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Abstract

This study evaluates the agronomic and environmental performance of pelletized com-
post derived from olive mill waste as a sustainable alternative to mineral fertilizers for
cultivating wheat (Triticum turgidum L.) under conventional tillage methods. A field experi-
ment was conducted in semi-arid Spain, employing three fertilization strategies: inorganic
(MAP + Urea), sewage sludge (SS), and organic compost pellets (OCP), each providing
150 kg N ha~!. The parameters analyzed included wheat yield, grain quality, soil prop-
erties, and greenhouse gas (GHG) emissions. Inorganic fertilization yielded the highest
productivity and nutrient uptake. However, the OCP treatment reduced grain yield by only
15%, while improving soil microbial activity and enzymatic responses. The SS and OCP
treatments showed increased CO; and N,O emissions compared to the control and inor-
ganic plots. However, the OCP treatment also acted as a CHy sink. Nutrient use efficiency
was greatest under mineral fertilization, though the OCP treatment outperformed the SS
treatment. These results highlight the potential of OCP as a circular bio-based fertilizer
that can enhance soil function and partially replace mineral inputs. Optimizing application
timing is critical to aligning nutrient release with crop demand. Further long-term trials are
necessary to evaluate their impact on the soil and improve environmental outcomes.

Keywords: olive mill waste compost; pelletized fertilizer; wheat yield; nitrogen use
efficiency; greenhouse gas emissions

1. Introduction

In 2022, the production of fertilizers in Europe reached 17.3 million tonnes, with nitro-
gen (N) fertilizers, both simple and compound, accounting for around 72% of total chemical
fertilizer consumption. During the 2021/22 growing season, 26% of N fertilizer use in
Europe was allocated to cultivating wheat (Triticum aestivum L.), highlighting the crop’s
high N demand [1]. Nitrogen is a key macronutrient that is essential for optimizing wheat
yield and grain quality. Efficient N management enhances productivity and minimizes
environmental and economic costs [2]. Wheat performance is the result of a complex inter-
play between genetic traits and environmental conditions during development [3]. Among
agronomic practices, fertilization significantly influences yield and grain composition. Ad-
vances in plant metabolomics now enable the detailed characterization of physiological
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responses to nutrient regimes, providing valuable insights into stress assessment and crop
phenotyping [4]. Empirical studies have demonstrated that high N inputs increase grain
protein content and improve starch composition and baking quality [5]. For instance,
one study [6] reported elevated levels of amino acids such as aspartate, asparagine, and
tryptophan under high N conditions, while the levels of compounds such as fructose and
succinate were reduced.

Despite these agronomic benefits, excessive N input often results in poor nitrogen
use efficiency (NUE) and substantial environmental costs. N fertilizer losses contribute
to ammonia (NHj3) volatilization and the greenhouse gas (GHG) emissions, particularly
nitrous oxide (N,O) and methane (CHy4), which have global warming potentials (GWP)
265 and 28 times greater than CO,, respectively [7]. Furthermore, the production of
synthetic fertilizers relies on non-renewable resources, raising long-term sustainability
concerns for intensive agricultural systems [8]. In response, the European Union has
adopted the Green Deal [9], which targets a 55% reduction in net GHG emissions by 2030
(compared to 1990 levels), while also promoting more sustainable fertilization practices.
Key initiatives, such as the Farm to Fork Strategy and the Circular Economy Action Plan,
advocate the recovering of nutrients from organic waste streams in order to close nutrient
cycles and reduce reliance on synthetic inputs [10].

Olive oil production is one sector with significant potential for implementing circular
nutrient strategies. Global output has tripled over the last six decades, reaching three mil-
lion tonnes in the 2020/21 season [11] (IOC, 2021). The two-phase extraction process
generates substantial amounts of olive mill waste (OMW), also known as olive pomace
or alperujo. This phenolic-rich by-product has phytotoxic and antimicrobial properties
that pose environmental risks [12-14]. Composting and vermicomposting have proven
effective in detoxifying OMW and converting it into valuable organic amendments [15,16].
These composted materials contribute to restoring soil fertility, enhancing microbial reacti-
vation and sequestering carbon through the stabilizing organic matter [17]. Notably, the
application of composted olive pomace has demonstrated the potential to replace mineral
fertilizers while improving soil quality and reducing environmental impacts [18]. However,
its use in agriculture is hindered by logistical limitations, such as low bulk density, handling
difficulties, and the release of dust and volatile organic compounds [19]. Pelletization, a
mechanical densification process, offers a viable solution by improving storage, transport,
and application efficiency [20,21]. Unlike prior studies using raw olive mill waste, our
pelletization process enhances nutrient homogeneity, reduces phytotoxicity, and improves
field applicability.

In addition to compost, the use of other organic materials, such as sewage sludge
(SS), as an alternative fertilizer is becoming increasingly popular, particularly in arid and
semi-arid regions where synthetic inputs are expensive [22]. S5 is rich in organic matter, as
well as the macronutrients (NPK) and micronutrients. When applied at the correct dosage,
it has been shown to increase wheat yields and soil fertility [23], while also contributing to
soil carbon stocks and mitigating climate change [24]. Given the trade-offs between mineral
and organic fertilization, evaluating their combined use in conventional tillage systems is
becoming increasingly important [25]. A deeper understanding of how different fertilizer
types and application rates affect crop productivity, soil properties and environmental
outcomes is essential for guiding sustainable management.

This study aims to evaluate the agronomic and environmental effects of mineral and
organic fertilization strategies on wheat (Triticum aestivum L.) cultivated using conventional
tillage methods. Specifically, the research will focus on the application of pelletized compost
derived from olive pomace, assessing its impact on wheat yield, grain quality, metabolomic
profiles, soil physicochemical properties and greenhouse gas emissions. Unlike prior
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studies using raw olive mill waste, our pelletization process enhances nutrient homogeneity,
reduces phytotoxicity, and improves field applicability. This study will contribute to the
development of circular nutrient management practices by promoting the use of agro-
industrial residues in sustainable agriculture.

2. Materials and Methods
2.1. Site and Experimental Design

The field experiment was conducted at the Aula Dei Experimental Station (EEAD-
CSIC) in Zaragoza, Spain (41°43'15.2” N, 0°48'51.8"” W) during the 2022/23 growing
season. The site is located in the semi-arid Ebro River valley, which is characterized by
high potential evapotranspiration and variable annual precipitation [26]. During the study
period, the mean air temperature was 14.5 °C and total precipitation reached 390 mm,
whereas annual potential evapotranspiration typically exceeds 1200 mm.

The soil at the site is classified as a fine loam, mixed, thermic Xerollic Calciorthid
(USDA taxonomy) with a loam texture [27]. In the topsoil layer (0—20 cm), the soil properties
were 1.67% organic matter, had a pH of 8.43 (at a soil-water ratio of 1:2.5), and an electrical
conductivity of 236 uS m~!. Meteorological data for the 210-day experimental period were
obtained from a nearby automated weather station belonging to the SIAR network (Spanish
Ministry of Agriculture) (Supplementary Materials Figure S1).

The experiment was laid out in a randomized complete block design with three repli-
cates. Each 8 m x 3 m plot was sown with durum wheat (Triticum turgidum L. subsp. durum,
cv. SCULPTUR) at a rate of 250 kg ha~!, with a row spacing of 17.5 cm. Three fertilization
treatments were applied, each providing 150 kg N ha~! via manual surface application
(Table 1). The three treatments, (a) pelletized compost (OCP), (b) sewage sludge (SS) and
(c) inorganic MAP (11-52-00), were applied at sowing on 18 November (Zadoks 0.0). Treat-
ment (c) was supplemented with urea (IN, 46-0-0) at the tillering stage on 16 February
(Zadoks 2.3).

Table 1. Fertilizing treatments applied in each wheat field experiment.

Treatment Nutrient Rate Fertilizer Rate
(kg ha—1) (kg ha-1)
P N P N
Control ! C 0 0 0 0
Inorganic (MAP + Urea) IN 50 150 188 326
Sewage Sludge SS 60 150 7500
Organic Pelletized Compost ocp 40 150 6000

1 Control (without fertilization). The number indicates the nutrient rate in kg ha~1, “N” and “P” indicate nitrogen
and phosphorus.

The OCP comprised composted olive mill waste, poultry manure, and olive leaves
in a 60:20:20 ratio [17], processed into 5 mm pellets using a 4 HP pelletizer. Conventional
tillage was employed, and flood irrigation was applied on 24 March, 20 April, and 12 May.
Weed and pest control were conducted uniformly across treatments.

The physicochemical properties of the organic fertilizers were determined using the
methodology outlined in reference [28] (Table 2). The total concentrations of macro-, meso-,
and micronutrients were measured using inductively coupled plasma optical emission
spectrometry (ICP-OES) [29]. The total organic carbon (TOC) and total nitrogen (TN)
content was analyzed using an automatic elemental analyzer (EuroVector, Milan, Italy).
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Table 2. Composition of the organic fertilizers used on the trial.

Nutrient @ SS OocCP

pH 6.56 + 0.43 9.05 + 1.61
EC(dSm™) 5.68 & 0.87 3.51 £2.34
OM (%) 52.4 £ 0.01 79.6 + 1.17
TOC (gkg™1) 292 + 1.02 386 + 0.79
TN (gkg™1) 46.2 £+ 0.96 25.4 + 0.49
NH;*-N (mg kg™1) 263 +£222 54.7 4 0.09
NO;~-N (mg kg1 8.20 + 0.05 255+ 10.1
P(gkg™) 8.03 +10.9 6.56 + 0.28
K(gkg™) 2.51 +1.02 26.9 4 1.49
Na (g kg™ 1.20 £ 5,57 1.12 £ 0.65
S(gkg™) 14.0 £23 3.68 & 0.01
Ca(gkg™) 446 +7.8 382+ 0.6
Mg (gkg™1) 5.84 +4.23 4.40 +1.20

Fe (gkg™1) 12062 + 12 2212 40

Mn (mg kg 1) 240 +2 294 +2
Cu (mg kg™1) 166 + 3 96.9 + 0.5

Zn (mg kg™ 743 £ 2 235+ 0

2 Values on a dry matter basis. EC: Electric Conductivity, TOC: Organic Carbon. Values indicate mean + SE (1 = 3).
For acronyms see Table 1.

2.2. Soil Analysis

Topsoil samples (from a depth of 0-20 cm) were collected using a stainless steel probe
at two time points: sowing (Ti: 0 days) and harvest (Tf: 210 days). This was done in
order to evaluate the effects of fertilization on the soil’s physicochemical, chemical and
microbiological parameters. For each treatment, three composite samples were obtained by
homogenizing five subsamples per plot. The samples were air-dried and sieved to <2 mm,
and all analyses were performed in triplicate.

Soil pH and electrical conductivity (EC) were measured in 1:2.5 and 1:5 soil-water
extracts, respectively [30]. Oxidizable organic carbon (COT) was determined [31] and total
nitrogen (TN) was measured using the Kjeldahl method [32]. The mineral N forms nitrate
(NO3;~-N) and ammonium (NH4*-N), which were extracted with 0.2 M KCl (1:5 w/v) and
quantified [33]. Available phosphorus was analyzed using the Olsen method [34]. Heavy
metals were determined by ICP-OES at harvest.

Water-filled pore space (WFPS) was monitored during the growing season by measur-
ing the gravimetric water content of samples that were oven-dried at 105 °C for 48 h [35].
Soil enzymatic activity was assessed via spectrophotometric assays: urease and acid
phosphatase activities were measured [36]. Microbial biomass carbon was estimated
by substrate-induced respiration (SIR) with the addition of glucose (3 mg g*1 soil) [37].
Basal respiration was evaluated by incubating soil at 60% water-holding capacity. In both
assays, CO, evolution was measured using an automated impedance meter (BacTrac 4200,
Sylab, Austria) which is based on the changes in impedance caused by the absorption of
CO; in a 2% KOH solution [38].

2.3. Plant Analysis

Samples of crop straw were taken at physiological maturity (Z9.0) by harvesting plants
by hand from a 1 m? area within each plot. The spikes were then removed by hand, after
which the remaining straw was oven-dried at 60 °C for 48 h prior to weighing. The dry
matter yield was expressed in kg ha~!. The number of spikes (spikes ha~!) and the number
of grains per 20 spikes were recorded to estimate the grain count per hectare (grains ha=?).
The 1000-grain weight was determined from representative subsamples. Grain yield was
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obtained by harvesting wheat spikes mechanically from the central 8 m? of each plot,
weighing them in the field and correcting for a standard moisture content of 10%.

Tissue mineral composition was determined following nitric-perchloric acid diges-
tion [29]. Total C and N contents were measured using an automatic elemental analyzer
(EuroVector, Milan, Italy). Hectoliter weight (HW, kg hL~!) was assessed as a measure of
grain bulk density and grain protein content (%) was estimated using a nitrogen-to-protein
conversion factor of 5.75 [39,40]. Macro- and micronutrients, including phosphorus (P)
and potassium (K), were quantified using ICP-OES. Nutrient uptake (kg ha~') was calcu-
lated as the product of concentration and yield and was used to evaluate the impact of
the treatment.

Nutrient use efficiencies (NUE, PUE and KUE) were calculated as the ratio of nutrient
uptake to the amount of nutrient supplied via fertilization [41].

Non-targeted metabolomic analysis was performed on freeze-dried wheat grains
sampled at the late milk stage (Zadoks 7.5). Metabolite extraction followed the protocol
of [42]. Proton nuclear magnetic resonance ('H-NMR) spectra were acquired using a Bruker
Ascend 500 MHz AVANCE III HD spectrometer (Bruker BioSpin GmbH, Rheinstetten,
Germany). Metabolite identification and quantification were carried out using Chenomx
NMR Suite v8.3 [43].

2.4. Greenhouse Gas Measurements

Greenhouse gas (GHG) emissions, including nitrous oxide (N,O), methane (CHy) and
carbon dioxide (CO;), were monitored at days 0, 20, 30, 50, 65, 80, 90, 115, and 140 of
the wheat growing season using a static closed-chamber method. The 15 cm, 20 cm high
chambers had a headspace volume of 3.53 dm? and were made of non-corrosive steel. They
had inlet and outlet ports connected to a multi-gas photoacoustic infrared spectrometer
(Gasera One, Gasera Ltd., Turku, Finland).

Permanent steel bases were installed 15 cm into the soil at sowing time and remained
in place throughout the experiment. Vegetation was manually removed inside and around
each chamber before each sampling event. During measurements, the chambers were
sealed with rubber gaskets and secured with clamps to ensure airtight conditions.

Gas concentrations were recorded continuously at one-minute intervals over a
six-minute period. The first and last readings were excluded to ensure linearity (R? > 0.9)
for flux calculation. The instrument was calibrated using certified multi-point gas standards
(Linde Gas Espafia S.A.U. (Barcelona, Spain). The calibration curves showed an R? value of
0.99 across the ranges of 0.3-2 ppm for N,O, 1-10 ppm for CH4 and 200-1500 ppm for CO,.

Fluxes (ug m~2 h~!) were calculated based on the rate of change in concentration
over time, and were corrected for chamber volume, temperature, and atmospheric pres-
sure, in accordance with the methods described in [44]. Cumulative seasonal emissions
were estimated using trapezoidal integration between sampling intervals, as described by
Menéndez et al. (2006) [45]. These were then converted to CO»-equivalents (CO»-eq) using
global warming potential (GWP) factors of 273 for CHy4 and 27.2 for N,O [46].

The N>O emission factor (EFN20 %) was calculated by dividing the total N,O-N
emissions by the amount of N applied to each treatment. Yield-scaled emissions (g N,O-N
Mg ! grain) were calculated to assess environmental efficiency [47,48].

2.5. Statistical Analysis

The Infostat statistical software package (version 2020), which is connected to the R
language (version 4.3.1), was used to conduct the statistical analyses [49]. The Shapiro-Wilk
test was used to check for normality, and the Levene test (p > 0.05) was used to evaluate
and confirm the homogeneity of variance. An analysis of variance (ANOVA) test was
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performed on all of the experimental variables at p < 0.05 using a generalized linear mixed
model, where each plot was a random component and fertilizer treatments and sampling
dates were fixed factors. The LSD Fisher test (« = 0.05) was then used to compare the means.

Correlations were analyzed using linear regressions between soil and crop yield
variables. To evaluate the main soil chemical variables associated with changes in wheat
productivity and quality, the Mantel test was performed using the Vegan community
ecology package [50]. Pearson’s correlation was also calculated for variables associated
with soil characteristics.

3. Results
3.1. Soil Parameters

When the treatments were applied at sowing (Ti: 0 day), the pelletized compost was
found to increase the soil pH slightly compared to the unfertilized control. However, this
difference was not statistically significant (Figure 1). In contrast, the SS treatment was
found to significantly decrease soil pH relative to both the unfertilized control and the
inorganic fertilizer IN (MAP+U), resulting in the lowest pH value observed. EC (dSm™!)
was higher in plots treated with the inorganic fertilizer (MAP+U) and the SS at Ti compared
with the control and the pelletized compost (OCP). No significant differences in OM (%)
were observed between the treatments and the control. TN was significantly higher in the
SS treatment plots at the first sampling (Ti). At sowing, plots fertilized with IN (MAP+U)
showed the highest NO3~ content in the soil, followed by the SS, the control, and finally
the pelletized compost (OCP). No significant differences were found between treatments
in relation to NH*. However, the content of available phosphorus (P) was significantly
higher in soils treated with the inorganic fertilizer (MAP+U) than in soils receiving the
organic amendments (SS and OCP).

By the end of the experiment (Tf: 210 days), the pH value of the soil treated with
compost pellets (OCP) and inorganic fertilizer (MAP+U) had not changed. The SS treatment
significantly increased the final pH value. Overall, EC increased in all plots, including
the control treatment. There were no statistical differences in OM with fertilization. By
the end of the trial, there were no significant differences in available P content. The P
extractable content of all treatments decreased by the end of the season, except for the
control treatment, which showed a slight increase. In all plots, TN decreased slightly by
the end of the experiment (Tf); plots fertilized with SS showed the highest TN value.

The highest soil NHs* content after harvest was found in the SS plots, followed by
the OCP plots, due to the organic N content of this fertilizer. No significant differences
were found between the control treatment and the inorganic (IN) fertilizer treatment. The
highest soil NO3; ™~ content was found in the SS plots, followed by the control plots and the
OCP treatment plots. NO3; ™~ decreased in all plots, probably due to denitrification processes
in the soil and NO3 ™~ consumption by the crop.

All treatments showed higher respirometry values (p < 0.0001) than the unfertilized
control. However, soil biomass C values showed no significant differences between the
plots (Table 3). The highest urease value was found in the plots fertilized with sludge
(SS) (0.88 umol NH4* g soil h—1) followed by plots fertilized with OCP (0.83 pmol NH,*
g soil h™1), with significantly higher values than the control (0.68 umol NH,* g soil h—1).
Phosphatase activity was significantly higher in plots fertilized with SS, followed by IN.
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Figure 1. Main soil parameters at sowing (0 days) and at the end of the growing season (210 days).
EC: electrical conductivity; OM: organic matter; Pext: extractable phosphorus; Not: total Kjeldahl
N; NH4*-N: ammonium; NO; ~-N: nitrate. Different letters within a column indicate significant
differences between treatments (p < 0.05). Values indicate mean (n = 3). For acronyms see Table 1.

Table 3. Main enzymatic activities per gram of dry soil (umol g~! h~1) in wheat growing seasons
and respirometry (mg CO,-C kg1 h™1).

Treatment Respirometry Biomass C Urease Phosphatase
(mg CO,-C kg soil 1) (mg Ckgsoil~1)  (umol NH4* g soil—1) (umoles p-nitrophenol g suelo—1)
Control 5.88a 962 0.68 a 0.36a
IN 9.21b 997 0.79 ab 2.02a
SS 112b 923 0.88 ¢ 6.51Db
OCP 9.94b 709 0.83b 0.78 a
F-ANOVA 7.42% 121 ns 6.10 * 17.6 ***

The data are shown as the means (n = 3). *, *** significant difference between treatments at p < 0.01 and p < 0.0001,
respectively. Means followed by the same letter indicate no significant difference between treatments by LSD
Fisher test (p = 0.05). Values indicate mean (1 = 3). ns = not significant. For acronyms see Table 1.

3.2. Yield and Grain Quality

The components of wheat yield are shown in Table 4. The inorganic treatment resulted
in the highest aboveground biomass, followed by the compost treatment. Statistically
significant differences were observed among the applied treatments. A similar trend was
observed for grain and straw yield, with the inorganic treatment produced the highest
yields (8169 and 6290 kg ha~!, respectively). No significant differences were detected
between the sewage sludge and control treatments. Additionally, the inorganic treatment
showed the highest TGW, although no statistically significant differences were observed
compared to the control. Regarding grain quality, plots fertilized with the inorganic
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treatment recorded the highest HW, followed by those fertilized with OCP; there were
significant differences compared to the control. A similar trend was observed for grain
protein content. No significant differences were found between the OCP and SS treatments,
in both cases, the results were greater than those of the control treatment (p < 0.0001).

Table 4. Analysis of variance (ANOVA) of wheat yield components for fertilizer treatments in 2022 /23
growing season.

Treatment Grain Yield Straw TGW HW Protein
(kg ha™1) (kg ha=1) (g) (kg hL-1) (%)
Control 6429 a 4660 a 49.4 754 a 7.6a
IN 8618 ¢ 6283 b 50.2 79.4 c 10.6 ¢
SS 6704 a 5030 a 48.8 75.6 ab 7.7b
ocrp 7268 b 5310 ab 49.9 76.5b 8.0b
F-ANOVA 78.7 *** 43* 0.3 ns 39.7 #** 157 ***

TGW: 1000-grain weight, HW: Hectoliter weight. *, *** significant difference between treatments at p < 0.01 and
p < 0.0001, respectively. ns = not significant. Different letters within a column indicate significant differences
between treatments (p < 0.05). Values indicate mean (1 = 3).

There were no significant differences in the grain content of macronutrients (phos-
phorus, potassium, calcium and magnesium) between the treatments (Supplementary
Materials Table S1). The synthetic fertilization strategy involving chemical fertilizers re-
sulted in higher levels of P and K than the unfertilized control. The inorganic treatment
(IN) positively affected the grain Fe content. Additionally, the fertilized treatments exhib-
ited significant variations in Zn grain content in the fertilized treatments compared to the
unfertilized control, with the highest value observed in the inorganic strategy.

Significant differences in N uptake and use efficiency were observed between inorganic
fertilization (IN) and organic strategies (OCP and SS) (Table 5). Nitrogen uptake was highest
in the IN treatment, followed by the OCP treatment. No significant differences were found
between the control treatment and the SS treatment. Similarly, nitrogen use efficiency
(NUE %) was highest under the inorganic treatment, followed by compost-amended plots
(OCP). Phosphorus and potassium uptake were also higher in the inorganic plots, with
no significant differences detected between the organic treatments (OCP and SS) and
the control. However, phosphorus use efficiency (PUE %) differed significantly between
treatments, with the highest values observed in the inorganic plots (IN), followed by the
compost-amended plots (OCP). In contrast, there were no statistically significant differences
in potassium use efficiency (KUE %) between treatments.

Table 5. Nitrogen, phosphorus and potassium use efficiency and agronomic efficiency across fertilizer
treatments in 2022/23 growing season.

Treatment N Uptake NUE P Uptake PUE K Uptake KUE
(kg Nha™1) (%) (kg Pha1) (%) (kg Kha™1) (%)
Control 845a - 21.2a - 294 a -
IN 158 ¢ 492 ¢ 30.1b 18.8 ¢ 42.6b -
SS 89.5a 145a 224 a l4a 312a 54
OCP 101 b 10.8b 241a 10.3b 329a 2.8
F-ANOVA 328 *** 706 *** 16.3 % 47 ** 22.6 *** 7 ns

NUE/PUE/KUE: nitrogen/phosphorus/potassium use efficiency, *, ***: significant difference between treatments
at p <0.01 and p < 0.0001, respectively. ns: not significant. Different letters within a column indicate significant
differences between treatments (p < 0.05).
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3.3. Metabolomics

No statistically significant differences were observed in the concentrations of pheny-
lalanine, proline, threonine, tryptophan and tyrosine across treatments with respect to the
amino acid profiles (Supplementary Materials Table S2). However, the inorganic treatment
had the highest levels of glutamine, glycine, isoleucine and valine. The highest aspartate
levels were observed in the IN and SS treatments. Leucine concentrations peaked in the
inorganic and OPC treatments. Notably, the SS treatment exhibited the highest levels of
alanine and glutamate, while 4-aminobutyrate and asparagine were most abundant in the
control plots.

Significant differences were found in the concentrations of citrate, formate and fu-
marate (Supplementary Materials Table 52). The SS-treated plants had the highest citrate
concentrations, followed by those treated with the inorganic material. Formate and fu-
marate levels were highest in the control plots, followed by the inorganic plots. No
significant differences were observed among the treatments for levels of acetate, malate
and succinate.

Regarding sugars (Supplementary Materials Table S2), only significant differences
in glucose and raffinose content were observed. The highest glucose concentration was
recorded in the inorganic plots, followed by the control plots. Raffinose was most abundant
in SS-treated plants, with inorganic treatment ranking second. No statistically significant
differences were found in the content of fructose, maltose, myo-inositol or sucrose content.
Choline content also varied significantly across the treatments and was highest with the
SS treatment (Supplementary Materials Table S2), with the SS plots showing the highest
concentration, followed by the IN treatment. Interestingly, the OCP treatment showed
lower choline levels than the control treatment.

Figure 2 shows a heatmap illustrating the correlation structure between plant metabolic
variables. Hierarchical clustering was applied to the variables and the observations in-
dependently. The dendrograms along the axes highlight distinct groupings, suggesting
patterns of co-regulation and treatment-specific metabolic profiles.

Asparagine
Fumarate
4-Aminobutyrate
ca
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Wn
Tyrosine
Tryptophan
Leucine
Proine
Sucrose
Glutamate
Citrate
Betaine
lalate
myo-nositol
Alanine
Raffinose
Choline
Aspartate
Succinate
laltose
Glycine
Fructose
Threonine
Isoleucine

Fe

Valine
Glutamine
Glucose
Phenylalanine

N
Protein

2282

Asparagine
Fumarate
Aspartate
Succinate

4-Aminobutyrate

Figure 2. Heatmap of the correlation matrix of plant variables. Colors indicate the strength and
direction of the correlations, with red tones representing negative correlations, blue tones representing
positive correlations, and white indicating no correlation.
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Strong positive correlations were observed between asparagine, fumarate and 4-
aminobutyrate, respectively, and the elemental concentrations of Ca, Mg and Mn. In
contrast, a distinct cluster of metabolites, comprising glutamate, citrate, betaine, malate,
myo-inositol, alanine, raffinose, and choline, exhibited strong negative correlations with
asparagine, fumarate and 4-aminobutyrate. Additionally, moderate negative correlations
were observed between the aforementioned metabolite group and several agronomic and
nutrient-related variables. These variables included glutamine, glucose, phenylalanine,
formate, acetate, straw biomass, P, K, S, Cu, Zn, grain yield, HW, N, and protein content.
Conversely, a cluster in the lower right quadrant of the heatmap showed strong positive
correlations among S, Cu, Zn, grain yield, HW, N, and protein content, suggesting close
coordination between nutrient status and productivity traits.

A principal component analysis (PCA) of soil variables (Figure 3A,B) revealed a clear
separation between the different treatments. Control plots were clustered in the third
quadrant and were characterized by lower levels of respirometric activity, pH, and Pext,
but relatively higher electrical conductivity (EC) and biomass carbon (Biomass C). The
OCP treatment was associated with higher respirometric activity, pH, and Pext, as well
as lower EC and biomass C, while the IN treatment was characterized by elevated urease
activity and lower concentrations of nitrate (NO3 ™), ammonium (NH4 ") and phosphatase
activity concentrations. In contrast, the SS displayed the inverse pattern, with higher levels
of urease, NO;~ and NH,*, and lower phosphatase and urease activity.

(A) (B)
Variables PCA PCA Biplot Groups
o : e Control
: 4 OCP
E A IN
: contrib i
2 s m: ¢
é 12 px S N o .
[a] 4 a
_ — .
1 ; 1 T :
Diml1 (32.1 %) Diml (32.1 %)
© (D)
Variables PCA PCA Biplot ; Groups
10- Sy «| Control
: : 4| OCP
5 IN
E contrib S 4

Dim2 (19.3 %)
Dim2 (19.3 %)

-1.0 —05 0.0

Dim1 (35 %) Dim1 (55 %)

Figure 3. (A,C) Observational variables PCA of soil and plants. (B,D) Biplot PCA in four fertil-
izer treatments. The PCA biplot shows the scores of soils and plants variables of each individual
fertilizer: Control (blue circle), IN (yellow circle), SS (green circle); OCP (red circle); the colored
ellipses (B,D) (size determined by a probability level of 0.95) emphasize the individuals belonging to

each treatment. For acronyms see Table 1.
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PCA of plant-related variables (Figure 3C,D) further demonstrated the distinct separa-
tion of the IN treatment, reflecting its enhanced plant performance metrics compared to the
other treatments. The OCP treatment also showed an improved metabolic and agronomic
profile, as indicated by a positive shift along the principal components. In contrast, the
SS and control treatments clustered closely together, suggesting limited differentiation in
plant responses.

3.4. Soil GHG Fluxes and Cumulative Emissions

Nitrous oxide fluxes were higher than the control value during the trial on the fertilized
plots (Supplementary Materials Figure S2A). CO; fluxes were significantly influenced by
the day of sampling, suggesting time-varying emission dynamics, possibly related to the
environmental conditions during the experiment (Supplementary Materials Figure S2B).
There was a tendency for CO, fluxes to increase at the start of irrigation and with rising
ambient temperature (Supplementary Materials Figure S1). Specifically, carbon fluxes in
the SS treatment were highest on sowing day, decreasing before rising again at the end of
the season.

Methane fluxes were initially low, except for emissions from plots with SS (Supple-
mentary Materials Figure S2C), which emitted approximately eight times more than the
other treatments. During the trial, methane fluxes varied, emissions from all treatments
were low at the beginning, and some even acted as methane sinks. Emissions increased
during the last three sampling days, coinciding with an increase in temperature; however
the OCP plots acted as a sink.

Significant differences were observed in cumulative N,O, CO, and CH, emissions,
(Table 6). Statistical analysis revealed significant differences in cumulative N,O emissions,
with the highest emissions occurring in plots receiving the SS treatment, followed by those
receiving the pelletized compost (OCP). Cumulative CO, emissions were significantly
higher in the plots fertilized with OCP and SS. The inorganic treatment (IN) and the control
produced significantly lower kg CO,-C m~? than the SS treatment, which presented the
highest cumulative value, followed by the OCP treatment. For CH, emissions, the OCP
treatment acted as a CHy sink; however, no significant differences were observed between
IN and OCP treatments and the control. Unfertilized plots with the inorganic treatments
emitted the least greenhouse gases. Regarding kg CO, eq m~2 unfertilized plots and
the inorganic treatment were significantly lower than the other treatments, with the SS
treatment having with the highest environmental impact (GWP).

Table 6. Cumulative values of soil N,O, CO,, CHy and CO; equivalent emissions released from plots
soil in the treatments during the entire experimental period (22 November 2022 to 18 April 2023).

Treatment gN,O-Nm—2 kgCHy-Cm=2 kgCO,-Cm~2 COzeq (kgm~2)

Control 147 a 0.31a 5869 a 109 a
IN 3.30b 0.50 a 6354 a 914 b
SS 6.25d 2.83b 9059 b 1784 d
ocCp 5.48 ¢ -0.60 a 7901 b 1481 ¢
F-ANOVA 305 *** 7.46* 12.1 ** 210 ***

CO; equivalent from added N,O and CHy emissions with the corresponding GWP [46]. *, **, ***: significant
difference between treatments at p < 0.01, p < 0.001 and p < 0.0001, respectively. Different letters within a column
indicate significant differences between treatments LSD Fisher test (p < 0.05). For acronyms see Table 1.

The nitrous oxide emission factor (EF) and the yield-scaled N,O emissions showed sta-
tistical differences between the treatments (Figure 4). The emission factor was significantly
higher (p < 0.0001) for the OCP treatment, followed by the sewage sludge (SS) treatment.
The emissions factor showed values between 0.49 and 1.08%. Yield-scale N,O emissions
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were significantly higher in the sewage sludge (SS) plots, followed by the OCP, IN and
control treatments.

35

35 — C

0.00

5 10 15 20
Yield scale N,O emissions (g Mg grain)

0.50 1.00 1.50

EF (%)
(A) (B)

Figure 4. (A) Nitrous oxide emission factor; (B) yield scale N,O emissions. Different letters within
the bars indicate significant differences between treatments LSD Fisher test (p < 0.05). For acronyms
see Table 1.

4. Discussion
4.1. Effects of Fertilization on Soil Properties

The pH of the soil was significantly influenced by the fertilization treatments, es-
pecially in the SS fertilized soil. These plots had the lowest pH at the beginning of the
experiment, due to the initial activity of nitrifying bacteria and the oxidation of NH* to
NO;~. This was reflected in a slight decrease in pH compared to the control soil [51]. A
buffer effect was observed at the end of the experiment.

Electrical conductivity differed during the sowing phase (Ti), increasing in plots
fertilized with sewage sludge (SS) and IN due to the rapid solubilization of inorganic
fertilizers and the intrinsic salinity of SS (5.68 dS m~1). At the end of the experiment (Tf),
the EC increased by an average of +435 uS m~! in the plots, probably due to the higher
fertility or salinity. No precipitation or irrigation was recorded in the month before harvest,
preventing salt leaching.

The concentration of OM in the soil was not significantly affected by the different
fertilization treatments and remained within the same range at the end of the experi-
ment. However, OM in soils with SS decreased compared to the initial values, as SS is a
fresh amendment containing more labile organic matter with a low C:N ratio, leading to
mineralization [52].

Total nitrogen (TN) in the soil at the time of sowing (Ti) was significantly higher
in plots fertilized with SS, as this material has the highest organic nitrogen content; the
other treatments had a similar TN content to the control soil. At harvest (Tf), TN de-
creased slightly, indicating the transformation of organic N into NH4* and NO3;~ following
nitrification and mineralization processes [53].

In fact, NO3; ™~ decreased at the end of the experiment, indicating its consumption
by the wheat. There were no differences in the ammonium content of the soil between
the treatments at the sowing stage. However, at Tf, NH;" increased, indicating more
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intense ammonification. This is reflected in the urease activity of the plots fertilized with
SS and OCP, as the organic matter and nutrients provided by these amendments stimulate
microbial activity [54].

Significant differences in extractable soil P were observed after fertilizer application
(Ti), with the IN treatment showing the highest concentration of available P in the soil,
probably due to the type of fertilizer, as compost and sewage sludge can be considered
as slow-release fertilizers [55]. By the end of the experiment (Tf), the average decrease in
extractable P in the fertilized treatments was 78.05%, indicating that P had been exported
to the crop. However, available P increased in the unfertilized plots, probably due to the
mineralization of organic P in the soil and the precipitation of Caz(PO4),, which can occur
in calcareous soils and prevent leaching and loss of P [56,57]. These forms of phosphorus
in soil can be detected using the Olsen method, but they must undergo solubilization to be
readily available to roots in the form of H,PO,~ or HPO,4%~ [58,59].

In terms of C stock, we can see the control plots have accumulated more organic
carbon than the OCP and SS plots. The low C sequestration by OCP and SS is attributed to
higher C losses via CO, emission. Although no organic matter was applied to the control
plots, soil organic C also comes from exudates in the rhizosphere and microbiota [60].

The urease and acid phosphatase enzymes were more active in the SS than in the
other treatments. The introduction of labile carbon by SS improves the carbon balance in
agroecosystems by gradually increasing soil OM content, which improves soil microbial
properties [61,62]. The higher cellulose content of OCP may slow microbial turnover
compared to the labile C of SS, explaining the divergent enzyme activities.

4.2. Effects of Fertilization on Yield

Yield and all other yield parameters (straw, grain protein and HW) increased in the
following order C <SS < OCP < IN. This behavior has been observed in other studies where
the yield of compost was higher than that of SS and other organic amendments [63-65]. As
expected, inorganic (IN) fertilizer was the best performer, as found by other authors [66].
However, in other studies [67,68], a combination of sewage sludge and inorganic sources
has achieved higher yields than inorganic fertilizers and SS alone at the same N rate. From
a practical standpoint, break-even calculations indicate that organic crop production (OCP)
could be profitable if priced below inorganic fertilizer, accounting for yield differences
and potential soil health benefits. There are policy incentives (e.g., EU CAP subsidies) that
could offset yield penalties for sustainable practices.

Regarding nutrient uptake, nitrogen uptake was higher in IN and OCP. Inorganic
nitrogen fertilizer urea was applied at tillering. This indicator depends on the availability
of N in fertilizers during the cycle [69]. Also, N losses from OCP and SS were higher due to
N,O emissions, and N uptake was higher in plots fertilized with inorganic N. This also
contributed to the decrease in the N use efficiency (NUE) of organic treatments [70]. In our
case, organic fertilizers were applied during the sowing phase. The inorganic treatment
was applied during the first application of MAP during the sowing phase and during
the tillering phase of urea. This treatment allowed for a better distribution of N nutrition
with respect to the crop cycle. Adjusting N application at the different growth stages also
improves NUE and crop yield [71]. Other studies have also reported a relationship between
N, P and K availability in soils [72,73].

In general, the use of phosphorus by cereal crops worldwide is low, with an average
efficiency of 16% between 1961 and 2013 [74]. PUE is often limited by the immobilization
of P when it binds to other ions (A13+, Fe2+, Fed, Ca2+), which inhibits P uptake by
plants [75]. The PUE of the inorganic treatment was better than that of the OCP and SS
treatments, outperforming them by 8.5% and 17.4%, respectively. However, the P dose was
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not normalized in our experimental design. With a dose of 39 kg P ha~! and 60 kg P ha™!,
OCP obtained better PUE than SS, and the IN plots were adjusted to 50 kg P ha~!. Therefore,
if the application rates had been the same, OCP could probably have improved the PUE, as
the P rate applied was lower than that of SS and IN. The type of P source also influences P
uptake by plants [76]. Phosphorus in cereals crops is mainly consumed at the early stages
of wheat development [77]. Organic fertilizers need to mineralize organic P to the soil to be
available to the crop. This influences the P uptake values of crops fertilized with organic
fertilizers. In addition, P in the plant must be relocated to the grains, as only the nutrient
uptake of the grains was considered when calculating these indicators [78].

There were no significant differences in KUE. The amount of K applied was
160 kg ha=! and 19 kg ha~! for the OCP and SS, respectively. In this regard, increas-
ing the dose did not affect the K uptake or KUE. The best uptake was obtained in plots with
IN, but this uptake is associated with soil K content, as no exogenous K source was applied
in this field trial. The homogeneity of KUE likely stems from the uniform availability of
soil K across the treatments.

4.3. Effects of Fertilization on Metabolomic, Sugar and Amino Acid Profiles

The amino acid profile has been significantly impacted by fertilizing treatments.
Among the non-essential amino acids, the levels of alanine, asparagine, aspartate glu-
tamate, glutamine and glycine, have changed. These compounds are all related to the
plant. Glutamine is synthesized from glutamate through nitrate reduction [79,80], and its
production depends on the nitrogen sourced provided to the plant. In our experiment,
glutamate levels were higher in plots with SS and IN, while glutamine levels were higher
in plots with IN. Amino acids are often higher in plants with easily available nitrogen [6].
In our case, this is reflected in the grain protein content in plots with IN and SS treatments.
Some non-essential amino acids, such as asparagine and aminobutyrate, showed the lowest
concentrations with organic strategies, as observed in other studies [81]. Conversely, essen-
tial amino acids, such as isoleucine and leucine, were found to be higher in the fertilized
plots. According to [82,83], the application of nitrogen and microelements has a beneficial
effect on the content of these two amino acids in the grains. Valine was higher in the IN
fertilized plots, with no differences observed among the other treatments [84].

Regarding the content of organic acid, the treatments affected citrate, formate and
fumarate. Citrate increased in the following order: C < OCP <IN < SS. Citrate is synthesized
by the oxidation of malate in the mitochondria [85]. This activity is influenced by ATP and
participates in the Krebs cycle. Succinate and fumarate are also generated in the Krebs
cycle [86]. In trials with Arabidopsis thaliana, fumarate accumulation was higher in the
control, followed by IN and OCP. Fumarate accumulation is related to soluble sugar content
and affects soil-plant interactions [87].

Fertilizing treatments only affected the glucose and raffinose content of the grain.
Glucose, sucrose and maltose are often affected by abiotic stresses such as heat and
drought [88,89]. Furrow irrigation was performed three times during grain develop-
ment, but evapotranspiration was high. Slight stress could therefore have occurred. As
we can see, the order of increase of sugars (sucrose, maltose, fructose and glucose) is
OCP <SS < C < IN. This may be due to the fact that organic amendments generally have
a higher water retention capacity and are more resilient to drought [63]. Regarding the
oligosaccharide raffinose, it is synthesized from the myo-inositol and sucrose by the enzyme
raffinose synthase [90]. This enzyme is also responsible for enhancing stress tolerance, so
its content depends on the availability of myo-inositol and sucrose in the grain [91]. Betaine
and choline are two methyl donors. Wheat is one of the richest sources of betaine [92]. In
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our case, fertilizers did not affect betaine content; however, choline content was higher in
plots fertilized with SS, IN and C.

4.4. Effects of Fertilization on Soil GHG Fluxes and Cumulative Emissions

Cumulative CO, emissions ranged from 5869 to 9059 kg CO,-C ha~!. The addition of
organic matter to the soil affects CO, emissions [93]. Figure 3 shows that the application of
SS provokes an immediate CO, emission [94], since this amendment contains easily decom-
posable C, unlike compost (OCP), which is a stabilized material. At the end of the cycle, an
increase in emissions was observed, since soil moisture and high temperatures influence
CO; emissions from the soil [95], and this increase coincided with rising temperatures and
irrigation events. CO; emissions are also associated with soil microbiota and enzymatic
activity in the soil, which promotes the degradation of organic matter (Table 4). The C stock
of the plots fertilized with IN was negative, but this did not result in higher CO, emissions,
probably due to the mineralization of the organic matter already present in these soils.

Methane fluxes from the soil were generally lower and occasionally acted as a sink.
Temperature and soil moisture are positively correlated with CH, emissions [96]. At the
beginning of the season, the application of SS, followed by CH, emissions and the addition
of fresh, easily decomposable organic matter, as well as the soil conditions at that time
(WFPS 50%), limit the supply of O, and CHy to methanotrophs, thereby inhibiting CHy
uptake into the soil [97]. The availability of N is also related to CH4 emissions from the
soil, as ammonia-oxidizing bacteria and methane-oxidizing bacteria can compete for O,
to oxidize NH4* and CHy, respectively [98]. Fertilization with SS, as well as introducing
mineralizable N and C, may have led to higher cumulative CH4 emissions.

Nitrous oxide emissions are primarily influenced by soil conditions and denitrification
processes. Fluctuations in N;O emissions are influenced by environmental factors and
soil moisture because the denitrification process is positively correlated with WEPS, soil
temperature, and nitrate content [99,100]. The increase in emissions at the beginning of
the experiment coincided with the higher WFPS, while the increase at the end coincided
with high soil and ambient temperatures, as well as irrigation events. Although the nitrate
content of the soil is higher in the inorganic fertilized plots, N;O emissions during the
experiment and cumulative emissions were lower in these plots, probably due to nitrate
leaching or nitrate uptake by the crop [101] (Table 5). Moreover, the inorganic fertilizer was
split into two applications: one at the sowing with MAP, and one at the tillering with urea at
150 kg N ha~!. Thus, emissions in these plots between sowing and tillering were lower than
in the others. Urease activity was also higher in plots fertilized with OCP and SS, which
promoted the conversion of organic N to NH4* and the subsequent reduction to N,O [102].
Furthermore, SS is an easily decomposable material, enhancing N,O emissions [48].

The application of OCP resulted in a greater increase in net GHG emissions than the
IN during the crop growing season, likely attributable to the enhanced nutrient availability
for microorganisms in the organic fertilizer. Nevertheless, the reuse of olive mill waste and
poultry manure has the potential to serve as a viable substitute for chemically synthesized
fertilizers, such as urea. This approach has the potential to contribute to a reduction in the
environmental impact of agro-industrial production, while simultaneously avoiding the
theoretical CO,eq emissions associated with the energetically expensive manufacturing
of urea [103].

The EF from this trial ranged from 0.78 to 1.08%. A meta-analysis [104] reported an
average EF of 0.97 & 1.17% for solid organic amendments, such as compost and manure, in
the Mediterranean region, which is lower than the IPCC Tier 1 EF default value of 1%. Our
EF values were within the range proposed by the IPCC Tier 1. Higher EF N,O was found in
the OCP-fertilized plots, and no differences were observed among the SS- and IN-fertilized
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plots. Other authors [105] have suggested that the average EF of N,O is not only related
to the N rates applied, but also to the N forms applied and crop management, such as the
irrigation system or no-till farming. In our case, furrow irrigation may have led to higher
N,O emission factors. N,O emissions on a yield scale followed a similar pattern, with the
highest value observed in the SS plots, followed by the OCP. This is associated with higher
N uptake by crops fertilized with the IN, and the denitrification in the OCP and SS plots.

5. Conclusions

Applying the proposed organic amendments can improve soil properties and enhance
carbon storage, thereby contributing to more sustainable agricultural systems. Pelletized
compost (OCP) in particular showed strong potential, with only a 15% reduction in yield
compared to inorganic treatment, making it a viable option for low-input farming systems
that prioritize long-term soil health over maximal short-term yields.

However, the timing of the applications of organic amendments remains critical in
order to synchronize the release of nutrients with the demand of the crop, underlining
the need for practical, crop-specific guidelines. This is particularly important given that
nitrogen from organic sources is slower and more complex to become available, as it relies
on microbial mineralization processes. This is in contrast to mineral-N fertilizers, which
are immediately available. Our findings suggest that nitrogen mineralization rates from
compost may not always align with peak crop nitrogen demand, which could affect early
growth and yield from a policy perspective (EU’s Farm to Fork strategy). The results of
this study support the inclusion of pelletized compost in carbon farming schemes and
climate-smart agriculture initiatives, given its potential to promote soil carbon sequestration
and reduce greenhouse gas emissions. This study highlights the need for long-term field
trials to assess the residual effects of organic amendments on yield stability and carbon
sequestration under diverse conditions. Further empirical evidence is required to validate
these trends before making recommendations on a large scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture15141543/s1, Figure S1: Edaphoclimatic conditions
during the trial; Table S1: Grain nutrient content of wheat at harvest; Table S2: Metabolomic profile of
wheat grains at harvest period; Figure S2: Daily emissions of (a) N,O, (b) CO; and (c) CHy in the
crop period.
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