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Abstract

The need for more sustainable agriculture less dependent on mineral fertilizers has intensi-
fied the interest in the reuse of agro-industrial by-products as alternative nutrient sources.
This study investigates the agronomic potential of citrus sewage sludge (CSS), derived from
citrus wastewater treatment, as a nitrogen (N) source for wheat cultivation. An experiment
was conducted using two Mediterranean soils with contrasting physicochemical properties,
comparing a non-fertilized control (CTR), inorganic N fertilization (NH4NO3) (CTR + N),
and CSS; fertilizers were applied once at 30 mg of N per plant. Differences in soil organic
carbon availability and C/N ratio, together with carbonate-related properties, influenced N
dynamics in the soil–plant system. In the soil with higher oxidizable organic C and a more
favorable C/N ratio (S1), CSS increased soil ammonium concentrations by about 70% com-
pared with the control and by nearly 50% compared with the soil characterized by lower
organic C availability (S2). In S2, the lower concentrations of both NH4

+ and NO3
− indicate

reduced microbial mineralization and nitrification, consistent with its lower availability
of readily degradable organic carbon. Moreover, wheat grown with CSS exhibited a total
biomass about 40% higher than that of the CTR. The Mineral Fertilizer Replacement Value
(MFRV) reached 73% in S1 and 46% in S2, confirming the potential of CSS as a sustainable
N source, particularly in soils where organic C availability supports microbial activity and
N transformations. Future strategies should focus on improving CSS use through specific
soil management practices.

Keywords: sustainable agriculture; soil nutrient dynamics; crop productivity; biosolid
management; environmental impact

1. Introduction
Global population is expected to reach 9.7 billion by 2050 [1], which will imply an

increased food demand. To meet this demand, it is necessary that global agricultural pro-
duction increases by 70–100%, taking into account expected changes in diet composition,
consumption levels, and income growth. These socio-economic changes are not only boost-
ing food demand, but also redefining expectations in terms of food quality, sustainability,
and equity [2]. The pandemic and the climate crisis have exerted unprecedented pressure
on global food systems. These interconnected challenges require integrated solutions, as
sustainable and inclusive food systems are fundamental to peace and stability. The pressing
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need to increase food production has intensified global dependence on fertilizers, which
are essential for maintaining crop yields due to their stable nutrient concentrations [3,4].
Moreover, the cost of fertilizers, which has remained consistently high since March 2020,
has led to a significant decrease in wheat (−30%), maize (−15%) and sunflower (−70%)
production, further threatening global food security [5,6]. Nitrogen (N) and phosphorus
(P) are needed in great amounts, but significant quantities are lost in waste streams. It
is estimated that 22 million Mg of N are lost each year [5]. In addition, the traditional
intensive use of chemical fertilizers in many regions of the world has raised serious environ-
mental and agronomic concerns. Prolonged application reduces soil organic matter (SOM)
and contributes to pollution [7]; however, this effect varies depending on management
practices [8]. The high salt content in these fertilizers can damage both plants and soil,
leading to long-term degradation of soil fertility [9]. In contrast, the nutrients contained in
organic fertilizers must first be mineralized by soil microorganisms before they become
available to plants. Long-term supply of organic fertilizers improves soil properties by
promoting the accumulation of organic matter, in turn increasing carbon pools with slower
turnover rates [10]. This issue is particularly critical in arid and semi-arid areas of the
Mediterranean, where decades of intensive agricultural practices have degraded soil fer-
tility to levels that threaten long-term agricultural productivity. Therefore, a transition
to more sustainable practices is essential. In this context, identifying renewable organic
sources for reuse as fertilizers can contribute to nutrient cycling, decreasing the dependence
on mineral fertilizers and sustainable soil management.

Citrus fruits are cultivated in over 140 countries worldwide and most are intended for
human consumption. Globally, citrus production is dominated by sweet oranges (65%),
followed by tangerines (19%), lemons and limes (11%), and grapefruit (5%) [11]. In this
context, Mediterranean countries play a leading role as major producers of fresh citrus fruits
for the international market [12]. On average, over 20% of total citrus fruit production is
processed industrially, mainly for the extraction of juices and essential oils (EO) [13]. These
processes generate two main by-products: a solid or semi-solid fraction, consisting of peel
and fruit residues, and citrus wastewater (CWW). The CWW is typically sent to wastewater
treatment plants for disposal, as required by environmental legislation (e.g., Directive
91/271/EEC on urban wastewater treatment and subsequent national implementations).
During treatment, the resulting citrus sewage sludge (CSS), rich in N and organic matter,
represents a potentially valuable resource [14]. If managed and treated appropriately to
ensure safety, CSS could be recovered and reused in agricultural systems as organic soil
improvers or fertilizer alternatives, contributing to nutrient recycling and promoting more
sustainable waste management practices [15]. Indeed, CSS are characterized by subalkaline
pH, high electrical conductivity (however, lower than 4 dS m−1), and contains, on average,
255 g kg−1 of total organic carbon (TOC) and 40 g kg−1 of N [16]. The application of
CSS can significantly improve the availability of N for plant uptake, while increasing soil
organic carbon [17–19]. However, the efficiency with which CSS release plant-available N
is expected to vary depending on soil characteristics that control the microbial degradation
of organic matter, such as organic C availability, C/N ratio, and carbonate-related buffering
capacity [20]. This effect is particularly valuable in arid and semi-arid regions where organic
matter is constantly declining. Therefore, this study aims to evaluate the fertilizer potential
of CSS in two soils with contrasting properties, particularly in terms of organic carbon
availability, C/N ratio and carbonate content, and to assess how these soil characteristics
influence the mineralization of CSS-derived nitrogen and its uptake by wheat plants.
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2. Materials and Methods
2.1. Soils

Two Mediterranean soils were collected and prepared for the experiment. According
to the USDA Soil Taxonomy [21], soil S1 was classified as Inceptisol while soil S2 as Alfisol.
The main soil properties are detailed in Table 1. The characterization of the two soils was
carried out using standard analytical procedures. Reaction and electrical conductivity (EC)
were measured in a 1:2.5 (w/v) soil-to-water suspension. Oxidable organic carbon was
determined by the Walkley–Black wet oxidation method [22]. Total carbonates were quanti-
fied by a volumetric calcimeter method, while active carbonate was measured following
standard titrimetric procedures. Soil nitrate was determined by the second-derivative spec-
trophotometric method [23] and ammonium was measured according to Mulvaney [24].
Total N was determined by the Kjeldahl digestion method [25]. Available P was assessed by
the Olsen method [26] and P in the resulting bicarbonate extracts quantified colorimetrically
according to Murphy and Riley [27]. The cation exchange capacity was measured using the
ammonium acetate method.

Table 1. Main chemical properties of the soil used for the experiment.

Parameters Unit S1 S2

pH 8.5 7.9
Electrical Conductivity µS cm−1 139 131

Oxidable Organic Carbon % 0.7 0.5
Total carbonates % 47 7

Active Carbonate % 10 2
Nitrate mg kg−1 65 60

Ammonium mg kg−1 5 9
Total N % 0.08 0.08

Available P mg kg−1 6 9
Cation Exchange Capacity cmolc kg−1 10 10

2.2. Citrus Sewage Sludge Characterization and Chemical Properties

Citrus wastewater treatment plants generate a large amount of sludge that differ
in quantity and chemical composition. This sludge generally contains organic matter,
macronutrients (such as nitrogen, phosphorus, and potassium), heavy metals, organic
microcontaminants (such as pharmaceuticals and pesticides), and a diverse range of mi-
croorganisms, both beneficial and harmful [14].

Citrus sewage sludge used in this study were collected from a citrus processing
industry (Agrumaria Corleone Spa, Palermo, Italy). These consisted of the waste produced
by the wastewater treatment process of the citrus industry. The CSS used in this study
derived from the aerobic digestion step of the citrus wastewater treatment process, in which
microorganisms oxidize and stabilize the organic fraction before sludge dewatering.

2.3. Citrus Sewage Sludge Analyses

CSS were air-dried before analysis and subsequently characterized to determine their
main chemical properties. Reaction and electrical conductivity (1:2.5, w/v) were determined
by a pH meter (FiveEasy, Mettler Toledo Spa, Milan, Italy) and a conductometer (HI5321,
Hanna Instruments Italia Srl, Padua, Italy), respectively. Total nitrogen (TN) and carbon
were determined using a CHN-analyzer (Perkin–Elmer 2400 CHNS/O elemental analyzer,
New York, NY, USA). To determine total phosphorus (Total P), 0.25 g of pulverized CSS
material underwent mineralization in porcelain crucibles by a muffle furnace at 550 ◦C for
8 h. The ashes were later recovered through acid digestion using 10 mL of 1 M HCl on a
hot plate at 100 ◦C for 15 min. The digested samples were recovered in 15 mL tubes and
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adjusted to a volume of 10 mL with MilliQ water. The amount of P was determined by the
colorimetric method of Murphy and Riley [27].

The content of macronutrients and heavy metals in CSS was determined by microwave
plasma atomic emission spectroscopy (MP-AES) (Agilent 4210 MP-AES, Milan, Italy)
following CSS mineralization by wet digestion procedure (2% HNO3 and 30% H2O2).
Briefly, 0.5 g of CSS were weighed into a porcelain crucible and placed in a cool muffles
furnace. The furnace temperature was set to reach 550 ◦C in about 2 h and samples were
left to stand overnight. Then, samples were removed and, after cooling, 5 mL of 2% HNO3

and 5 mL of 30% H2O2 were added. Then, they were placed in a hot plate at 250 ◦C for
2 h and, if needed, the addition of 2% HNO3 and 30% H2O2 was repeated. After cooling,
the digested sample was transferred quantitatively to a volumetric flask and brought to a
20 mL volume with 2% HNO3 [28]. As and Hg were not determined since they were absent
in the raw materials.

2.4. Experimental Design and Setup

The experiment was carried out in a growth chamber located at the Higher Technical
School of Agricultural Engineering (ETSIA) of the University of Seville (Spain). Black
plastic pots (10 × 20 cm) with a capacity of 1 L were used. The growing media was
prepared by mixing 950 g of soil, previously sieved at 4 mm and homogenized, with 25%
perlite of the total volume. Wheat crop was selected for this experiment because of its
global importance as an agricultural crop and for its sensitivity to N input. Wheat seeds
were pregerminated by sowing in a nursery for 4 days at 4 ◦C, moistened with distilled
water and 0.1 M CaCl2 to prevent root rot. After that, four seeds were transplanted into
each pot containing soil already mixed with CSS. Inorganic fertilizer (NH4NO3) or CSS
were mixed with soil at a rate of 30 mg of N per plant. This corresponded to the addition
of approximately 2.3 g CSS kg−1 soil and 0.4 g NH4NO3 per pot. Not fertilized soil was
used as control. Eight pots per treatment were set up (n = 4). The pots were placed in the
growing chamber with 16 h of light at 22 ◦C and 40% relative humidity, and 8 h of darkness
at 18 ◦C and 60% relative humidity, with a light intensity of 22 w m−2. Irrigation was
applied to maintain soil water holding capacity at about 70%. Within the first two days of
transplanting the wheat seedlings, irrigation was conducted only with water, after which
modified Hoagland solution, N-free, was applied on a regular basis [29].

The experiment was designed as a Randomized Complete Block Design (RCBD)
including two soils (S1 and S2), three treatments (CTR, CTR + N, and CSS), and four
replicates per treatment. Each pot contained four wheat plants, resulting in 12 pots per soil
(24 pots in total).

The growth experiment lasted 80 days.

2.5. Soil Analyses

At the end of the experiment, the soil and plants of each pot were separated to be
analyzed. Soil samples were separated from plant root apparatus by shaking off soils from
wheat roots. Then, the soil of each pot was fully mixed, air-dried, and sieved at <2 mm and
stored for further analyses. Soil ammonium (NH4

+) and nitrate (NO3
−) were determined

on soil extracts performed with 2 M KCl. In brief, 2 g of soil was end-over-end shaken
with 20 mL of extractant in polyethylene falcon tubes of 50 mL, at 180 rpm for 30 min. Soil
NH4

+ and NO3
- were quantified through colorimetric analysis employing the Berthelot

method [24] and the Spectroquant® Nitrate test, using a spectrophotometer (UVmini-1240,
Shimadzu Italia Srl, Milan, Italy) after the formation of a yellow-green and red complex,
respectively. β-glucosidase activity was determined on soil samples previously stored at
−20 ◦C. The activity of soil β-glucosidase was determined by measuring the amount of
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p-nitrophenol formed from 4-nitrophenyl-β-D-glucopyranoside, following the method of
Eivazi and Tabatabai [30] (Figure 1).

Figure 1. Scheme of the experimental design.

2.6. Plant Analyses

Root and shoot samples were first washed with tap water and then with distilled
water oven-dried at 65 ◦C for 72 h and dry weight noted. Then, roots, stems, gluma, and
wheat grain were collected separately and ground using a small laboratory mill (Retsch
GM 200, Haan, Germany) until a fine, homogeneous powder was obtained (<1 mm particle
size) for subsequent analysis. The N concentration in plant tissues was determined using
the Dumas Method [31] by the CNS-Trumac Elemental Autoanalyzer by LECO (Milan,
Italy). Tissue N concentrations were used to calculate total plant N uptake and the Mineral
Fertilizer Replacement Value (MFRV).

Nitrogen uptake was calculated as the sum of the N uptake of each plant organ,
obtained by multiplying the dry weight of each organ by its N concentration. By using N
uptake, the replacement value of the alternative fertilizer products, CSS, (MFRV—Mineral
Fertilizer Replacement Value) was calculated as reported by Ayeyemi et al. [32] from the
amount of commercial mineral N fertilizer saved or replaced when using an alternative
fertilizer while achieving the same N uptake or yield. It can be interpreted as the percentage
of commercial mineral fertilizer that alternative fertilizers can replace. It was estimated
based on each application of Equation (1):

MFRV =
Nuptakei

− Nuptakec

Nuptakes
− Nuptakec

× 100 (1)

where Nuptakei
is the Nuptake by the crop in the treatment with alternative fertilizer i, Nuptakec

is the average Nuptake in the non-fertilized control treatment, and Nuptakes
is the average N

uptake in the mineral fertilizer treatment at the same N rate as i.

https://doi.org/10.3390/agriculture16010037

https://doi.org/10.3390/agriculture16010037


Agriculture 2026, 16, 37 6 of 13

2.7. Statistical Analysis

Reported values are the arithmetic mean ± standard deviations of four replicates.
Before performing parametric statistical analyses, normal distribution and variance ho-
mogeneity of the data were checked by Shapiro–Wilk test and Levene’s tests, respectively
(p-value > 0.05). All variables were subjected to two-way ANOVA, considering soil type
(S1 and S2) and N supply forms (CTR, CTR + N, CSS) as factors. Significant statistical
differences among treatments were assessed by Tukey test (p < 0.05). All statistical analyses
were performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA, 1996).

3. Results and Discussion
3.1. Chemical Properties of Citrus Sewage Sludge

The main chemical properties of CSS used for this experiment are reported in Table 2.

Table 2. Main chemical parameters determined on citrus sewage sludge (CSS) according to Directive
86/278/EEC [33]. n.d., not detectable.

Parameter CSS

pH 6.7 ± 0.1
Electrical conductivity (dS m−1) 2.19 ± 0.07

Total carbon (g kg−1) 158 ± 1.8
N (g kg−1) 52 ± 1.2
P (g kg−1) 4 ± 0.3

Ca (g kg−1) 2 ± 0.2
K (g kg−1) 0.6 ± 0.1

Mg (g kg−1) 0.5 ± 0.1
Na (g kg−1) 0.1 ± 0.04

Fe (mg kg−1) 4 ± 0.2
Zn (mg kg−1) 18 ± 0.3
Pb (mg kg−1) 6 ± 0.4
Cu (mg kg−1) 16 ± 0.3
Ni (mg kg−1) 122 ± 0.7
Mn (mg kg−1) 10 ± 0.2
Al (mg kg−1) 122 ± 0.9
Cr (mg kg−1) 10 ± 0.4
Cd (mg kg−1) n.d.

Citrus sewage sludge exhibited almost neutral pH (6.7) and moderate electrical con-
ductivity (2.19 dS m−1), indicating a good degree of stabilization. The relatively high
N content (52 g kg−1) and low C/N ratio (~3) suggest an easily mineralizable organic
fraction, likely due to the protein-rich nature of citrus residues and to microbial biomass
accumulation during aerobic digestion [16,34]. Phosphorus (4 mg g−1) represented the
dominant primary macronutrient after N, whereas Ca, Mg, and K occurred at lower con-
centrations, consistent with the typical nutrient pattern of fruit-processing sludges [14,35].
Compared with municipal sewage sludge, CSS contained similar N but higher P and lower
K levels [36]. When compared with livestock manure, CSS were richer in N and P but less
saline than poultry litter, suggesting favorable agronomic properties [34,35]. Heavy metals
were all below the Directive 86/278/EEC thresholds, confirming the environmental safety
of this material for agricultural use [37]. Such composition suggests that, when applied to
soil, CSS may act as a readily available nutrient source for plants, especially N.
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3.2. Effect of N Supply Forms on N Dynamics in Soils

Soil nitrate and ammonium contents were influenced by the type of N supply
(NH4NO3 and CSS) and by soil properties regulating microbial activity, including organic
C availability, C/N ratio, and carbonate-related buffering capacity. In S1, the application of
NH4NO3 resulted in a pronounced increase in NO3

− concentrations compared to other
treatments in the S1 (Figure 2). This effect can be attributed to the direct input of NO3

−

from the fertilizer. The higher value obtained in this treatment compared to S2 likely reflects
more favorable conditions for microbial activity in S1, including alkaline pH and greater
availability of organic C to sustain nitrifier metabolism. Indeed, alkaline pH values are
known to promote the growth and activity of ammonia-oxidizing bacteria, accelerating
NH4

+ oxidation to NO3
− [38].

Figure 2. Nitrate and ammonium content in tested soil. Experimental factors were as follows: soil
type (S1, S2), fertilizer type (CTR, no fertilizer; CTR + N, ammonium nitrate; CSS, citrus sewage
sludge), and their interaction. Different capital letters indicate significant differences (p < 0.05) among
treatments within the same soil; lowercase letters indicate significant differences (p < 0.05) among
soils within the same treatment.

The application of CSS in S1 led to higher NH4
+ concentration compared to the other

treatments. This outcome suggests that the organic nature of CSS influenced the nitrification
process probably by modulating microbial community dynamics. In particular, the presence
of complex organic compounds in CSS likely delayed the release of inorganic N, like NH4

+

and NO3
−, while simultaneously stimulating microbial activity as microorganisms accessed

labile carbon substrates. Organic amendments can alter the abundance and activity of
nitrifying microorganisms, occasionally suppressing ammonia-oxidizing bacteria due to
competition for substrates or the presence of inhibitory compounds [39]. A contrasting
pattern emerged in S2. The moderate increases in both NH4

+ and NO3
− following the

addition of NH4NO3 suggest that nitrification was less efficient, mainly because the soil
provided limited organic C to sustain microbial activity [40]. Although pH conditions in S2
are still suitable for nitrification, the much lower availability of oxidizable organic C and its
narrower C/N ratio greatly reduced the energy supply required for both mineralization and
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nitrification [20]. This interpretation is consistent with the behavior of the CSS treatment
in S2, where only a modest accumulation of NH4

+ and low NO3
− levels were detected

(Figure 2), indicating strong constraints on microbial processes driven by carbon limitation.
Taken together, these responses demonstrate that the differences in soil organic matter
quantity and quality, rather than pH or carbonate buffering, played a central role in
regulating N transformations following fertilization [41]. Soil analyses showed that S1
contained approximately 40% more organic matter than S2 and had a more favorable C/N
ratio (12 vs. 9), providing a larger pool of degradable C to support microbial metabolism.
This likely enhanced both ammonification and subsequent nitrification in S1. In contrast,
the limited amount of readily mineralizable C in S2 reduced microbial energy inputs,
constraining N mineralization and oxidation even under pH conditions typically suitable
for nitrification.

Comparable behavior has been reported for other organic amendments under favor-
able soil conditions. Geisseler [20] showed that a substantial fraction of total N in organic
fertilizers can become mineral N over time, with modeled mineralization values ranging
from 61 to 73% after 100 days for several materials and around 32–40% for poultry manure
and manure compost. Similarly, Antille et al. [42] found that a biosolid-derived organomin-
eral fertilizer released 40–72% of its total N within the first 30 days of soil incubation, with
an additional 10–28% released over the following 60–90 days. Taken together, these findings
support our observation that conditions combining adequate pH and sufficient organic C
availability allow organic N sources such as CSS to supply mineral N efficiently.

In addition, they show that the nature of the N source, whether mineral or organic,
interacts substantially with soil conditions. Rapid nitrification following NH4NO3 applica-
tion in alkaline soils enhances the immediate availability of NO3

− concentration compared
to CSS, reflecting an oversupply of NO3

− that has exceeded plant demand. Moreover, this
behavior may also increase the risk of NO3

− leaching, as highlighted by Volpi et al. [43].
Conversely, the gradual mineralization of organic N sources, such as CSS, can provide a
more controlled release of plant-available N that appears to be more closely synchronized
with plant uptake, although this effect is heavily dependent on soil microbial activity and
environmental conditions.

The application of CSS significantly enhanced β-glucosidase activity, particularly
in S1, where values were approximately 18% higher than in the control (Figure 3). β-
glucosidase is a key enzyme involved in cellulose degradation catalyzing the release
of glucose units, and its activity is often used as an indicator of microbial functional
diversity and soil organic matter turnover [44,45]. The observed increase in β-glucosidase
activity following CSS addition can be attributed to the high concentration of labile organic
carbon supplied by CSS. This fraction provided an easily available energy source for
soil microorganisms, thereby stimulating microbial growth and enzyme synthesis [17,46].
The stronger enzymatic response observed in S1 is consistent with its higher soil organic
C content and more favorable C/N ratio, which together supported greater microbial
functional capacity than in S2. Carbonate-related pH buffering in S1 may have contributed
to enzyme stability, but likely played a secondary role compared with the greater availability
of degradable organic carbon. Consequently, β-glucosidase activity persisted at higher
levels in S1, whereas in S2, lower microbial activity and restricted C availability likely
constrained enzyme production. Although microbial community composition was not
directly assessed, the enzymatic response indicates a more active and functionally diverse
microbial population in S1 following CSS application.
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Figure 3. β-glucosidase activity in soils at the end of the crop cycle. Tested experimental factors were
as follows: soil type (S1, S2), fertilizer type (CTR, no fertilizer; CTR + N, ammonium nitrate; CSS,
citrus sewage sludge), and their interaction. Different capital letters indicate significant differences
(p < 0.05) among treatment within the same soil; lowercase letters indicate significant differences
(p < 0.05) among soils within the same treatment.

3.3. Effect of N Supply Forms on Plants

Plant growth and N use efficiency were strongly influenced by the type of fertilizer
applied and soil characteristics. In terms of biomass accumulation, total dry weight of
wheat plants was only significantly affected by N supply forms in S2 (Figure 4). In this
soil, the control exhibited the lowest dry weight, while CSS and CTR + N treatments
significantly increased biomass with no differences between the two treatments in S1. Such
results highlighted the ability of CSS to match the performance of inorganic N. Comparable
plant responses have been reported in other studies using organic amendments. Lucia
et al. [16] observed a 33% increase in lettuce dry biomass and a 22% increase in chlorophyll
index (SPAD) in soil amended with citrus sewage sludge at 10 t ha−1 compared to the
control, supporting the potential of CSS to supply readily available nutrients and enhance
crop growth under favorable soil conditions.

In contrast, in S1, all treatments resulted in statistically similar dry biomass, suggesting
that the higher nutrient retention capacity and inherent fertility of this soil may have
covered the differences in N input.

The mineral fertilizer replacement value (MFRV) of CSS in S1 was 73%, significantly
higher than the 46% observed in S2 (Figure 5). This indicates that CSS supplied a substantial
portion of the N required by the crop in S1. The lower MFRV in S2 may be attributed to
reduced nitrification, largely driven by the lower availability of oxidizable organic carbon
and the narrower C/N ratio in this soil. These conditions limited microbial energy supply
and constrained both ammonification and nitrification, resulting in reduced N uptake
by wheat.

https://doi.org/10.3390/agriculture16010037
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Figure 4. Total dry weight of wheat plant. Tested experimental factors were as follows: soil type (S1,
S2), fertilizer type (CTR, no fertilizer; CTR + N, ammonium nitrate; CSS, citrus sewage sludge), and
their interaction. Different capital letters indicate significant differences (p < 0.05) among treatment
within the same soil; lowercase letters indicate significant differences (p < 0.05) among soils within
the same treatment.

Figure 5. Mineral fertilizer replacement values (MFRV) of CSS applied to different soil (S1, S2)
with wheat crop. Lowercase letters indicate significant differences (p < 0.05) among soils within the
same treatment.

The findings support the potential of CSS as a sustainable N source for wheat crops,
capable of partially replacing synthetic fertilizers. Antille et al. [42] reported that biosolid
applications can sustain crop yields comparable to mineral fertilization, although their
effectiveness is strongly controlled by soil organic carbon availability and microbial activity.
On the one hand, CSS can provide a cost-effective and environmentally friendly alternative
to mineral fertilizers. On the other hand, in soils characterized by low organic C availability
or limited microbial activity, complementary strategies, such as combining CSS with mineral
N or improving soil structure to sustain high nitrification level, may be required to enhance
its effectiveness.
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4. Conclusions
The results showed that N dynamics were more efficient in S1, where soil organic

matter quality provided more favorable conditions for microbial activity and nitrification.
Under these conditions, CSS effectively supported wheat growth, achieving an MFRV of
73%, and stimulated β-glucosidase activity, indicating enhanced microbial functioning.
In contrast, CSS efficiency was lower in S2, where limited carbon resources constrained
microbial processes, reducing N mineralization and uptake. Overall, CSS represents a
promising organic N source when applications are adapted to soil characteristics. The
CSS used in this study contained heavy metals well below the limits set by Directive
86/278/EEC, indicating no short-term accumulation risk; nevertheless, long-term soil and
plant monitoring would be useful to assess potential accumulation over time.

These conclusions refer to the chemical and biological behavior of nitrogen under
contrasting soil organic matter conditions. Further studies integrating microbial activity and
community composition would help clarify the mechanisms underlying N transformations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture16010037/s1, Table S1. Dry biomass and nitrogen
content of each plant fraction, determined at the end of the growth cycle. Experimental factors were:
soil type (S1, S2), fertilizer type (CTR, no fertilizer; CTR+N, ammonium nitrate; CSS, citrus sewage
sludge), and their interaction. Different capital letters indicate significant differences (p < 0.05) among
treatments within the same soil; lowercase letters indicate significant differences (p < 0.05) among
soils within the same treatment. DW = dry weight; DWR = dry weight of roots; DWS = dry weight of
stems; DWGl = dry weight of gluma; DWGr = dry weight of grain; N = nitrogen content; NR = N in
roots; NS = N in stems; NGl = N in gluma; NGr = N in grain; NTOT = total plant N; R = root; S = stem;
Gl = gluma; Gr = grain. Figure S1. Number of grains in wheat plants. Experimental factors were:
soil type (S1, S2), fertilizer type (CTR, no fertilizer; CTR+N, ammonium nitrate; CSS, citrus sewage
sludge), and their interaction. Different capital letters indicate significant differences (p < 0.05) among
treatments within the same soil; lowercase letters indicate significant differences (p < 0.05) among
soils within the same treatment.
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