil pH were
measured in distilled water (1:2.5). Soil pH was determined with a Crison GLP22 pH meter
(Crison Instruments, S.A., Barcelona, Spain). Conductivity was read with a Crison GLP32
conductivity meter (Crison Instruments, S.A., Barcelona, Spain).

Carbonate concentration was measured in a modified Bernard’s calcimeter [50] by
quantifying the CO2 produced after treating a soil sample with HCl. Available trace metals
(Cu, Mn, Ni, Zn, Cd and Pb) at the 0–15 cm depth were analyzed as DTPA(C14H23N3O10)-
extractable concentrations from air-dried soil samples, using the extraction procedure
described in the international standard ISO 14870:2001 [51], as described in [10]. In short,
an extraction solution was prepared by mixing, first, 0.735 g of CaCl22H2O, 0.984 g of DTPA
and 7.46 g of triethanolamine (C6H15NO3), diluted with 800 mL of deionized water, and the
pH was adjusted to 7.3 with HCl. Subsequently, in a 100 mL wide-mouth polypropylene
container, 20 g of soil and 40 mL of the solution were mixed and stirred for 2 h at 20 ◦C
on a reciprocating shaker at 30 rpm. Then, a fraction of the extract was decanted and
centrifuged for 10 min at 6000 rpm. The supernatant was filtered with a membrane filter
with a pore size of 0.45 µm and collected for analysis. The extracts were analyzed earlier
than 48 h from their preparation, by ICP-MS in a 7700x analyzer (Agilent Technologies,
Santa Clara, CA, USA), following the UNE-EN 17053 standard [52].
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2.2.3. Soil Organic Matter and Biological Properties

Soil organic C (SOC) was determined by wet oxidation on air-dried sieved (<2 mm)
samples [53]. The fraction of soil organic matter defined as particulate organic matter (POM)
based on its size (>53 µm) [54] was isolated by dispersion and sieving of 10 g of air-dried
soil [55]. Organic C in the form of POM (POM-C) was determined by wet oxidation.

Earthworms were collected crumbling the 20× 20× 30 cm soil blocks by hand, placing
the worms in a glass jar, and weighing to obtain a fresh weight for each field replicate [56].
This allowed us to determine the total biomass (g per m−2), the abundance (number of
individuals per m−2), and the average size (g per individual).

Microbial biomass carbon (MBC) was measured by comparing extractable C from
non-fumigated and chloroform (CHCl3)-fumigated soil [57]. Carbon concentration in the
extract (chromic acid dissolution) was analyzed by sulfuric digestion and subsequent
spectrophotometry. The functional diversity of the soil microbial population was studied
through the analysis of the community-level physiological profiles (CCPLs) in fresh sam-
ples by studying the C source utilization patterns observed using a Biolog EcoplatesTM

microplating system (Biolog, Hayward, CA, USA), as described in [58]. EcoplatesTM were
designed for determining CLPPs of terrestrial communities and comprise 31 C substrates
that are major ecologically relevant compounds. One g equivalent dry weight of soil was
mixed with 9 mL of autoclaved Mili-Q ultra-pure water and shaken in an orbital shaker at
125 rev min−1 for 1 h. After shaking, samples were left to settle and then a 1:100 dilution
was inoculated onto Biolog Ecoplates™. The plates were incubated at 30 ◦C and color
development was read twice a day at 595 nm using a microplate reader (Thermo Scientific
Multiskan® EX Waltham, Massachusetts, USA). Average well color development (AWCD)
was determined by calculating the mean of every well’s absorbance value at each reading
time. The number of substrates used by the soil microbial community (NSU), equivalent to
species richness [59], was quantified as the number of wells showing corrected absorbance
values >0.25 at the onset of the exponential microbial growth in the Biolog EcoplateTM

microplates (59 h).

2.3. Statistical Analysis

The selection of the most sensitive soil quality indicators, and the assessment of
the effect of SS application on soil quality, was conducted in a two-step procedure, as
in [26,60]. First, a multivariate analysis of variance (MANOVA) was performed to test
whether there was a significant effect of the categorical independent variables (fertilization
and depth) on at least one of the physical, chemical, or biological variables studied. For
this study, the eight fertilization treatments (SS application, MF and C) were considered
as a factor, because, despite some treatments receiving equivalent cumulative amounts of
added SS, for some soil properties, the effect of SS or mineral fertilization might be different
depending on the frequency, whereas some others might be affected by the accumulation
of SS applications with time.

Then, a univariate analysis of variance (ANOVA) for the different soil variables was
performed to examine for significant influences of fertilization treatment and depth. Only
the variables for which the F statistic for SS application or fertilization treatments was
significant (p < 0.05) were retained for further analysis. In a second step, factor analysis
was used to group the retained variables into statistical factors based on their correlation
structure. Principal component analysis (PCA) was used as the method for factor extraction.
To eliminate the effect of different units of variables, factor analysis was performed using the
correlation matrix on the standardized values of the measured soil properties; each variable
had mean = 0 and variance = 1 (total variance = number of variables [61]). We used the
determinant of the correlation matrix as an indicator to identify the existence of correlations
among variables. As in Imaz et al. (2010) [25] and Apesteguía et al. (2017) [26], using the
correlation matrix, principal components (factors) with eigenvalues > 1.5 were retained and
subjected to varimax rotation with Kaiser to estimate the proportion of the variance of each
attribute explained by each selected factor (loadings), and by all factors (communalities).
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A high communality for a soil attribute indicates that a high proportion of its variance is
explained by the factors. In contrast, a low communality for a soil attribute indicates that
much of that attribute’s variance remains unexplained. Less importance should be ascribed
to soil attributes with low communalities when interpreting the factors [62].

To evaluate the effects of the studied SS application or mineral fertilization treatments
on the extracted factors, factor scores for each sample point were calculated and ANOVA
was performed on the new score variables. Homogeneous groups among treatments were
detected using Duncan’s test (p < 0.05, unless otherwise indicated). Only factors that
differed among treatments were retained for further consideration. Soil attributes were
then assigned to the factor for which their loading was the highest [61]. For each retained
factor, highly weighted attributes were selected as possible soil quality indicators. We
considered as highly weighted those within 10% of the highest factor loading, as in [63].

Finally, a correlation analysis was conducted for wheat yields against the scores of
the extracted factors with PCA. For all analysis, the significance level was set at p < 0.05
unless otherwise indicated. All statistical treatments were performed using IBM SPSS
Statistics 27.0 [64].

3. Results
3.1. Identification of Indicators

The different treatments and sampling depth significantly affected the physical, chem-
ical, and biological properties evaluated. The analysis of variance for each individual
parameter studied showed some significant differences for the different treatments and
depths, and for some parameters, a significant interaction of both (Table 3). As the goal of
this study was to identify the most sensitive soil quality indicators and to assess overall
soil quality from PCA, and not to assess each individual parameter, only the significance of
the analysis is provided for each parameter. As depth had a significant effect in some of the
parameters studied, the factor analysis performed to select soil quality indicators was per-
formed separately for the two sampling depths. Soil parameters that were not significantly
affected by treatment per studied depth were not considered for the following analysis.

At the 0–15 cm depth, these were Ks, water retention at −33 kPa and −90 kPa, AWHC,
PØ < 0.2, PØ 400–1000 in equivalent diameter, carbonates, available Mn, available Pb, the
POM-C/SOC ratio, MBC, diversity indexes (AWCD and NSU), and earthworm abundance
(individuals m−2). At the 15–30 cm, among those studied at that depth, the parameters
excluded for PCA were all physical parameters, except for PØ < 0.2, the POM-C/SOC ratio,
and the microbial functional diversity indexes (AWCD and NSU).

3.1.1. 0–15 cm Depth

The correlation matrix for the 21 selected indicators (determinant < 0.0001) showed
several significant correlations on 101 pairs out of 210 (Table S1). The highest positive and
significant correlations were found between available P vs. available Zn, available Cu, and
available Ni (p < 0.001), and also between SOC vs. available Zn and available Ni (p < 0.001).

The PCA identified three factors (F1, F2 and F3) with eigenvalues > 1.5 for the 0–15 cm
depth, which together explained 70.2% of the variance of the 21 selected indicators (Table 4).

The soil properties with high loadings for these factors were considered potential
good soil quality indicators (Table 5). F1 showed high loadings (within 10% of the one
with the highest loading, or close) for available P, EC, available Zn, available Cu, available
Ni, available Cd, available Pb, and SOC. F1 can therefore be associated to organic matter
and chemical parameters. F2 showed high loadings for water retention at −50, the total
proportion of pores 0.2–0.9 µm (PØ 0.2–0.9), and the proportion of pores 0.2–0.9 µm over
total pores > 0.2 µm (PØ 0.2–9(>0.2)). F2 can therefore be associated with water retention
in the soil. Finally, F3 grouped earthworms’ biomass (g m−2) and earthworm average
size (g i−1) as the properties with the highest loading. F3 would represent the behavior of
earthworm populations as affected by treatments in this field.
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Table 3. Results of the analysis of variance (ANOVA) for all soil properties.

Soil Quality Indicators Depths Studied R2 Treatment (T) Depth (D) T × D

Physical ANOVA (p-value)

Bulk density 2 0.517 0.058 0.001 0.709
PR 2 0.948 0.144 0.000 0.992
Ks 2 0.310 0.543 0.150 0.538

Water −33 2 0.376 0.124 0.815 0.479
Water −50 2 0.730 0.000 0.001 0.000
Water −90 2 0.261 0.741 0.163 0.660

AWHC 2 0.338 0.230 0.317 0.622
PØ < 0.2 2 0.613 0.018 0.000 0.397

PØ > 0.2–9 2 0.335 0.444 0.682 0.297
PØ > 9 2 0.687 0.010 0.000 0.029

PØ 0.2–9(>0.2) 2 0.429 0.407 0.015 0.235
PØ 400–1000 1 0.223 0.704 NA NA

MWD dry 1 0.708 0.002 NA NA
MWD wet 1 0.567 0.033 NA NA

WSA 1 0.648 0.008 NA NA
Chemical

Available P 2 0.910 0.000 0.149 1.000
Total N 1 0.701 0.000 NA NA

Electrical conductivity 2 0.827 0.000 0.543 0.208
pH 2 0.831 0.000 0.000 0.973

Exchangeable K 2 0.529 0.102 0.001 0.433
Exchangeable Na 2 0.720 0.000 0.361 0.573

Carbonates (CaCO3) 1 0.032 0.999 NA NA
Available Mn 1 0.531 0.055 NA NA
Available Zn 1 0.908 0.000 NA NA
Available Cu 1 0.870 0.000 NA NA
Available Ni 1 0.888 0.000 NA NA
Available Cd 1 0.696 0.003 NA NA
Available Pb 1 0.703 0.003 NA NA

Organic matter and biological

SOC 2 0.878 0.000 0.000 0.290
POM-C 2 0.702 0.001 0.000 0.123

POM-C/SOC 2 0.510 0.361 0.001 0.105
AWCD 2 0.449 0.909 0.000 0.199

NSU 2 0.571 0.335 0.000 0.173
MBC 2 0.612 0.046 0.000 0.507

Earthworms’ biomass (g m−2) 1 0.587 0.024 NA NA
Earthworms’ abundance (ind/m−2) 1 0.465 0.121 NA NA
Earthworms’ average size (g/ind) 1 0.725 0.001 NA NA

Table 4. Eigenvalue, percentage, and cumulative variance explained by factor analysis using the
correlation matrix of the standardized data of soil parameters at 0–15 cm (F1, F2 and F3) and at
15–30 cm (F4 and F5) depths.

Depth Factors Eigenvalue 1 Percentage (%) Cumulative (%)

0–15 cm F1 9.562 43.463 43.463
F2 4.533 20.603 64.067
F3 1.654 6.089 70.156

15–30 cm F4 5.005 50.046 50.046
F5 1.848 18.477 68.523

1 Only factors with eigenvalues > 1.5 are shown.

3.1.2. 15–30 cm Depth

Using the nine selected indicators for this depth, a correlation matrix was developed
for the 15–30 cm depth (determinant < 0.0001), which showed significant correlations on
17 pairs out of 36 (Table S2). The most significant correlations (p < 0.001) were observed
between available P vs. SOC and POM-C, EC vs. SOC and POM-C, and finally SOC
vs. POM-C.
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Table 5. Proportion of variance explained using varimax rotation for each of the retained factors and
communalities for the selected soil properties for the 0–15 cm depth.

Soil Indicators F1 F2 F3 Communalities

PR 0.954 0.175 −0.125 0.612
Water −50 0.852 −0.014 −0.207 0.922
PØ 0.2–9 0.800 0.163 −0.099 0.700
PØ > 9 −0.765 0.212 −0.108 0.862

PØ 0.2–9(>0.2) 0.111 0.000 −0.097 0.955
WSA 0.980 0.053 −0.116 0.595

MWD dry 0.962 0.005 −0.133 0.500
MWD wet 0.949 0.104 −0.112 0.603

Av P 0.837 −0.166 −0.170 0.963
Total N 0.059 0.949 −0.022 0.768

EC 0.079 0.797 0.138 0.831
pH 0.010 −0.910 0.152 0.647

Ext Na 0.047 0.975 −0.053 0.900
Av Zn −0.535 0.362 0.306 0.982
Av Cu 0.041 0.359 −0.092 0.972
Av Ni 0.087 −0.629 0.183 0.947
Av Cd −0.659 −0.319 0.256 0.912
SOC 0.933 −0.004 −0.097 0.948

POM-C 0.553 −0.125 −0.272 0.783
Earthworms g/m2 −0.304 −0.004 0.851 0.846

Earthworms g/i −0.196 −0.214 0.866 0.863

The PCA extracted two factors (F4 and F5) with eigenvalues > 1.5, explaining 68.5%
of the variance between indicators at this depth (Table 4). For F4, the highest loadings
corresponded to EC, available P, and SOC. Like F1 at 0–15 cm, F4 can be associated to
organic matter and chemical parameters. Regarding F5, exchangeable K and Na were the
properties with the highest loadings. F5 would therefore represent exchangeable cations
(Table 6).

Table 6. Proportion of variance explained using varimax rotation for each of the retained factors and
communalities for the selected soil properties for the 15–30 cm depth.

Soil Indicators F4 F5 Communalities

PØ > 0.2 0.955 0.032 0.925
Av P 0.891 0.082 0.836

Total N 0.954 −0.008 0.934
EC −0.865 −0.360 0.881
pH 0.173 0.825 0.728

Ext K −0.114 0.859 0.753
Ext Na 0.031 −0.008 0.888

SOC 0.898 0.033 0.836
POM-C 0.684 −0.005 0.468

MBC 0.318 0.522 0.708

3.2. Sensitivity of PCA Factors to Treatment

All factor scores were sensitive to treatments (Table 7). The scores for F1 were signifi-
cantly different in C and MF than in all treatments with different doses of SS. The scores
for F2 differed significantly in C, MF, 40-4, 80-1, and 80-2 from 40-1, 40-2, and 80-4. The
scores for F3 were significantly different in C than in MF, 80-2, and 40-2, with the rest of
treatments showing intermediate values.
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Table 7. Effect of treatment on factor scores from PCA (p < 0.05).

Mean Scores

Treatment F1 F2 F3 F4 F5

40-1 0.310 b −1.321 a 0.828 bc −0.139 b 1.485 c
40-2 −0.244 b −1.247 a −0.939 a −0.637 ab 0.564 bc
40-4 0.257 b 0.818 b −0.205 ab 0.377 c 0.757 bc
80-1 1.896 c 0.546 b 0.064 ab 1.963 d −0.169 ab
80-2 0.367 b 0.842 b −0.490 a 0.792 c −0.781 a
80-4 −0.215 b −0.996 a −0.011 ab −0.323 b −0.795 a
MF −1.162 a 0.794 b −0.907 a −0.909 a −1.075 a
C −1.121 a 0.564 b 1.660 c −1.123 a 0.015 ab

Treatment
(p-value) < 0.001 < 0.001 0.002 0.000 0.002

In each column, different letters denote different Duncan’s homogeneous groups.

Factor scores for both F4 and F5 were sensitive to treatment (Table 7). For F4, scores
were significantly different for C and MF than for all treatments receiving SS. Among
them, 80-1 had the highest load, and all other treatments with SS displayed intermediate
values. Finally, F5 scores were different for 40-1 than for 80-2, 80-4, and MF, with the other
treatments showing intermediate values.

3.3. Yield

Average wheat yield was statistically different among treatments (p < 0.001, Table 8).
MF treatment had the highest values, followed by 40-1, 40-2 and 40-4. The treatment with
the highest rate of sludge, 80-1, showed the lowest yield apart from the baseline control
treatment (C), for which yield was less than half compared with the MF and 40-1 treatments.
No significant correlations were observed for the factor scores and yield, except for F3
(Pearson’s correlation coefficient = −0.638, p < 0.05).

Table 8. Crop yield results (kg ha−1) treatments with the same letters are not statistically different
(p < 0.001). Values are given as the mean ± standard deviation (n = 3).

Treatment Yield (kg ha−1)

40-1 8408 ± 921 c
40-2 8752 ± 473 c
40-4 8722 ± 460 c
80-1 6470 ± 1265 b
80-2 7558 ± 480 bc
80-4 7783 ± 782 bc
MF 8877 ± 462 c
C 3505 ± 824 a

Different letters denote different Duncan’s homogeneous groups.

The interaction between yield and F1, F3, and F4 scores, as well as the interaction
between F1 and F4 grouped by treatment are represented through scatter plot graphics in
Figure 1.
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4. Discussion
4.1. Selection of Soil Quality Indicators
4.1.1. Sensitivity to Management

The results of the preliminary ANOVA (Table 3) indicated that some of the pre-selected
soil properties were indeed sensitive to SS application and fertilization management
in the experimental field used in this study. This response was also different for the
two studied depths. At 015 cm, most of the physical and chemical indicators originally
considered were shown to be sensitive to treatments, as well as organic matter indicators
and earthworms, whereas indicators related to the soil microbial community seemed to
be less sensitive. The sensitivity of those preselected was, however, lower in the 15–30 cm
depth, despite all treatments receiving annual inversion tillage at 0–30 cm, which suggests
a depth stratification in the response to treatments. The relevance of the stratification of the
response of soil properties to management [39] and the relatively low sensitivity of SOC
stratification have been largely discussed [65,66].

Regarding the selection of the most sensitive indicators, at 0–15 cm, sensitive indicators
included water retention at −50, microporosity (PØ > 0.2–9, PØ > 9 and PØ > 0.2–9(>0.2)),
PR, aggregate stability (WSA, MWDd, MWDw), available P, total N, EC, pH, extractable
Na, available trace metals except for Mn and Pb, SOC, POM-C, earthworms’ biomass, and
average size. At 15–30 cm, they were PØ < 0.2, available P, total N, EC, pH, exchangeable
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Na, and K, SOC, POM-C, and MBC. The most sensitive indicators in the physical indicator
group were therefore those related to water retention, microporosity, or aggregate stability.
These soil properties are well known to be sensitive to changes in soil when SS or other
organic amendments are used [3,67], as they represent the changes induced in soil structure
as a response to increased inputs of organic matter [68].

On the contrary, non-sensitive indicators included ρb, Ks, AWHC, and PØ 400–1000.
This can be explained, at least partially, by the fact that all treatments receive the same
mechanical management, comprising annual moldboard tillage, seedbed conditioning,
and seeding, as well as mechanical harvesting. In terms of ρb and Ks, the effect of these
operations can counteract that of the addition of organic matter with SS, or from crop
residues. Other studies have also shown that ρb can be less sensitive to changes in the soil’s
physical condition associated to changes in organic matter than other physical indicators,
such as those related to aggregate stability. For instance, [69] found no differences in ρb
between a conventional tillage treatment and long-term no-tillage inducing gains in SOC
on a silt loam soil, while differences were found among tillage treatments concerning WSA
and MWD.

These results can also be understood as some changes in the soil’s physical condition
being more noticeable than total porosity or AWHC. In this sense, there is evidence that
some soil pore-size ranges can be more affected by changes in SOC gains than others.
Indeed, Kirchmann et al. (2002) [70] reported microporosity (1–5 µm) as more sensitive to
management than macropores in an Inceptisol amended with different exogenous organic
matter, which they related to changes in SOC concentration. This coincides with our
observation of a greater sensitivity of micro porosity indicators, especially in the 0–15 cm
depth, than PØ 400–1000 in size, which may indicate that this porosity interval is more
related to management (planar voids, fissures due to tillage), equal to all treatments, than
to the activity of mesofauna.

Among chemical indicators, those related to nutrients (N and P), EC, and pH, as
well as trace metals, proved to be the most sensitive ones at 0–15 cm. The response of
these indicators to SS addition and/or mineral fertilization was expected, and has been
reported in many previous studies on the use of SS in agriculture [12,71,72]. In particular,
the accumulation of trace metals with SS addition has been already reported and studied
in this soil [10,73]. Changes in pH and EC have also been systematically reported in soils
amended with SS, in contrast with MF or non-amended soils [12,74,75] and related to the
content in soluble salts in SS (Table 1).

Carbonate content was included in the original collection of indicators because it has
been observed that the repeated addition of SS and other sources of organic matter can
result in changes in the amount and typology of soil carbonates [76,77]. The content in
carbonates of the studied soil (Table 1) seems, however, elevated enough not to be sensitive
to these changes, although the observed sensitivity of pH (Table 3) suggests that some
changes could be expected in the future if the repeated addition of SS results in some sort
of acidification in this soil. In fact, changes in pH after SS application can occur due to
proton release due to nitrification process, as observed by Tamir et al. (2013) [78] and
Huang & Chen (2009) [79] after application of animal manure or sewage sludge compost,
respectively, which causes CaCO3 dissolution. For instance, Eid et al. (2021) [80] have
recently reported a significant decrease in soil pH (from 8.5 to 7.7) in a short-term pot
experiment when the soil was incubated with SS at doses > 30 g kg−1 soil.

At 15–30 cm (no data on trace metals were available), exchangeable K and Na were
also observed to be sensitive. A positive correlation was found between Ex Na and pH
(Table S2). Other studies confirm this correlation [9,81] between exchangeable cations
and pH, related to the increase in the amount of exchangeable cations, Na and K in this
case, resulting from the leaching process, contributing to the pH acidification. As in most
of the studies conducted on SS application [8,12,82], SOC and POM-C were seen to be
highly sensitive to treatments at both depths [83]. In our study, however, an important
observation was that while both SOC and POM-C revealed to be sensitive to the treatment,
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the proportion of POM-C over SOC was not. This suggests that the differences in SOC
and POM-C between treatments would correspond to the amount of both, and not to
differences in the quality of organic matter, or at least, to the proportion of labile C. Other
studies using SS have also observed that the long-term addition of SS results in changes
mostly in the stock of SOC, rather than in differences in its composition [84], which they
attributed to crop residues being the most relevant source of SOC compared to SS.

Finally, in relation to biological indicators, several studies have reported changes in
the soil microbial biomass or diversity with SS application [75,85,86], since the microbial
community is triggered by the increase of labile C [87], which was indeed sensitive to
treatments in our experimental field (Table 3). However, other studies, such as Urra et al.
(2019) [73], conducted in the same experimental field, or Picariello et al. (2020) [88] in an
incubation experiment, did not find a significant response of soil microbial biomass to
the treatments studied, as was the case in our study at 0–15 cm. This might be due to the
changes observed within soil chemical parameters. For instance, Lloret et al. (2016) [89]
showed that changes in EC can hinder microbial activity in a calcareous soil. Similar
to our results, Roig et al. (2012) [7] found no correlation between basal respiration, a
known indicator of soil biological activity, and the use of SS in the same experimental field
10 years before our collection of samples. In this sense, it has been reported that the soil
microbial community can be more sensitive to tillage practices than to soil organic matter
management [90,91]. Earthworm indicators were, however, clearly sensitive to treatments
in our study. Their response to soil and organic management has been widely studied, and
reported in the sub-humid and semi-arid areas of the region [55,92,93]. In contrast, at the
15–30 cm depth, MBC was found to be significantly sensitive to treatments (Table 3). This
suggests some stratification of microbial biomass, as observed for other indicators such
as ρb and PR, also showing significant differences with depth. As stated above, microbial
biomass can respond better to tillage and changes in the soil physical–chemical condition
than to changes in organic matter, as can be seen by the lack of significant correlations
between MBC and the organic matter parameters at this depth (Table S2). In fact, as in the
study by [89], significant correlations were found between MBC, EC, and pH at this depth
(Table S2).

In summary, those indicators showing the highest sensitivity to management included
some of the originally selected ones, but not all. Among those with the highest sensitivity,
physical, chemical, biological, and organic-matter related indicators were included, which
supports the idea of a holistic approach being needed to understand changes in soil when
SS is tested as an agricultural amendment.

4.1.2. Grouping and Selection of Indicators

The most significant correlations were observed for P and SOC with trace metal
availability at 0–15 cm, and for P and EC with SOC in the 15–30 cm depth. These correlations
suggest that the addition of SS, which overall implied the addition of different accumulated
doses of organic compounds, also implied an enrichment in P, trace metals, and, very
likely, soluble compounds. Zoghlami et al. (2020) [12] reported a concomitant change in
SOC, P, and exchangeable Na with higher doses of SS application. A correlation between
organic matter accumulation and an increase in EC has been also observed in similar
studies [12,75]. These observations again put in evidence the relevance of paying attention
to all consequences of the addition of SS when assessing their effects in soil, as well as the
interaction among soil properties. The correlations observed at both depths were reflected
in the results of the PCA. At the depth of 0–15 cm, the selected indicators had different
loadings in the three factors retained (F1, F2 and F3), so that F1 received high loadings from
organic matter and chemical parameters, while F2 was mostly associated to water retention,
and F3 to earthworm populations (Table 5). These results suggest that that the responses
of soil water retention and earthworms were not directly correlated to that observed for
organic matter, P, and trace metals. This can be explained by different means.
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First, although the soil’s physical condition and porosity are known to interact with
soil organic matter in most soils, the observed discrimination of water retention indicators
(F2) from those related to SOC and nutrients (F1) can be related to the particular mineral
composition of this soil, which contained 16% carbonates in the studied depth (Table 1).
Carbonates are known to interfere with the soil physical stability [94], and can be a factor
of stabilization of soil structure in calcareous soils, making it less dependent on SOC than
in other soil types [95,96]. In addition, the observed correlation between SOC and EC at
both depths and exchangeable Na (at 15–30 cm) suggests that those treatments displaying
SOC gains would also result in an increase in soluble salts, which are a known factor of soil
structure destabilization [68]. Second, the lack of correlation between earthworm indicators
(F3) and those related to SOC and nutrients (F1) and water retention (F2) indicated that
their presence and abundance did not directly respond in this soil to the amount of organic
C stored in each treatment, nor to physical indicators related to water retention. This
suggests that their activity in the studied soil would be dependent on other factors such as
toxicity or compaction.

In this framework, following the criterion for selecting the soil attributes with the
highest sum of correlation coefficients (Table 5) as the most appropriate soil quality indi-
cators [25,63], our results showed that SOC, available P and trace metals, microporosity
and water retention at low water potential (−50 kPa), and earthworms would be those
selected at the 0–15 cm depth. Available P would also be selected at 15–30 cm, together
with SOC and EC, and exchangeable monovalent cations (Na and K). It must be noted
that EC was also a secondary driving factor at 0–15 cm for F1. The relevance of SOC as
an indicator of changes in soil resulting from exogenous organic inputs is logical and has
been demonstrated in many cases [3,12,84,97]. Indeed, in a recent study conducted at a
regional level, the addition of exogenous C has been proven to be the most efficient strategy
to increase SOC stocks in the region of study [98]. SOC is also known to correlate well
with other fertility indicators, such as the cation exchange capacity, in soils where clay
mineralogy is rather stable, like the one used in this study. The linear relation between
applying SS to the soil and the enhance of P, trace metals, and soluble salts, as stated
above, is also well documented [12,81,99]. The calcareous nature of this soil can explain,
at least partially, the accumulation of both P and trace metals [100], resulting in these
indicators displaying a high correlation with the addition of SS. Their value as indicators
for this type of soils seems relevant, as both are related to environmental risks. At the same
time, the selection of earthworms as the most sensitive biological indicator supports their
increasingly recognized role as universal soil biological indicators [22,101,102].

Finally, it can be noted in relation to the selection of indicators that, although the
pre-selection of indicators was performed based on expertise, the approach used in this
study was statistical. This approach has been seen to sometimes result in unexpected or
contradictory selection of indicators [11]. Nevertheless, in our study, the most sensitive
indicators were in harmony with most soil quality assessments [22], and seemed adequate if
the aim of soil quality studies is to provide practical information, with low cost analysis and
with influence on the ecosystem services provided by the soil in the particular conditions
of calcareous soils under SS application.

4.2. Soil Quality Assessment

A soil quality assessment can be performed based on the scores of the factors selected,
and on the link between these factors and the soil functions under study, and the ecosystem
services provided by these functions [19,22]. In this case, the goal being to test the effect
of SS and MF on an agricultural soil, the main function to be assessed would be biomass
production (yield).

Our results showed that amending the studied soil with SS can result in similar yields
as with mineral fertilizers, as reported by Jaber et al. (2005) [103] and Obriot et al. (2016) [11]
on the use of municipal solid waste (MSW). When compared to the control, yields were
high and like MF in the SS treatments with intermediate doses (40-1; 40-2; 40-4; 80-2; 80-4),
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but the treatment with the highest dose (80-1) implied a decrease in yield (Table 7). The
same was previously documented by Mantovi et al. (2005) [72], who reported lower yields
on the highest doses on a on a winter wheat–maize–sugar beet rotation fertilized, due to
excess of N and wheat lodging. Differently, Cherif et al. (2009) [104] observed that a high
dose of municipal solid waste compost (80 t ha−1) enhanced wheat yield by 239%.

In relation to the relationship between factors issued from PCA and yield, for F1, PCA
discriminated the treatments with intermediate doses (40-1; 40-2; 40-4; 80-2; 80-4) from
treatment 80-1 with the highest accumulated SS dose (Table 7). In addition, both MF and C
were differentiated from the SS treatments for this factor. In the 15–30 cm depth analysis,
F4, which, as F1, was associated with nutrient dynamics, trace metals, and organic matter,
also displayed a clear discrimination of MF and C from the treatments receiving SS, and
treatment 80-1 from the other treatments with SS (Table 8). A significant correlation was
indeed found between F1 and F4 (Figure 1), indicating that the effects of the treatments
tested in this group of soil properties were similar in the two studied depths. This suggests
that the continuous application of SS as an organic amendment to the agricultural soil of
this study had a different impact on the soil chemical indicators and organic matter than
mineral fertilization, or even no fertilization, and that, within those treatments with SS, the
dose would also have different effects in this sense.

However, although F1 and F4 correlated with nutrient dynamics, organic matter, and
trace metals, no significant correlation was found between these factors and yield. This can
be explained because the few indicators selected by our analysis of F1 and F4 (available
P, total N, EC, trace metals, and SOC) are known to have implications on yield, which
act in opposite directions [105]. Indeed, as can be seen in Figure 1a, the only treatment
not following a correlation between F1 scores and yields was the one without any type
of fertilization (treatment C). Among the other treatments, the correlation was negative,
suggesting that the increasing use of SS (cumulative dose) would result in an overall
negative effect on the scores in F1 and F4 [72]. From another point of view, and concerning
trace metals, their high loadings in F1 indicate that the assessment of their bioavailability
can be of use to assess changes in soil (which may affect yield) in the conditions of the
study. The studies [10,73] have recently explained the link between SS application and
trace metal accumulation in the soil and crops of this experimental field.

In relation to soil physical indicators, under the site environmental conditions, F2
appeared as a relevant factor to assess soil functions related to structure and water storage.
However, the scores of F2 did not show a clear trend among treatments or different
fertilization management practices and were not either correlated to yield. Still, the high
loadings for microporosity and water storage parameters suggest that they might be of
relevance when assessing soil quality in the field under study.

Finally, on the biological condition of this soil, factor F3 (obtaining the highest loadings
from earthworm indicators) was the only factor that significantly correlated with yield.
The analysis of this factor separated the C treatment from those fertilized (MF and all
treatments with some amount of SS), supporting its potential as an indicator for changes
induced in the soil by mineral or organic fertilization. The correlation with yield was
negative, suggesting that the changes induced by mineral and organic fertilization in
this soil, which would result in increased yield, might be detrimental for earthworm
populations. Indeed, reports on the effect this type of fertilization has on the earthworm
population are contradictory [106]. A better understanding on the relationship between
earthworms and soil management in calcareous soils like the one studied here is needed.
In the region, it has been observed that earthworms can be positively affected by the
reduction of tillage, and the concomitant gains in SOC in long-term trials [55,92,107]. Our
results suggest that, when conventional tillage is used, fertilization may become a major
driver of earthworm abundance in this type of soil.

Overall, the soil quality assessment on a crop field with 25 years of SS application
revealed several implications regarding this type of fertilization. Sewage sludge had
a direct effect on nutrient and organic matter input, as well as on trace metals. Yield
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results indicated that the soil amended with SS was capable of accomplish similar yields as
with MF.

5. Conclusions

The goal of this study was to identify the most sensitive soil indicators to assess
changes in soil quality after long-term application of SS and MF on a cultivated calcareous
soil, and to understand these changes in a controlled experimental field in Mediterranean
sub-humid conditions.

A selection of physical, chemical, and biological indicators, as conducted using PCA
in this study, was possible, resulting in SOC, available P, total N, EC, trace metals, and
earthworms as the most sensitive indicators of changes in the calcareous soil of study.
These showed up, therefore, as the most reliable indicators in the long-term monitoring
of the effect of SS application in the conditions of the study. These indicators have been
frequently identified in other studies on the response of agricultural soils to management
and are, in general, commonly reported and easy to monitor.

The study also showed that the overall response of soil quality to the managements
tested (SS application and MF) was not linear or straightforward. As hypothesized, the
amount and frequency of SS used induced differences in the soil’s chemical, physical,
and biological condition. However, the overall effect of SS application was more evident
on organic matter, nutrients, and trace metals than on the soil’s physical condition or
earthworms. However, physical indicators and earthworms were highly sensitive to
management, and therefore seem useful for assessing changes in soil, not necessarily
related to yield. Indeed, the response of the factors issuing from PCA to the treatments
tested, and their correlation with yield (which was not always positive or significant)
showed that soil quality can be affected in opposite directions by the type of fertilization
(mineral vs. organic), or even by the use or not of fertilizers. This supports the idea that a
holistic approach, including soil chemical, physical, and biological indicators, is needed to
assess soil functioning in this type of agrosystems, while using yield as the only indicator
of soil performance may lead to incomplete diagnosis.
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