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Highlights
What are the main findings?

e  Frass-based pellet fertilizers doubled cabbage yield and outperformed inorganic
NPK at the same N dose.

¢  One formulation matched NPK yields with 40% less N, enhancing N and P use
efficiencies.

What are the implications of the main findings?

e  The precise application of these novel formulations significantly enhances overall soil
health and agroecosystem performance, as validated by the ISCRI tool.

e  Precise application of these formulations optimizes horticultural yield and
agroecosystem health.

Abstract

The rapid growth of insect farming generates significant volumes of insect frass, a novel
organic by-product. Utilizing frass-based organo-mineral fertilizers represents a
sustainable alternative to synthetic fertilizers, yet long-term agronomic efficacy and
residual effects require further field validation. This study evaluated pelletized organo-
mineral formulations for conventional and organic agriculture, derived from Hermetia
illucens and Tenebrio molitor frass. Eight field treatments were evaluated: an unfertilized
control; an inorganic NPK fertilizer (150 kg N ha); a biostabilized municipal solid waste
compost at two nitrogen rates (150 and 300 kg N ha'); and two novel insect-frass-derived
organo-mineral fertilizers (VHTI and VHTO) applied at a standard product dose (1000 kg
ha') and an N-equivalent dose (150 kg N ha'). Application of organo-mineral and organic
treatments at the same nitrogen dose (150 kg N ha™) doubled cabbage yield compared to
the unfertilized control and significantly outperformed the conventional inorganic
treatment. These formulations demonstrated enhanced nitrogen and phosphorus use
efficiencies, reflecting improved synchronization between nutrient release and crop
demand. Furthermore, organo-mineral formulations significantly increased soil available
phosphorus without adversely affecting key soil quality parameters. The Integrated Soil—-
Crop Response Index (ISCRI) confirmed a superior overall agroecosystem response for
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these treatments. These findings provide important theoretical insights into nutrient
synchronization mechanisms in organo-mineral fertilizers, alongside practical
applications for sustainable cabbage production. Consequently, frass-based pelletized
fertilizers represent a highly sustainable, circular, and efficient alternative to optimize
horticultural yield and nutrient use efficiency while enhancing soil health, ultimately
supporting the valorization of insect farming by-products as viable substitutes for
synthetic fertilizers.

Keywords: circular economy; insect frass; organo-mineral fertilizers; nutrient use
efficiency; horticulture

1. Introduction

Global population growth has increased pressure on agricultural production and
consumption systems, leading to a simultaneous rise in food demand and agro-industrial
waste generation [1]. Consequently, modern agriculture faces significant challenges
regarding environmental safety, waste management, and sustainable food availability [2].
Exceeding the planetary boundaries for reactive nitrogen (N) in the atmosphere and the
progressive depletion of non-renewable nutrient sources, such as phosphorus (P),
underscore the urgent need to identify sustainable fertilizer alternatives [3]. In this
context, the recovery and recycling of nutrients from biodegradable organic waste have
emerged as a key strategy to ensure the sustainability of agri-food systems within a
circular economy framework [4,5].

The reuse of organic by-products through the development of organic and organo-
mineral fertilizers reduces environmental impacts, maximizes resource efficiency, and
improves soil health [6]. For instance, a substantial proportion of agricultural soils in
southern Europe exhibit degraded surface layers, with organic carbon concentrations
below 2% [7]. The application of organic amendments is essential to restore soil organic
matter, improve physicochemical properties, and enhance overall plant performance [8].
To advance precision agriculture, recent research has focused on designing novel organo-
mineral formulations by blending organic matrices (compost, vermicompost, manures,
digestates, or biochar) with mineral fertilizers to optimize nutrient content and maximize
crop yields [9].

A highly promising approach for the valorization of organic by-products is insect
farming, specifically utilizing species like the black soldier fly (Hermetia illucens) or the
yellow mealworm (Tenebrio molitor). These insects utilize organic substrates for
sustenance, converting them into a nutrient-rich excreta mixture known as frass [10,11].
Insect frass possesses a high macro- and micronutrient content (NPK), substantial organic
matter, a low microbial pathogen load, and potential biostimulant properties compared
to traditional animal manures [12]. At the European level, this sector is growing rapidly,
driven by favorable legislative frameworks such as the Fertilizing Products Regulation
[13] which has explicitly recognized insect frass as a valid Component Material Category
(CMC) for CE-marked fertilizers, opening the door to its commercial agronomic use.
European production is currently estimated at 9500 tons per year and continues to scale
[14]. However, despite the growing literature on traditional organic amendments the
agronomic effects of insect frass remain inconclusive in many scenarios [15,16]. Frass
composition varies widely depending on the rearing substrate, which directly influences
crop yield and nutrient release dynamics [17-20].

Furthermore, technological advancements have optimized the physical delivery of
these organic matrices. Pelletization and granulation offer a more efficacious format for
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intensive farming, providing a higher concentration of nutrients per unit volume and
reducing the time, dust and machinery fuel consumption associated with transport and
field application compared to bulk organic amendments [21]. However, it must be noted
that the manufacturing processes (drying, crushing and pelletization) entail their own
energy costs, which should be carefully weighed against the high energy demands of
synthetic fertilizer production (e.g., the Haber-Bosch process) on comprehensive life cycle
assessments. Nevertheless, the field disaggregation of pellets is highly contingent on local
meteorological conditions, irrigation management, and crop growth stages, which can
sometimes delay the onset of their beneficial effects. Consequently, while pelletizing frass-
based organo-mineral blends solves the physical handling issues, its impact on the
synchronization between nutrient mineralization and crop uptake remains poorly
understood.

Cabbage (Brassica oleracea var. capitata) is a globally pervasive crop cultivated across
diverse climates due to its high adaptability. Because it is a high-yielding, intensive crop,
cabbage is highly sensitive to nutritional deficiencies, making it an excellent model plant
to evaluate the performance and nutrient release kinetics of novel fertilizer formulations
[22]. Therefore, this study aimed to evaluate and compare the effectiveness of different
formulations of pelletized organo-mineral fertilizers supplemented with insect frass in an
open-field cabbage trial, with the ultimate purpose of proposing a sustainable alternative
to chemical fertilizers and assessing their impacts on both plant performance and soil
dynamics.

2. Materials and Methods
2.1. Study Area

The field experiment was carried out on a commercial farm located in the
municipality of Picafia (Valencia, Spain) (39.43° N, 0.43° W; 35 m a.s.l.). The local climate
is classified as Csa, corresponding to a typical Mediterranean climate according to the
Ko&ppen classification, characterized by hot, dry summers with mean temperatures above
22 °C and mild, wet winters. Annual rainfall in the area ranges from approximately 200
to 1000 mm. Meteorological data for the experimental period were obtained from a nearby
weather station belonging to the Agroclimatic Information System for Irrigation (SIAR)
network of the Spanish Ministry of Agriculture (Supplementary Materials, Figure S1).

The soil at the experimental site was classified as a Calcaric Fluvisol [23] and
exhibited a clay loam texture with 32.1% sand, 20.7% silt, and 47.2% clay. In the topsoil
layer (0-20 cm), pH (1:2.5 soil-water, w/v) and electrical conductivity (EC, 1:5 soil-water
ratio) were 8.5 and 0.28 dS m™, respectively. The soil contained 1.10% soil organic carbon
(SOC), 0.15% total nitrogen (TN), 143 mg kg™ nitrate-nitrogen (N-NOs"), with a cation
exchange capacity (CEC) of 12.1 meq 100 g! and a bulk density of 1.6 Mg m=.

2.2. Experimental Design and Treatments

The experiment was conducted using a completely randomized design, with four
replicates per treatment. Each experimental plot measured 1 m x 7 m (7 m?), with 1 m
spacing between plots (Figure 1). Cabbage was cultivated under commercial field
conditions as the test crop, with a planting density of 35 plants per plot (equivalent to 5
plants m=).
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Figure 1. Location and experimental layout of the field trial in Picafia, Valencia (Spain). The map
shows the geographical location within the Iberian Peninsula (left) and the spatial distribution of
the eight fertilization treatments (right). Each colored rectangle represents an experimental plot. For

treatment abbreviations and fertilizer composition, see Tables 1 and 2.

Eight fertilization treatments were evaluated: (i) unfertilized control (C); (ii)
inorganic fertilizer (NPK 15-15-15, NPK); (iii) biostabilized organic amendment derived
from the organic fraction of municipal solid waste (NPK 2-1-1, CC); (iv) organo-mineral
fertilizer formulated for conventional agriculture (NPK 9-9-11, VHTI) and (v) organic
fertilizer formulated for organic farming (NPK 6-8-6, VHTO). The treatments VHTI and
VHTO were applied at two distinct rates: a standard product rate of 1000 kg ha™
(providing an identical product dose to NPK150) and a rate calculated to supply exactly
150 kg N ha' (providing an identical product N dose to NPK150) (Table 1). The
application rate of 150 kg N ha' was selected based on the recommended N requirements
for cabbage cultivation. This rate represents an optimal balance between meeting crop
nutritional demands and minimizing the risk of N losses to the environment.

Table 1. Fertilizer composition and application rates for the experimental design conducted in
Picafa, Valencia (Spain).

Nitrogen Dose Fertilizer Rate
Treatments NPK (kggN ha1) (kg ha)
C - 0 0
NPK150 15-15-15 150 1000
CC150 2-1-1 150 7500
CC300 2-1-1 300 15,000
VHTIO0 9-9-11 920 1000
VHTI150 9-9-11 150 1666
VHTO60 6-8-6 60 1000
VHTO150 6-8-6 150 2500

C: control; NPK: inorganic fertilizer; CC: biostabilized; VHTI: organo-mineral fertilizer for

conventional agriculture; VHTO: organo-fertilizer for organic farming.
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2.3. Organo and Organo-Mineral Fertilizers: Composition and Characterization

The pelletized formulations were designed from an organic base blended with
different organic and inorganic additives to obtain balanced nutrient compositions. The
common organic base used in all formulations consisted of a mixture of vermicompost
(25% fresh weight, f.w.) and insect frass derived from H. illucens (12.5% f.w.) and T. molitor
(12.5% f.w.). The insect frass was obtained from Entogreen® (Santarem, Portugal). The
vermicompost was produced at Compolab EPSO-UMH (Orihuela, Spain), using green
waste and Eisenia fetida spp.

The organic fertilizer (VHTO) was supplemented (50% f.w.) with commercial blood
meal (BLM) and commercial bone meal (BOM) as sources of N and P, respectively, and
potassium sulfate (K2504), which is authorized for use in organic farming, as a source of
K. In contrast, the organo-mineral fertilizer (VHTI) included inorganic additives such as
urea (46-0-0), monoammonium phosphate (MAP, 12-61-0), and potassium nitrate (KNOs)
as N, P, and K sources, respectively. The biostabilized pellets (CC) were produced from
the biostabilized organic amendment derived from the organic fraction of municipal solid
waste. The raw compost was pelletized without the addition of any supplementary NPK-
enriching additives or binders.

All pellets were developed and manufactured at CompoLab EPSO-UMH (Orihuela,
Spain) by extrusion using a small-scale pelleting machine (4 kW, 60-70 kg h™' capacity),
producing pellets with an average length and a diameter of 6 mm. The physicochemical
characteristics of the raw materials and the final fertilizers are presented in Table 2.

The physicochemical and chemical properties of the fertilizers (Table 2) were
determined according to [24]. In summary, the pH and EC of the water-soluble extracts
(1:10 w/v) were analyzed. The determination of total organic carbon (TOC) and TN was
conducted using an automatic elemental microanalyzer, while the quantification of total
organic matter (OM) was performed by loss on ignition at 430 °C for 24 h. The moisture
content was determined by oven drying at 105 °C for 24 h. The concentrations of
macronutrients (P, K, Ca, Mg) were quantified using ICP-OES following microwave-
assisted acid digestion in a nitric acid/water mixture (1:1 v/v). The organic and organo-
mineral formulations were specifically designed to contain a minimum of 50% OM, and
all heavy metal concentrations complied with the limits established by Spanish legislation
for fertilizer products [25].

Table 2. Physicochemical characteristics of raw materials used for organo-mineral biofertilizer

formulation and the characterization of organic and organo-mineral fertilizers (Data expressed on

dry basis).
Acronym pH EC OM TOC TN P K Ca
dSm?) (gkg?) (gkg?) (gkg?) (gkg?) (gkg?) (gkg?)
Raw materials
\Y 7.8 2.40 264 204 14.8 13.5 6.8 130
FHI 79 9.43 855 456 32.0 30.6 38.6 3.03
FIM 5.9 5.10 877 431 37.2 33.5 19.6 5.56
BLM 7.2 1.56 974 565 150 8.9 3.5 0.40
BOM 7.1 0.49 263 151 31.9 48.2 0.6 23.2
Organic and organo-mineral fertilizer

CcC 7.0 6.90 599 339 17.5 9.1 9.6 40.8
VHTI 5.7 423 560 205 87.8 86.0 110 13.3
VHTO 6.7 14.3 551 309 59.4 84.8 58.3 88.7

FHI: Frass H. illucens, FTM: Frass T. molitor, V: vermicompost, BLM: commercial blood meal, BOM:
commercial bone meal, EC: electrical conductivity, OM: organic matter, TOC: total organic carbon,

TN: total nitrogen. For abbreviations, see Table 1.

https://doi.org/10.3390/horticulturae12080912



Horticulturae 2026, 12, 912

6 of 17

2.4. Crop Management and Treatment Application

The trial was conducted under a conventional tillage system. The preceding crop was
potato (Solanum tuberosum), and the soil was prepared by ridging prior to transplanting.
The experiment involved the transplantation of cabbage (Brassica oleracea var. capitata)
seedlings on 26 March 2023, which were subsequently harvested on 16 June 2023. The
crop was irrigated using a surface gravity system (flooding), which was applied on three
occasions. The irrigation water exhibited the following primary characteristics: pH 8.64,
EC 2.96 dS m™, sodium (Na*) 243 mg L, and chloride (Cl) 408 mg L-'. The water quality
analysis revealed an adequate Ca:Mg ratio but indicated a moderate to high salinization
risk.

Conventional agricultural practices were employed, implementing pest and disease
control measures using authorized products at recommended doses. The experimental
plots were managed under uniform agronomic conditions throughout the trial. Fertilizer
treatments were applied and incorporated into the soil (0-10 cm depth) using hand rakes
prior to transplantation.

2.5. Soil and Plant Sampling and Analysis

The effects of the different fertilization treatments on the physicochemical properties
of the soil were evaluated based on topsoil samples (0—20 cm depth), obtained using a
stainless-steel probe. Samples were collected at various points within the plots (5 sub-
samples) and subsequently homogenized to obtain four composite soil samples per
treatment. To ascertain the residual effects of fertilization on the soil, samples were taken
at the time of sowing (Ti: 0 days) and at harvest (Tf: 80 days). The samples were air-dried
and sieved at 2 mm. All analyses were carried out in triplicate. The Ti sampling was
performed immediately after the application and thorough mixing of the treatments into
the soil. pH was measured in a 1:2.5 soil:water (w/v) extract and EC in 1:5 (w/v). The
determination of organic matter (OM), total Kjeldahl nitrogen (TN), and available P (Pext)
followed the methods of [26]. The inorganic forms of nitrogen (NOs-N and NH4*-N) were
measured in a 1:5 (w/v) extract with 0.2 M KCI (K-365, BUCHI Labortechnik AG, Flawil,
Switzerland) [27].

At physiological maturity, five cabbage heads were hand-harvested per treatment
plot. The following parameters were recorded for each treatment: yield, average head
weight and head dimensions (height and diameter). After harvest, the samples were oven-
dried at 60 °C for 48 h and then weighed to determine dry biomass. Total nitrogen (TN)
in plant tissues was determined using an automatic elemental microanalyzer (EuroVector
Elemental Analyzer, Milan, Italy). Following HNOs/HCIOs digestion, phosphorus (P),
micronutrients, and potentially toxic elements were quantified by ICP-OES (ICAP 6500
DUO, Agilent Technologies, Santa Clara, CA, USA).

Nitrogen use efficiency (NUE; expressed as the percentage of the applied N-fertilizer
taken up in the cabbage) was calculated using the N difference method, with the total N
of the unfertilized treatment as the control [28]. Phosphorus and potassium use efficiency
(PUE and KUE, respectively) were calculated in the same way.

2.6. Integrated Soil-Crop Response Index (ISCRI)

While individual soil and crop variables provide specific insights, analyzing them in
isolation may occasionally reveal contradictory trends, making it difficult to evaluate the
overall sustainability of a treatment. To synthesize the direction and intensity of fertilizer-
induced changes in crop and soil relative to the control treatment more effectively, we
applied the Integrated Soil-Crop Response Index (ISCRI) following the modified
integrated response approach described by [29]. Unlike individual metrics, the ISCRI
provides a holistic evaluation of the agroecosystem by quantifying the distance between
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different measured parameters in the cabbage and soil under each treatment, whether this
distance is positive or negative in relation to the reference condition (the unfertilized
control). The ISCRI was calculated as follows:

(i) Calculate the mean value for each parameter per treatment. For each measured
parameter j (cabbage yield, soil OM, soil macronutrients and plant nutrient uptake) and
each fertilizer treatment k, calculate the arithmetic mean across all replicates (1 = 4):

n

— 1

Xu=1Y

=, Ko M
i=

where:

Xjix =the measured value of parameter j for replicate i under treatment k.

(ii) Transform the mean into a log-ratio relative to the control. For each parameter j
and treatment kk, calculate Yj,, which represents the proportional change (positive or

negative) relative to the reference condition (the control treatment, X0;):
X
Yip = log(zZ~ ()
J X0,

If Yj'k > X0;,Y;, is positive. If Yj_k < X0;,Y;, is negative. The log transformation
standardizes the scale of responses across different parameters.

(iii) Standardize the deviation. To make parameters with different units and
variances comparable, each log-response is divided by the standard deviation of all Y

values for that parameter across all treatments:
o .
==
"y 3)
where:

oy; =the standard deviation of Y} for parameter j across all k treatments.
Ajy is now a unitless, standardized score that indicates how many “standard
deviation units” treatment k deviates from the control for parameter j.

(iv) Sum all standardized deviations to obtain the final ISCRI score. For each
treatment kk, sum the standardized scores 4;, across all ] measured parameters (both

crop and soil):

J
ISCRI value = Z Ajx 4)

Jj=1

2.7. Statistical Analysis

Statistical analyses were performed using the InfoStat package v4.3.1 [30] and R
software v4.3.0 [31]. Prior to the analysis, data normality and homogeneity of variance
were assessed using the Shapiro-Wilk and Levene tests, respectively. A one-way analysis
of variance (ANOVA) was used to evaluate differences among the fertilization treatments.
When significant differences were detected (p < 0.05), Fisher’s least significant difference
(LSD) test (a = 0.05) was applied for multiple comparisons. Results are presented as mean
values + standard error (SE) (1 = 4).

3. Results
3.1. Evolution of Soil Parameters

Significant differences were detected in several soil physicochemical parameters
following the application of the organic and organo-mineral fertilizers (Figure 2). At the
beginning of the experiment (Ti), a significant reduction in soil pH was observed in the
treatments applied at the highest doses, particularly in VHTI150, which exhibited the
lowest value (7.72). By the end of the trial (Tf), soil pH increased across all treatments;

https://doi.org/10.3390/horticulturae12080912
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however, significant differences persisted, with CC300 showing the highest value (8.54)
and VHTIO0 the lowest (8.13).

Regarding EC, no statistically significant variation was observed among treatments
at Ti. At Tf, significant differences emerged, with the unfertilized (C) treatment exhibiting
the highest EC value (0.77 dS m™), while NPK150 and CC300 showed the lowest values
(0.61 and 0.58 dS m™, respectively). The initial OM content was significantly higher in
CC150, CC300, and VHTI150, although no differences among treatments were detected at
Tf.

With regard to available phosphorus (Pext), the highest concentrations at Ti were
observed in both VHTI doses, whereas CC300 and VHTO150 exhibited values statistically
similar to the unfertilized control (Figure 2D). Greater variation among treatments was
observed at Tf, with VHTI150 demonstrating the absolute highest available P level,
followed by VHTI90 and NPK150.

Initial TN differed significantly among treatments, with VHTI150 and VHTO150
presenting the highest contents (Figure 2E). At Tf sampling, these initial disparities were
no longer evident, showing no statistically significant differences among any of the
treatments (Figure 2E). Initial nitrate (NOs-N) concentrations were comparable to the
control, with the exception of both VHTI doses, which showed outstandingly higher
values (Figure 2F). At Tf sampling, minor discrepancies were identified, primarily driven
by slight increases in the control and VHTOG60 treatments (Figure 2F).

Overall, the dynamics of both available and non-available macronutrient forms in the
soil were strongly influenced by the nature of the fertilizer applied (organic, mineral or
organo-mineral). The organo-mineral and mineral formulations generally promoted a
more rapid alteration of the soil physicochemical and nutritional status compared to the
strictly organic amendments.

1.2 45
A B Ti (0 d) ** B 3 Ti(0d)*** c [ Ti (0d) ***
951 mm Tf(80d) * TS (80 d) ** 4.0 1 mm Tf (80 d) ns
1.0
. 3.5
~ 081 be Pel ol 3.0
T E TR C =
E d < R 251
» 0.6 BC scf BC BC E—
z A g 2.0 A
g 0.4 1.5
0z 1.0 4
- 0.5
0.0 -
E 45 F 250
3 Ti(0d) *** 3 Ti (0 d) *** [ Ti(0d)***
300 | E Tf (80 ) *xx 4.0 { mm Tf(80d)ns EE T (80 d) ***
3.5 C 200
~ 250 T o
'.‘a ~ 3.0 AB B kS
a A ]
2 200 3 254 a AB A =) 150
o ol £ &
E 150 2 204 =
% z z 100
3 = 151 o
o 100 1 o
1.0 Z 50
50 b BB B d | lcd bed
04 i |
o & 8 » &

Figure 2. Physicochemical properties of the soil under different fertilization treatments at the initial
(Ti) and final (Tf) experimental times. (A): pH, (B): electrical conductivity, (C): organic matter, (D):
available phosphorus, (E): total nitrogen, (F): nitrate. For each variable, different capital letters

https://doi.org/10.3390/horticulturae12080912



Horticulturae 2026, 12, 912

9 of 17

within a column indicate significant differences among treatments at Ti (0 days), while different
lowercase letters indicate significant differences at Tf (80 days), between treatments (p < 0.05). *, **,
***: significant difference between treatments at p < 0.01, p < 0.001 and p < 0.0001, respectively. n.s.:
not significant. Bars indicate mean + SE (1 = 4). For acronyms, see Table 1.

3.2. Agronomic Performance and Yield Components

Cabbage yield was significantly affected by the fertilization treatments (p <0.001). All
fertilized treatments, with the exception of CC300, produced significantly higher yields
than the unfertilized control. When comparing fertilizers at the same N dose (150 kg N
ha™) yield increased in the order NPK150 < CC150 < VHTO150 < VHTI150 (Table 3). Yield
increases relative to the control were 100% for VHTI150 and VHTO150 treatments. When
comparing fertilizers at the same product dose (1000 kg ha™), NPK150 (46,270 kg ha-') and
VHTIOO0 (43,556 kg ha, providing 90 kg N ha™') showed similar yields, while VHTO60
(35,171 kg ha™, providing 60 kg N ha) exhibited a lower yield. Regarding the effect of
doubling the biostabilized compost dose, CC300 (300 kg N ha™) showed a yield (33,013 kg
ha™) significantly lower than CC150 (49,556 kg ha™) and statistically similar to the
unfertilized control.

Head diameter was significantly influenced by the treatments (p < 0.001), with
VHTO150 and VHTI150 exhibiting the greatest values (20.8 cm and 19.6 cm, respectively),
significantly exceeding those observed in the control and CC300. In contrast, head height
was not significantly affected by the fertilization strategies. Overall, the high-dose organo-
mineral and organic fertilizers (VHTI150, VHTO150) maximized both yield and head
diameter, while the conventional and biostabilized treatments (NPK150, CC150)
performed comparably to the lower-dose organic and organo-mineral variants (VHTIOO,
VHTOG60).

Table 3. Yield and characterization of cabbage under commercial field conditions.

Treatments Head Height Head Diameter Yield

(cm) (cm) (kg ha)
C 10.1+1.0 16.2+1.2 ab 28,089 + 4553 a
NPK150 10.8+0.5 17.7 £1.9 bed 46,270 + 8458 ¢
CC150 116+1.1 18.9+1.7 cde 49,556 + 8534 cd
CC300 11.3+4.5 154+20a 33,013 + 6665 a
VHTI90 11.1+0.8 17.7 + 1.4 bed 43,556 + 7652 bc
VHTI150 121+1.3 19.6+1.4de 57,808 £10,432 d
VHTOG60 11.2+0.6 16.8 £0.9 abc 35,171 + 5052 ab
VHTO150 12.1+0.8 20.8+3.7e 56,445 + 6673 d
F-value n.s. 5.24 *** 11.95 ***

H%%

Significant levels: p < 0.0001; n.s.: not significant. Different letters within a column indicate
significant differences between treatments (p < 0.05). Values indicate mean + SE (n = 4). For

acronyms, see Table 1.

The macro- and micronutrient contents measured in the cabbage tissues were within
the adequate nutritional ranges reported under commercial production conditions
(Supplementary Materials, Table S1). TN content increased significantly with fertilizer
application, particularly under VHTO150, VHTO60, and VHTI150, which recorded the
highest values. While P and K contents did not show significant differences among
treatments, K levels tended to be numerically higher in CC150. Regarding micronutrients,
Ca and Na concentrations were significantly affected by the treatments, whereas Fe, Mn,
Zn, and Cu did not differ significantly.
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Beyond absolute nutrient uptake, the efficiency of nutrient utilization was evaluated
to determine the physiological performance of each fertilization strategy (Figure 3A-C).
NUE showed significant differences among treatments (p <0.001) (Figure 3D). At the same
nitrogen dose (150 kg N ha™), the organic (VHTO150) and organo-mineral (VHTI150)
fertilizers exhibited substantially higher NUE than the conventional inorganic fertilizer
(NPK150) and the biostabilized compost (CC150). This indicates that organic and organo-
mineral formulations enhance N conversion into biomass more effectively than
conventional inorganic fertilization. At the same product dose (1000 kg ha-*), VHTIO0 (90
kg N ha™) achieved a NUE of 31%, comparable to NPK150 (24%) despite the lower N
input, further confirming the superior efficiency of the organo-mineral formulation. In
contrast, doubling the biostabilized compost dose (CC300) resulted in the lowest NUE
(4%), indicating a negative dose-response effect for this material.

PUE also showed statistically significant differences among treatments (p < 0.001)
(Figure 3E). The biostabilized compost at 150 kg N ha1 (CC150) exhibited the highest PUE
(12%), significantly exceeding all other treatments. The organic and organo-mineral
fertilizers at a high dose (VHTI150 and VHTO150) showed intermediate PUE values (6-
7%), while the lowest values were recorded for CC300 (4%) and VHTO60 (4%). This
suggests that the biostabilized compost, despite its lower yield performance compared to
VHTI150 and VHTO150, is particularly efficient at enhancing phosphorus utilization.

KUE was significantly influenced by fertilization (p < 0.001) (Figure 3F). CC150
exhibited the highest KUE (73%), followed by VHTO150 (47%) and VHTI150 (42%). In
contrast, CC300 showed the lowest KUE (5%), comparable to the unfertilized control. The
superior KUE of CC150, combined with its high PUE, indicates that biostabilized compost
is particularly effective at enhancing the utilization of P and K, even though its overall
yield performance is limited by N constraints.

Overall, the organo-mineral and organic formulations applied at the optimal dose of
150 kg N ha™ consistently demonstrated superior nitrogen use efficiency and yield
performance compared to the conventional inorganic fertilizer.
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Figure 3. Nutrient uptake (N, P, K: (A-C)) and use efficiency indices (NUE, PUE, KUE: (D-F)) of

cabbage under different fertilization treatments. Different letters within a column indicate
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A Integrated Soil-Crop
Response Index (ISCRI)

NPK150

CC1504

CC300-1.

VHTI90
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VHTO60
VHTO150 4

ISCRI Score
E VHTI90
P uptake
K uptake N uptake
™
Pext oM

significant differences between treatments (p < 0.05). ***: significant difference between treatments

at p <0.0001. Boxes indicate mean + SE (1 = 4). For acronyms, see Table 1.

3.3. Implications of the Integrated Soil-Crop Response Index (ISCRI)

The values ranged from —1.37 to +7.42 in the following order: VHTI150 > VHTO150 >
CC150 > VHTI90 > NPK150 > VHTO60 > CC300 (Figure 4A). The highest cumulative scores
were obtained for the high-dose organo-mineral, organic and biostabilized treatments,
indicating the most favourable overall effect on the agroecosystem. The starplots show
these high scores reflect a consistent positive response across both crop variables (yield,
NPK uptake) and soil parameters (TN and OM) with the colored polygons extending well
beyond the reference baseline (dotted line) of the control treatment (Figure 4B-H).

On the other hand, doubling the biostabilized compost dose (CC300) resulted in the
only negative ISCRI value (-1.37). The starplot for this treatment (Figure 4D) shows that
the response polygon is largely contained within the reference baseline, indicating a
detrimental effect on key variables such as yield, N uptake and soil Pext. The NPK150
demonstrated a positive ISCRI value (+2.73), reflecting a favorable response, nevertheless
less pronounced than the high-dose organic and organo-mineral treatments (Figure 4B).
VHTIO0 achieved a higher ISCRI (+3.48) than NPK150 despite supplying 40% less
nitrogen, further highlighting its superior efficiency (Figure 4F). Finally, VHTO60 showed
a low score (+0.12) limited by its minimal impact on both crop uptake and soil parameters
(Figure 4G).

CC150 D CC300
P uptake

NPK150 C
P uptake

P uptake

N uptake N uptake K uptake N uptake

Yield Yield TN Yield

Pext oM
K K K
F VHTI150 G VHTO60 H VHTO150
P uptake P uptake P uptake

Yield Yield TN Yield

Figure 4. (A): ISCRI evaluation of the fertilization treatments. (B—H): radar charts illustrating the
individual contributions of the evaluated agronomic and soil variables (yield, N uptake, P uptake,
K uptake, TN, OM and Pext) to the ISCRI for each specific treatment. The black dotted polygon
represents the baseline reference condition (unfertilized control). For acronyms, see Table 1.
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4. Discussion
4.1. Effects of Organo-Mineral Fertilization on Soil Properties

The application of organo-mineral and organic treatments induced immediate
alterations in soil physicochemical properties, particularly evident by the significant
differences observed at Ti immediately after treatment incorporation. VHTI150 showed
the most pronounced effects, with significantly lower pH compared to the control. This
acidification is attributed to the dose-dependent release of ammonium from the frass
component and its subsequent nitrification, as well as the presence of organic acids in the
formulation [15]. The high nitrate levels in VHT150 at Ti confirm rapid mineralization of
the organic substrate. However, at Tf, pH values converged across all treatments
demonstrating the buffering capacity of the calcareous soil [32]. EC showed an inverse
pattern between the control and fertilized treatments over time. At Ti, amended soils had
slightly higher EC due to soluble salts in the fertilizers. On the other hand, at Tf the control
exhibited the highest EC, while all fertilized treatments showed lower values. This is
explained by the highest cabbage growth in fertilized plots, which resulted in substantial
nutrient uptake (removing soluble ions from the soil solution) and increased soil cover
(reducing direct evaporation and salt concentration). In contrast, limited plant growth in
the control led to nutrient accumulation and salt concentration through direct evaporation
[33]. OM increased significantly at Ti only in treatments with bioestabilized treatments,
consistent with their high inherent OM content. Despite the absence of statistically
significant differences, all treatments maintained higher OM values compared to the
control. This suggests that, while the labile carbon fraction was mineralized (supporting
nutrient release as evidence by higher nitrate at Ti), the recalcitrant humic fraction
persisted in the soil. Additionally, enhanced root biomass from the cabbage plants in
fertilized treatments contributed to maintaining soil OM levels [34].

The elevated initial nitrate levels observed in the VTI treatments were directly
attributable to the use of KNOs as the N source in their formulation, which provides
immediately available nitrate. Conversely, the conventional mineral fertilizer treatment
relied on urea. In calcareous soils with high pH, urea is highly susceptible to hydrolysis
and subsequent ammonia volatilization [35]. This volatilization loss likely contributed to
the lower NUE observed in the conventional treatment compared to the organo-mineral
formulations, which protected a portion of the N within the organic matrix.

Pext proved highly sensitive to the type of fertilizer applied. At Ti sampling, the
highest values were recorded in the VHTI90 and VHTI150 treatments, by the rapid
dissolution of the inorganic fraction coupled with the mineralization of the frass [36].
These differences widened at Tf of the experiment, suggesting a more sustained release
dynamic in the organo-mineral treatments, whereas the strictly organic treatments
remained closer to the control values. Furthermore, applying fertilizers based on crop N
requirements can lead to the over-application of other nutrients. The VHTI90 and VTI150
treatments resulted in a substantial increase in soil available P. While beneficial for the
current crop, continuous application of such P-rich formulations over successive cropping
cycles could lead to excessive P accumulation in the soil, posing potential environmental
risks [37].

Initial TN values were significantly higher in the high-dose organo-mineral and
organic treatments (VHTI150 and VHTO150). However, at Tf these treatments exhibited
some of the lowest TN values, suggesting high mobilization and uptake by the crop, or
greater transformation into inorganic forms with subsequent loss via leaching or
volatilization [18]. Initial N-NOs~ concentrations were substantially higher than the
control in both VHTI doses, while at Tf, the variability among treatments decreased as the
available N was consumed by the crop [38].
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4.2. Effects of Organo-Mineral Fertilization on Agronomic Performance

The experimental design allowed for two critical agronomic comparisons: (i)
treatments delivering the same N dose (150 kg N ha™) and (ii) treatments applied at the
same fertilizer rate (1000 kg ha'). When fertilizers were compared at the same N dose,
VHTO150 and VHTI150 pelletized fertilizers significantly outperformed both the NPK150
and CC150 treatments. This finding is particularly relevant because it demonstrates that
organic and organo-mineral pellet formulations can achieve higher yields without
increasing nitrogen inputs. The yield enhancement observed in the present study is
attributed to the substantial initial supply of N and P provided by the organo-mineral and
organic treatments. These nutrients supported vigorous cabbage growth throughout the
crop cycle [39]. Cabbage head diameter followed the same pattern, confirming that the
biomass gains were structurally reflected in marketable yield.

When comparing fertilizers at the same fertilizer dose (1000 kg ha™), the organo-
mineral fertilizer VHT90 (90 kg N ha') achieved a yield comparable to NPK150 (150 kg N
ha™), representing a 40% reduction in N input without yield penalty. This suggests that
the organo-mineral pellets have a higher NUE. In contrast, the organic fertilizer VHTO60
(60 kg N ha) showed lower yield, indicating that the organo-mineral matrix is more
effective at low application rates. These findings align with previous studies reporting
that organo-mineral fertilizers combine the benefits of organic matter and mineral
nutrients, resulting in improved nutrient availability and crop performance [40].

4.3. Nutrient Use Efficiency and Agroecosystem Assessment via ISCRI

The efficiency of nutrient utilization highlighted distinct physiological responses tied
to the experimental design. NUE showed a clear advantage for the iso-N dose treatments:
significantly higher for VHTO150 (46%) and VHTI150 (42%) than NPK150 (24%) and
CC150 (30%). This indicates that organic and organo-mineral pellets enhance N
conversion into biomass more effectively than conventional inorganic fertilization, likely
due to reduced leaching losses and better rhizosphere synchronization [41]. At the same
fertilizer dose, VHTIOO0 achieved a NUE of 31%, comparable to NPK150 despite the lower
N input, confirming the efficiency of the organo-mineral formulation.

PUE showed a difference between treatments, the CC150 exhibited the highest PUE
(12%). This suggests that the biostabilized compost, despite its lower yield performance
compared to VHTI150 and VHTO150, is particularly efficient at enhancing P utilization,
possibly through microbial solubilization or improved cation exchange capacity in the
calcareous soil matrix [42]. KUE was highest in CC150 (73%), followed by VHTO150 (47%)
and VHTI150 (42%). The superior PUE and KUE of CC150 indicate that biostabilized
compost is particularly effective at enhancing the utilization of secondary macronutrients,
even though its overall yield performance is limited by N constraints. The lack of
significant statistical variation in K dynamics across most treatments suggests that K
mobility in this soil-plant system is highly buffered, diminishing the capacity of efficiency
indices to discern treatment-induced variations under these specific conditions [43].

However, doubling the biostabilized compost dose (CC300) resulted in the lowest
efficiencies across all indices (NUE: 4%; PUE: 4%; KUE: 5%). This suggests that excessive
application of biostabilized amendment can engender negative effects on crop
performance, potentially driven by microbial N immobilization, osmotic stress or
phytotoxicity from accumulated organic acids [44,45]. This dose-dependent response
confirms that simply increasing the total nutrient supply does not necessarily translate to
improved agronomic efficiency, highlighting the critical importance of precise
formulation and appropriate application rates for these types of organic materials.

The ISCRI provided an integrated validation of the treatment effects, following the
order: VHTI150 > VHTO150 > CC150 > VHTI90 > NPK150 > VHTO60 > CC300. The highest

https://doi.org/10.3390/horticulturae12080912



Horticulturae 2026, 12, 912

14 of 17

cumulative scores were obtained for the high-dose organo-mineral, organic, and biostabi-
lized treatments, reflecting the most favorable overall effect on the agroecosystem. The
starplots illustrate that these high scores correspond to a consistent positive response
across both crop variables (yield, NPK uptake) and soil parameters (TN and OM), with
response polygons higher than the reference baseline. VHTI90 achieved a higher ISCRI
(+3.48) than NPK150 (+2.73) despite supplying 40% less N, reinforcing the efficiency ad-
vantage observed in yield and NUE data. On the other hand, CC300 was the only treat-
ment yielding a negative ISCRI (-1.37), with its response polygon largely contained within
the control treatment baseline, confirming the negative effect of excessive bioestabilized
compost application. These findings corroborate that pelletized organo-mineral and opti-
mized organic formulations facilitate a more balanced nutritional impact on both soil
health and crop status without adverse effects, consistent with responses reported in other
cropping systems [22,46].

5. Conclusions

This study demonstrates that pelletized organo-mineral and organic fertilizers incor-
porating H. illucens and T. molitor frass are effective alternatives to conventional fertiliza-
tion in cabbage crops. At the same N dose (150 kg N ha), both VHTI150 and VHTO150
doubled cabbage yield compared to the control, while the organo-mineral formulation
VHTI90 achieved comparable yields to NPK150 with 40% less N input. These formula-
tions enhanced nutrient use efficiency and soil properties through synchronized nutrient
release aligned with crop demand. In contrast, the high dose of biostabilized amendment
(CC300) resulted in lower yields and the lowest nutrient use efficiencies, likely due to ex-
cessive application of partially stabilized organic material causing nitrogen immobiliza-
tion or phytotoxic effects. This highlights the importance of appropriate application rates
for biostabilized amendments.

The ISCRI confirmed the benefits of frass-based fertilizers on the agroecosystem, with
VHTI150 and VHTO150 achieving the highest positive responses. Frass-based pelletized
fertilizers represent a sustainable, circular alternative for horticultural production that
valorize insect farming by-products. Future research should evaluate their long-term ef-
fects on soil microbiology dynamics and performance across diverse cropping systems.
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concentrations in cabbage tissues under different fertilization treatments.

Author Contributions: Conceptualization, R.M.; methodology, M.A.B. and R.M.; software, S.S.-M.,
C.A.-A. and L.O.; validation, C.A.-A., A.S.P. and S.S.-M.; formal analysis, L.O., EM.-S. and ].A.S.-T ;
investigation, A.S.P., 5.5.-M., Z.E.B.M. and ].A.S.-T.; resources, F.J.A.-R. and A.S.P.; writing —origi-
nal draft, Z.EB.M., C.A.-A., S.S.-M. and L.O,, writing —review and editing, J.A.S.-T. and L.O.; visu-
alization, E.M.-S., F.J.A.-R. and M.A.B.; funding acquisition, R.M.; project administration, R.M. All

authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from the Bio-Based Industries Joint Undertaking (JU) un-
der the European Union’s Horizon 2020 Research and Innovation Programme under grant agree-
ment No. 887648 —RECOVER project. The JU receives support from the European Union’s Horizon
2020 Research and Innovation Programme and the Bio-Based Industries Consortium. This work was
also supported by the Valencian Regional Government through an ACIF predoctoral grant
(CIACIF/2023/356) awarded to the first author.

Data Availability Statement: The original contributions presented in this study are included in the

article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

https://doi.org/10.3390/horticulturae12080912



Horticulturae 2026, 12, 912 15 of 17

Conlflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script; or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Kaza, S.; Yao, L.C.; Bhada-Tata, P.; van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050; World
Bank: Washington, DC, USA, 2018. https://doi.org/10.1596/978-1-4648-1329-0.

Koda, E.; Miszkowska, A.; Sieczka, A. Levels of Organic Pollution Indicators in Groundwater at the Old Landfill and Waste
Management Site. Appl. Sci. 2017, 7, 638. https://doi.org/10.3390/app7060638.

Steffen, W.; Richardson, K.; Rockstrém, J.; Cornell, S.E.; Fetzer, I.; Bennett, E.M.; Biggs, R.; Carpenter, S.R.; de Vries, W.; de Wit,
C.A,; et al. Planetary boundaries: Guiding human development on a changing planet. Science 2015, 347, 1259855.
https://doi.org/10.1126/science.1259855.

Raheem, D.; Carrascosa, C.; Oluwole, O.B.; Nieuwland, M.; Saraiva, A.; Millan, R.; Raposo, A. Traditional Consumption of and
Rearing Edible Insects in Africa, Asia and Europe. Crit. Rev. Food Sci. Nutr. 2019, 59, 2169-2188.
https://doi.org/10.1080/10408398.2018.1440191.

Gerten, D.; Heck, V.; Jagermeyr, J.; Bodirsky, B.L.; Fetzer, L; Jalava, M.; Kummu, M.; Lucht, W.; Rockstrdm, J.; Schaphoff, S.; et
al. Feeding ten billion people is possible within four terrestrial planetary boundaries. Nat. Sustain. 2020, 3, 200-208.
https://doi.org/10.1038/s41893-019-0465-1.

Cameron, K.C.; Di, H.J.; Moir, J.L. Nitrogen losses from the soil/plant system: A review. Ann. Appl. Biol. 2013, 162, 145-173.
https://doi.org/10.1111/aab.12014.

Zdruli, P; Jones, R.J.A.; Montanarella, L. Organic Matter in the Soils of Southern Europe:Present Status and Future Trends; Office for
Official Publications of the European Communities: Brussels, Belgium, 2001. Available online: https://esdac.jrc.ec.eu-
ropa.eu/ESDB_Archive/eusoils_docs/esb_rr/EUR21083.pdf (accessed on 1 May 2026).

Boutchich, G.E.K,; Tahiri, S.; Krati, M.; Kabil, E.M.; Lhadi, E.K.; Mahi, M.; de la Guardia, M. Sandy Soil Modification by Bio-
Composts for Wheat Production. Waste Biomass Valorization 2018, 9, 1129-1139. https://doi.org/10.1007/512649-017-9847-7.
Badagliacca, G.; Testa, G.; la Malfa, S.G.; Cafaro, V.; lo Presti, E.; Monti, M. Organic Fertilizers and Bio-Waste for Sustainable
Soil Management to Support Crops and Control Greenhouse Gas Emissions in Mediterranean Agroecosystems: A Review. Hor-
ticulturae 2024, 10, 427. https://doi.org/10.3390/horticulturae10050427.

Cickova, H.; Newton, G.L.; Lacy, R.C.; Kozanek, M. The use of fly larvae for organic waste treatment. Waste Manag. 2015, 35,
68-80. Elsevier Ltd. https://doi.org/10.1016/j.wasman.2014.09.026.

Bruno, D.; Orlando, M.; Testa, E.; Carnevale Miino, M.; Pesaro, G.; Miceli, M.; Pollegioni, L.; Barbera, V.; Fasoli, E.; Draghi, L.;
et al. Valorization of organic waste through black soldier fly: On the way of a real circular bioeconomy process. Waste Manag.
2025, 191, 123-134. https://doi.org/10.1016/]. WASMAN.2024.10.030.

Castillo, P.; Saez-Tovar, J.A.; Andreu-Rodriguez, F.J.; Estrada-Medina, H.; Marhuenda-Egea, F.C.; Bustamante, M.A.; Martinez-
Sanchez, A.; Martinez-Sabater, E.; Orden, L.; Barranco, P.; et al. Could Insect Frass Be Used as a New Organic Fertilizer in
Agriculture? Nutritional Composition, Nature of Organic Matter, Ecotoxicity, and Phytotoxicity of Insect Excrement Compared
to Eisenia fetida Vermicompost. Insects 2026, 17, 142. https://doi.org/10.3390/insects17020142.

European Commission. Commission Regulation (EU) 2019/1009 of the European Parliament and of the Council of 5 June 2019
laying down rules on the making available on the market of EU fertilising products and amending Regulations (EC) No
1069/2009 and (EC) No 1107/2009 and repealing Regulation (EC) No 2003/2003. Off. J. Eur. Union 2019, 170, 1-114. Available
online: https://eur-lex.europa.eu/eli/reg/2019/1009/0j (accessed on 1 June 2026).

International Platform of Insects for Food and Feed (IPIFF). IPIFF Members. Available online: https://ipiff.org/ipiff-members/
(accessed on 2 April 2026).

Gurung, S.K.; Mickan, B.S.; Middleton, J.A.; Singh, P.K,; Jenkins, S.N.; Rengel, Z.; Siddique, K.H.M.; Solaiman, Z.M. Manure-
derived black soldier fly frass enhanced the growth of chilli plants (Capsicum annuum L.) and altered rhizosphere bacterial
community. Appl. Soil Ecol. 2024, 202, 105605. https://doi.org/10.1016/]. APSOIL.2024.105605.

Pradabphetrat, P.; Sathawong, S.; Pimsen, M. Effects of Rearing Black Soldier Fly Larvae (Hermetia illucens) from Organic
Wastes. ASEAN ]. Sci. Technol. Rep. 2024, 27, €252644. https://doi.org/10.55164/ajstr.v27i4.252644.

Gold, M.; Tomberlin, ].K; Diener, S.; Zurbriigg, C.; Mathys, A. Decomposition of biowaste macronutrients, microbes, and chem-
icals in black soldier fly larval treatment: A review. Waste Manag. 2018, 82, 302-318. https://doi.org/10.1016/]. WAS-
MAN.2018.10.022.

https://doi.org/10.3390/horticulturae12080912



Horticulturae 2026, 12, 912 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kagata, H.; Ohgushi, T. Positive and negative impacts of insect frass quality on soil nitrogen availability and plant growth.
Popul. Ecol. 2012, 54, 75-82. https://doi.org/10.1007/s10144-011-0281-6.

Nana, P.; Kimpara, ].M.; Tiambo, C.K.; Tiogue, C.T.; Youmbi, J.; Choundong, B.; Fonkou, T. Black soldier flies (Hermetia illucens
Linnaeus) as recyclers of organic waste and possible livestock feed. Int. ]. Biol. Chem. Sci. 2019, 12, 2004.
https://doi.org/10.4314/ijbcs.v12i5.4.

Salomone, R.; Saija, G.; Mondello, G.; Giannetto, A.; Fasulo, S.; Savastano, D. Environmental impact of food waste bioconversion
by insects: Application of Life Cycle Assessment to process using Hermetia illucens. ]. Clean. Prod. 2017, 140, 890-905.
https://doi.org/10.1016/].JCLEPRO.2016.06.154.

Sanchez-Méndez, S.; Orden, L.; Franco-Luesma, S.; Andreu-Rodriguez, F.J.; Mira-Urios, M.A.; Sdez-Tovar, J.A.; Martinez-Saba-
ter, E.; Bustamante, M.A.; Alvaro-Fuentes, J.; Marks, E.A.N,; et al. Agronomic and environmental assessment of a new fertiliza-
tion strategy using pelleted organo-mineral fertilizers for wheat production in mediterranean agricultural soils. Sci. Rep. 2025,
15, 36866. https://doi.org/10.1038/541598-025-20818-9.

Greer, S.F.; Surendran, A.; Grant, M.; Lillywhite, R. The Current Status, Challenges, and Future Perspectives for Managing
Diseases of Brassicas. Front. Microbiol. 2023, 14, 12092589. https://doi.org/10.3389/fmicb.2023.1209258.

Soil Survey Staff. Keys to Soil Taxonomy, 13th ed.; USDA Natural Resources Conservation Service: Washington, DC, USA, 2022.
Available online: https://www.nrcs.usda.gov/sites/default/files/2022-09/Keys-to-Soil-Taxonomy.pdf (accessed on 1 June 2026).
Paredes, C.; Pérez-Murcia, M.D.; Pérez-Espinosa, A.; Angeles Bustamante, M.; Moreno-Caselles, J. Recycling of Two-Phase Ol-
ive-Mill Cake “Alperujo” by Co-composting with Animal Manures. Commun. Soil Sci. Plant Anal. 2015, 46, 238-247.
https://doi.org/10.1080/00103624.2014.989022.

BOE. Real Decreto 529/2023, de 20 de Junio, por el que se Modifica el Real Decreto 506/2013, de 28 de Junio, Sobre Productos
Fertilizantes. Boletin Off. Estado N 161, 96047-96059, 2023. Available online: https://www.boe.es/eli/es/rd/2023/06/20/529 (ac-
cessed on 1 June 2026).

Bustamante, M.A.; Said-Pullicino, D.; Agulld, E.; Andreu, J.; Paredes, C.; Moral, R. Application of winery and distillery waste
composts to a Jumilla (SE Spain) vineyard: Effects on the characteristics of a calcareous sandy-loam soil. Agr. Ecosys. Environ.
2011, 140, 80-87. https://doi.org/10.1016/j.agee.2010.11.014

Bremner, J.; Keeney, D. Steam distillation methods for determination of ammonium, nitrate and nitrite. Anal. Chim. Acta. 1965,
32, 485-495.

Saez-Tovar, J.A.; Orden, L.; Andreu-Rodriguez, F.J.; Ros, M.V.; Martinez-Sabater, E.; Bustamante, M.A.; Ros, M.; Martinez-
Tomé, J.; Pérez-Murcia, M.D.; Pascual, J.A.; et al. Comparative Study of Different Fertilisation Strategies on Lettuce Crop Pro-
duction Including Remote Sensing Precision Agriculture Techniques: Effects on Soil Properties, Crop Yield and Greenhouse
Gas Emissions. Soil Use Manag. 2025, 41, €70145. https://doi.org/10.1111/sum.70145.

Catteau, A.; le Guernic, A.; Palos Ladeiro, M.; Dedourge-Geffard, O.; Bonnard, M.; Bonnard, I.; Delahaut, L.; Bado-Nilles, A.;
Porcher, ].M.; Lopes, C.; et al. Integrative biomarker response—Threshold (IBR-T): Refinement of IBRv2 to consider the refer-
ence and threshold values of biomarkers. . Environ. Manag. 2023, 341, 118049. https://doi.org/10.1016/j.jenvman.2023.118049.
Di Rienzo, J.A.; Casanoves, F.; Balzarini, M.G.; Gonzalez, L.; Tablada, M.; Robledo, C.W. InfoStat, versién 2020; Centro de
Transferencia InfoStat, FCA, Universidad Nacional de Cérdoba: Cordoba, Argentina, 2020. Available online: http://www.in-
fostat.com.ar (accessed on 1 March 2026).

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2023. Available online: https://www .R-project.org/ (accessed on 1 March 2026).

Alvarez-Alonso, C.; Pérez-Murcia, M.D.; Manrique, N.; Andreu-Rodriguez, F.J.; Mira-Urios, M.A.; Irigoyen, I.; Lopez, M.; Or-
den, L.; Moral, R.; Nogués, I; et al. Agronomic Use of Urban Composts from Decentralized Composting Scenarios: Implications
for a Horticultural Crop and Soil Properties. Agronomy 2025, 15, 1520. https://doi.org/10.3390/agronomy15071520.

Scotti, R.; Pane, C.; Spaccini, R.; Palese, A.M.; Piccolo, A.; Celano, G.; Zaccardelli, M. On-farm compost: A useful tool to improve
soil quality under intensive farming systems. Appl. Soil Ecol. 2016, 107, 13-23. https://doi.org/10.1016/j.aps0il.2016.05.004.
Kenchanna, D.; Waliczek, T.M.; Drewery, M.L. Evaluating Black Soldier FLY (Hermetia illucens) Frass and Larval Sheddings in
the Production of a Quality Compost. Fermentation 2024, 10, 613. https://doi.org/10.3390/fermentation10120613.

Magsood, M.A.; Awan, UK,; Aziz, T.; Arshad, H.; Ashraf, N.; Ali, M. Nitrogen management in calcareous soils: Problems and
solutions. Pak. ]. Agric. Sci. 2016, 53, 79-95. https://doi.org/10.21162/PAKJAS/16.4867.

Sanchez-Méndez, S.; Valverde-Vozmediano, L.; Orden, L.; Andreu-Rodriguez, F.J.; Saez-Tovar, J.A.; Martinez-Sabater, E.;
Bustamante, M.A.; Moral, R. Alternative Phosphorus Fertilisation with Bio-Based Pellet Fertilisers: A Case of Study on Ryegrass
(Lollium perenne L.). Agronomy 2025, 15, 579. https://doi.org/10.3390/agronomy15030579.

https://doi.org/10.3390/horticulturae12080912



Horticulturae 2026, 12, 912 17 of 17

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ferrari, J.L.; Martinez, E.E.; Cremona, M.V. Nutrient Balance in Organic Raspberry Production with Dairy-manure Amend-
ments. Int. |. Plant Soil Sci. 2015, 7, 306-318. https://doi.org/10.9734/IJPS5/2015/18425.

Nerlich, A.; Dannehl, D. Soilless Cultivation: Dynamically Changing Chemical Properties and Physical Conditions of Organic
Substrates Influence the Plant Phenotype of Lettuce. Front. Plant Sci. 2021, 11, 601455. https://doi.org/10.3389/fpls.2020.601455.
Zhu, Y.; Archontoulis, S.V.; Castellano, M.]. Quantifying the timing asynchrony between soil nitrogen availability and maize
nitrogen uptake. Plant Soil 2025, 513, 2939-2954. https://doi.org/10.1007/s11104-025-07352-3.

Antille, D.L.; Sakrabani, R.; Godwin, R.J. Nitrogen Release characteristics from Biosolids-Derived Organomineral fertilizers.
Commun. Soil Sci. Plant Anal. 2014, 45, 1687-1698. https://doi.org/10.1080/00103624.2014.907915.

Carciochi, W.D.; Ferrari, ].L.; Orden, L.; Galantini, ].A. Pelletized Organomineral vs. Inorganic Nitrogen and Phosphorus Ferti-
lizers: Impact on Wheat Nutritional Status, Productivity, and Grain Quality. J. Soil Sci. Plant Nutr. 2024, 24, 7361-7372
https://doi.org/10.1007/s42729-024-02045-9.

Li, Y; Xu, Z.; Zhang, L.; Chen, W.; Feng, G. Dynamics between soil fixation of fertilizer phosphorus and biological phosphorus
mobilization determine the phosphorus budgets in agroecosystems. Agric. Ecosyst. Environ. 2024, 375, 10974.
https://doi.org/10.1016/j.agee.2024.109174.

Yin, M,; Li, Y,; Hu, Q.; Yu, X;; Huang, M.; Zhao, J.; Dong, S.; Yuan, X.; Wen, Y. Potassium Increases Nitrogen and Potassium
Utilization Efficiency and Yield in Foxtail Millet. Agronomy 2023, 13, 2200. https://doi.org/10.3390/agronomy13092200.
Bossolani, J.W.; Leite, M.F.A.; Momesso, L.; ten Berge, H.; Bloem, J.; Kuramae, E.E. Nitrogen input on organic amendments
alters the pattern of soil-microbe-plant co-dependence. Sci. Total. Environ. 2023, 890, 164347. https://doi.org/10.1016/j.sci-
totenv.2023.164347.

Herencia, J.F.; Maqueda, C. Effects of Time and Dose of Organic Fertilizers on Soil Fertility, Nutrient Content and Yield of
Vegetables. ]. Agric. Sci. 2016, 154, 1343-1361. https://doi.org/10.1017/50021859615001136.

Foughar, M.; Arrobas, M.; Rodrigues, M.A. Mealworm Larvae Frass Exhibits a Plant Biostimulant Effect on Lettuce, Boosting
Productivity beyond Just Nutrient Release or Improved Soil Properties. Horticulturae 2024, 10, 711. https://doi.org/10.3390/hor-
ticulturae10070711.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/horticulturae12080912



