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Organo-mineral fertilizers (OMFs) can have higher efficiency than mineral 
fertilizers. In Europe, peat is commonly used as an organic matrix in OMFs, as it 
is a highly stable organic material. However, peat extraction releases long-term 
stored organic C. Stabilized biowaste materials could replace peat in OMFs. 
Thus, this study aimed to understand how the variety of chemical properties 
in biowastes can influence OMF-soil interactions and nutrient availability to 
plants. Peat, green compost (GC), municipal solid waste compost (MSWC), and 
vermicompost (VC) were used as the organic matrix of OMFs with a C-N-P2O5 
content of 7.5, 10, and 5%, respectively. OMFs were tested first in a ten-day 
plant-free incubation to measure Hedley P fractionation, nitrate, ammonium, 
total N in the soil, and CO2 and NH3 emissions. Further, a 30-day greenhouse 
trial measured maize yield and N and P use efficiencies. Controls included no 
fertilization (N0P0) and mineral N and P fertilization (MFNP). No differences were 
found in the incubation experiment for mineral N fractions in the soil. Fertilization 
significantly increased CO2 emissions, which were slightly higher in OMFs over 
MFNP, whereas OMFs significantly increased ammonia volatilization compared 
to MFNP. Available P had consistent results in the incubation and the greenhouse 
trials. Peat and MFNP had the highest water-and bicarbonate-P pools in the first 
experiment and higher yield and P use efficiency by maize. Therefore, OMFs 
from biowaste materials exhibited limited suitability for short growth cycles due 
to lower P use efficiency and higher ammonia volatilization.
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1 Introduction

Organo-mineral fertilizers (OMFs) combine organic and mineral components designed to 
provide a balanced supply of nutrients to plants, harnessing the benefits of both organic materials 
and inorganic minerals (Smith et al., 2020). The degree of influence of the organic material on 
the mineral fertilizer depends on the proportion between organic and mineral fractions (Pare 
et al., 2010). Therefore, comparisons across different OMFs are rather complex when OMFs are 
made with different mineral fertilizers, mixtures of organic and mineral nutrients, and organic 
materials proportions. Low organic C (Corg) OMFs primarily utilize the organic material as a 
carrying matrix for mineral nutrients rather than a primary source of nutrients. In Europe, the 
standard establishes a minimum of 7.5% of Corg in solid OMFs (EC, 2019). Thus, low Corg OMFs 
have almost negligible amounts of macronutrients provided by the organic material, while they 
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can be  a source of some microelements such as Fe, Cu, and Zn 
(Sitzmann et al., 2023). However, the organic material ranges ideally 
between 30 to 50% of the total OMF volume (Pare et  al., 2010). 
Consequently, organic materials with a medium Corg content are 
considered desirable as they allow sufficient addition of mineral 
fertilizers while providing an optimal organic matrix for efficient 
nutrient delivery.

In low Corg OMFs, the combination of an organic matrix with 
mineral nitrogen (N) and phosphorus (P) has proven effective in 
reducing N losses and enhancing N use efficiency (Richards et al., 1993; 
Antille et al., 2014; Florio et al., 2016). Additionally, OMF application 
increases plant P uptake by increasing the availability of mineral P 
(Antille et  al., 2013b). The increase of nutrient use efficiency can 
be attributed to a variety of underlying processes: (i) the reduction of 
mineral sorption of P to soil minerals (Parent et  al., 2003), thereby 
facilitating absorption by plant roots while simultaneously inhibiting the 
transformation of available P into forms that are inaccessible to plants 
(Khiari and Parent, 2005); (ii) an increase in microbial immobilization 
of both N and P, leading to a gradual nutrient release (Mandal et al., 
2007) and a reduced N leaching (Richards et al., 1993); (iii) a nutrient 
electrostatic attraction onto the charged surface of the organic material, 
thereby reducing nutrient mobility in soil (Gwenzi et al., 2018; Luo et al., 
2021); (iv) chemical interactions between the inorganic nutrients and the 
organic fraction that lead to the formation of new compounds with lower 
solubility (Mazeika et al., 2016; Carneiro et al., 2021; Luo et al., 2021); (v) 
the OMF acts as a physical barrier to soil humidity, thereby decreasing 
fertilizer solubility (Limwikran et al., 2018).

Traditionally, OMFs with humic C content have been considered 
high quality fertilizers (Alianiello et  al., 1999; Florio et  al., 2016). 
Humic-related substances have been reported to influence microbial 
and physicochemical properties of soil increasing crop growth (Li 
et al., 2019), having a biostimulant effect on plant metabolism (Asli 
and Neumann, 2010; Vujinović et  al., 2020), and ameliorated soil 
contaminants thanks to a high sorption capacity (Piccolo, 2002; Conte 
et al., 2005). Therefore, in low Corg OMFs, Peat has been appointed as 
a high-quality organic material for OMF (Alianiello et al., 1999; Florio 
et al., 2016) as it is a material typically rich in humic C substances and 
with a high humification degree (Cavani et al., 2003). Among other 
geogenic materials, peat in OMFs is allowed in Europe (EC, 2019). 
However, there is a rising interest in replacing peat with affordable 
local alternatives that do not require long-distance transportation 
(Taparia et al., 2021) to protect peatlands to avoid the release of long-
term stored C as CO2 and the emissions of other greenhouse gasses 
(Saarikoski et al., 2019; Humpenöder et al., 2020). Among possible 
alternatives to peat, biowaste materials have been proposed to replace 
peat substrates for horticultural production (Taparia et al., 2021) and 
mushroom cultivation (Schmilewski, 2008).

Biowaste are easily accessible and local resources, thereby offering 
the benefit of reducing transportation expenses and costs related to 
peat extraction. Indeed, the incorporation of biowaste materials into 
OMFs promotes a circular value proposition, as it establishes a closed-
loop system that repurposes and recycles waste materials to create 
agricultural benefits (Barros et al., 2020; Chojnacka et al., 2020; Zeller 
et al., 2020). For that, biowaste materials should be degraded through 
digestion, composting, or vermicomposting to achieve the biochemical 
stability that will allow the production of a homogeneous OMF with 
stable interactions between the mineral and organic fractions over 
time (Sakurada et  al., 2016; Bouhia et  al., 2022). Therefore, using 

biowaste materials as an organic matrix seems promising for OMF 
manufacturing (Chojnacka et  al., 2020, 2022) and, thus, as 
peat replacement.

Although multiple interactions between organic and mineral 
fractions have been described, there is still limited knowledge about 
the main influences of a biowaste material as the organic matrix on 
the mineral fertilizer in a blended OMF.

Based on this background, we hypothesized that the close contact 
of an organic material and mineral fertilizers in a blended OMF 
will cause:

(H1) slower nutrient release patterns related to the granule 
integrity in soil due to a higher recalcitrant Corg content.

(H2) an increase of the organic immobilization of nutrients 
related to a more labile Corg fraction boosting the microbial activity.

(H3) changes in N losses through ammonia volatilization either 
by reducing it because microbial immobilization into organic N 
(Norg) or increasing it because the interaction between the organic 
matrix pH and the mineral fertilizer in the OMF.

These hypotheses were tested by analyzing changes in soil respiration, 
ammonia emissions, and N and P forms in incubated soils fertilized with 
granular OMFs made with organic materials from different origins 
We also tested if potential changes in nutrient availability in soil affect the 
initial growth and nutrient use efficiency by maize.

This study aimed to contribute to a deeper understanding of the 
interactions between organic and mineral fractions in low Corg OMFs 
while also validating alternatives to peat for more sustainable 
agricultural practices.

2 Materials and methods

This study conducted two independent experiments: (i) a soil 
incubation trial and (ii) a plant growth trial with maize as the selected 
crop. For both trials four organo-mineral fertilizers (OMFs) with 
different organic matrices were used: peat, green compost (GC), 
municipal solid waste compost (MSWC), and vermicompost (VC). 
Two control treatments were also included: (1) no fertilization (N0P0); 
(2) mineral fertilization (MFNP), consisting of a blend of ammonium 
sulfate, urea, and triple superphosphate (TSP) at an N:P ratio of 
10–2.1. In the pot trial, two additional control treatments were used: 
(3) fertilization with only mineral N (MFN), using ammonium sulfate 
and urea, and (4) fertilization with only mineral P (MFP), utilizing TSP.

2.1 Organo-mineral fertilizers production

Four different organo-mineral fertilizers (OMFs) were produced 
using organic materials collected from industries across Italy. The 
chosen organic materials were green compost based on pruning 
residues (GC), municipal solid waste compost (MSWC), peat (Peat), 
and manure-based vermicompost (VC). The organic materials organic 
C, heavy metals, degrees of stability, and other additional chemical 
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parameters are presented in Table  1. For more details about the 
characterization of the organic materials, see Sitzmann et al. (2023).

The OMFs were provided by SCAM S.p.a. (Modena, Italy). The 
OMFs were obtained by a granulation process (Figure 1). The organic 
material was mixed with mineral N – ammonium sulfate + urea - and 
water into a granulator. The water was added to facilitate a partial 
dissolution and impregnation of mineral N into the organic material. 
The dissolved urea acted as a binder between the organic material and 
the undissolved mineral N. Diammonium phosphate (DAP) granules 
is soon thereafter added to the granulator. DAP granules serve as the 
core for the OMF granules. No additional binders were added. After 
the granulation, the granules were dried in an oven during 24 h at 
60°C to reduce their moisture content to approximately 4%. The 
OMFs were sieved to give a product of 2 to 5 mm in diameter. The 

organic material and mineral fertilizers mixture produced OMFs with 
a Corg-N-P2O5 of 7.5–10-5 (2.1% of total P).

2.2 Soil

The soil used for this study was collected from the unfertilized 
treatment, serving as the negative control, within the CRUCIAL long-
term fertilization trial that was initiated in 2003 at the University of 
Copenhagen’s experimental farm in Taastrup, Denmark (55°40′N, 
12°16′E). This trial predominantly involved the cultivation of spring 
cereals. The soil is a low-P (Olsen-P: 5 mg kg−1) sandy loam, 
characterized as a Luvisol according to the FAO classification, 
comprising 12.6% clay, 14.3% silt, and 69.8% sand. The soil pH was 

TABLE 1 Characterization or organic materials used for OMF production.

Parameter Unit Peat GC MSWC VC

Corg mg kg−1 DM 166.9 193.8 212.7 198.1

Total Humic C mg kg−1 DM 79.5 60.3 92.6 97.6

Humification degree % 79.0 53.0 68.6 72.1

C/N 16.2 17.7 10.1 14.7

Alkyl C/O-Alkyl C 0.9 0.6 0.8 0.6

Ntotal mg kg−1 DM 10.0 11.0 23.1 14.8

Norg mg kg−1 DM 9.3 10.7 21.4 14.1

P mg kg−1 DM 2.4 4.4 8.4 8.7

K mg kg−1 DM 10.3 13.9 10.0 13.4

Mg mg kg−1 DM 14.0 11.7 11.5 12.0

Ca mg kg−1 DM 40.7 52.9 46.5 40.5

Fe mg kg−1 DM 30.2 17.5 16.3 15.0

CEC meq 100 g−1 57.5 64.6 49.4 61.8

EC mS cm−1 1.5 1.1 2.2 1.5

pH 8.0 9.5 9.3 9.9

FIGURE 1

Organo-mineral fertilizer (OMF) manufacturing scheme. The rectangles indicate the materials used during the OMF manufacturing and the circles are 
the equipment used to transform the materials.
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6.8 (measured at a 1:5 ratio with water), with a water holding capacity 
(WHC) of 31 g per 100 g of dry soil and a water-extractable P content 
of 1.78 mg kg−1 in terms of dry soil weight. Further comprehensive 
insights into the CRUCIAL long-term trial and the specific soil 
employed in our investigation can be  found in López-Rayo et  al. 
(2016) and Lemming et  al. (2019). After collection, the soil was 
air-dried and sieved to a size of 4 mm.

The soil was pre-fertilized with all the essential nutrients (except 
N and P), independently of its corresponding treatment with nutrient 
solutions. These were the nutrient application rates: 150 mg K, 50 mg 
Ca, 40 mg Mg, 1.2 mg Zn, 0.1 mg Mo, 3 mg Fe, 0.3 mg B, 2 mg Mn, 
1.5 mg Cu, and 0.1 mg Co per kg−1 soil to avoid any possible 
complementary nutrient deficiency. The application rates for macro 
and micronutrients were determined based on preliminary studies 
conducted with the soil used in this study, and based on Sica et al. 
(2023). Nitrogen and phosphorus were only provided by the 
fertilization treatments used in this study.

For both experiments in this study the soil was mixed with quartz 
sand (0.4 to 0.8 mm) in a proportion of 3 to 1. The sand was added to 
increase the water infiltration rate and facilitate root growth 
throughout the experiment. The soil and sand mixture are hereafter 
called ‘soil.’ Then, the soil was humidified to 40% of water holding 
capacity and pre-incubated for 7 days at room temperature aiming to 
reactivate the microbial community, as described by Oehl et al. (2004).

2.3 Incubation setup

For the incubation, 120 mL plastic containers, with a surface area 
of 18 cm2, were filled with the equivalent of 100 g of dry soil packed to 
a bulk density of 1.00 g cm−3. Before being added to the plastic 
containers, each experimental unit was fertilized homogeneously with 
600 mg N kg−1 soil and 131 mg P kg−1 soil and humidified to 50% of its 
water-holding capacity. The following treatments were used in this 
experiment: (1) no P, no N; (2) N and P mineral fertilizers (MFNP); (3) 
peat OMF; (4) GC OMF; (5) MSWC OMF; (6) VC OMF.

Thereafter, containers were placed into a 750 mL glass jar with an 
airtight lid. Also, in the same jar two open traps were placed consisting 
of (1) 5 mL of 0.2 M sulfuric acid (H2SO4) in an open plastic container 
(26 mL airtight plastic container, Frisenette ApS, Knebel, Denmark) 
to trap ammonia (NH3) that could potentially volatilize (Ndegwa 
et al., 2009); (2) 10 mL of 1 M sodium hydroxide (NaOH) to trap the 
CO2 released by the soil. In addition, 10 mL of deionized water was 
placed into a plastic shot glass to maintain a high humidity inside the 
jar preventing desiccation of the fertilized soils. The jars were 
incubated in a dark room set at approximately 15°C for 10 days. 
Thereafter, fresh soil samples for inorganic analysis were collected 
avoiding OMF granules that may not have dissolved completely.

2.4 Plant trial setup

The pot trial was carried out with the same soil, bulk density, and 
pre-fertilization as the incubation. Soils were homogeneously fertilized 
with OMFs and controls to achieve 300 mg N kg−1 soil and 65.5 mg P 
kg−1 soil and added to 1-liter pots with the equivalent of 1 kg of dry 
soil packed to a bulk density of 1.00 g cm−3. The following treatments 
were used in this study: (1) no P, no N (N0P0); (2) no P, mineral N 

(MFN); (3) no N, mineral P (MFP); (4) mineral N and P (MFNP); (5) 
peat OMF; (6) GC OMF; (7) MSWC OMF; (8) VC OMF.

One day after fertilization, one pre-germinated seed of maize 
(Zea mays) cv. “Ambition” (Limagrain SE) was transplanted to each 
pot, ensuring that all seedlings were similar height. The pots were 
rotated randomly four times a week to mitigate the potential impact 
of temperature or light gradients within the greenhouse. 
Additionally, watering was conducted based on weight 
measurements to sustain the soil moisture content at 60% of the soil 
water holding capacity (WHC). Throughout the experiment, the 
daytime (14 h) temperatures fluctuated between a minimum of 13°C 
and a maximum of 28°C, while the nighttime (10 h) temperatures 
ranged from 6°C to 18°C.

2.5 Analyses

2.5.1 Incubation
For the incubation, all treatments were done in triplicates. After 

10 days, the fresh soil was homogenized to analyze N-NH4
+, N-NO3

−, 
and Hedley sequential extraction fractionation.

For the ammonium and nitrate, the fresh soil was extracted with KCl 
at a ratio of 1:5, by shaking in an end-over-end shaker for 1 h. The 
samples were filtered using Whatman filter papers and analyzed for 
N-NH4

+ and N-NO3-by a flow-injection analyzer (FIAstar 500, FOSS, 
Denmark).

A simplified Hedley P fractionation scheme (Hedley et al., 1982) was 
used to evaluate the impact of OMFs on distinct soil inorganic P pools. 
This adapted fractionation technique consisted of four sequential 
extractions from an equivalent of 0.5 g of dry soil. The first extraction was 
with 30 mL of deionized water (at a 1:60 ratio) in the soil, followed by 
16 h of extraction using an end-over-end shaker and subsequent 
centrifugation (15 min, 5,000 rpm). The supernatant was filtered, and the 
residual solids were employed for the subsequent extraction stage, with 
30 mL of 0.5 M NaHCO3. The same procedure — 30 mL of extractant, 
16 h of shaking, 15 min of centrifugation at 5,000 rpm, and supernatant 
filtration — was repeated for the subsequent extractions employing 0.1 M 
NaOH and 1 M HCl. The ortho-P content in all extracted solutions was 
determined using the molybdenum blue method on a flow injection 
analyzer (FIAstar 5,000, Foss Analytical, Denmark).

Norg was calculated as the difference between total N and N-NH4
+ 

and N-NO3
−. Residual P was measured as the differences between the 

soil total P and the P extracted by water, bicarbonate, NaOH, and 
HCl fractions.

The microbial respiration was determined by adding a saturated 
barium chloride solution to the 1 M NaOH trap solutions and back 
titrating it with 1 M HCl, adapted from Alef (1995). The ammonia 
emissions were determined by measuring the NH4

+ contents in the 
H2SO4 traps.

2.5.2 Plant analyses
For the plant trial, all treatments were performed with four 

replicates. Plant shoots were harvested 33 days after transplanting and 
dried at 60°C for 48 h to determine the dry matter (DM). After that, 
shoots were placed in a container with three zirconia balls and milled 
by shaking for 5 min. A subsample was collected to determine the total 
N content in the shoots using an Elemental Analyzer (Vario macro 
cube, Elementar Analysensysteme GmbH, Germany).
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The total P was determined as follows: around 100 ± 10 mg of the 
sample powder was precisely weighed into crucibles. The crucibles 
with the samples underwent incineration at 550°C for 1 h. Following 
incineration, the resulting ash was extracted using 50 mL of 0.5 M 
sulfuric acid, utilizing an end-over-end shaker overnight. The 
subsequent step involved filtering the extract through Whatman No. 
5 ashless filter papers to eliminate any residual solid particles. Ortho-P 
content in the extract was quantified using ammonium molybdate by 
a flow-injection analyzer (FIAstar 500, FOSS, Denmark).

2.6 Calculations

The N and P uptake, in mg kg−1 soil, were calculated by multiplying 
the shoots dry matter, in g DM kg−1 soil, by the N and P content, 
respectively, in mg g−1 DM.

The nutrient index is calculated according to the Eq. (1):

 
Nutrient index x Nutrient content

Nutrient critical conte
 

 

  
=100

nnt  
(1)

These values indicate the plant’s nutrition level, with 100 
indicating an ideal situation, whereas a higher value indicates a 
luxurious consumption by the crop, and a value below 100 indicates a 
deficiency (Duru and Ducrocq, 1996).

For N, the critical content was calculated according to Eq. (2), a 
model obtained by Ziadi et al. (2008) for maize:

 N content x DM% .
.( ) = −

3 4
0 37

 (2)

Where N critical content is the N content at which below the plant 
will be under deficiency of N (in %) and DM is the plant dry matter 
(in g DM kg−1 soil).

The P critical content was calculated according to Eq. (3), based 
on the model developed by Gagnon et al. (2020) for maize:

 
P critical content mg g DM Ncontent x 

−( ) = +1
0 82 0 097. .

 
(3)

Where the P critical content is the P content at which below the 
plant will be under P deficiency and the N content is the N measured 
concentration in the maize shoots in mg g−1.

The N or P use efficiency (NUE, PUE respectively) were calculated 
according to Eq. (4):

 

N or P use efficiency NUE or PUE
N or P uptake N or P average uptak

,

 

%( )
=

− ee N P
N or P fertilization rate

x0 0
100

  
(4)

2.7 Statistical analyses

The pot trial was set up in a randomized complete block design, 
while the incubation had a complete randomized design. A General 
linear model (GLM) procedure was used to analyze variables considering 

the treatment as a categorical variable. A post hoc Tukey’s HSD test 
(<0.05) was performed when differences were found between treatments. 
Analyses were performed using the statistical software R, version 4.3.1.

3 Results and discussion

3.1 Organic matter stability effect on OMF 
coating (hypothesis I)

We hypothesized that the stability of the organic material used to 
coat the mineral fertilizer within the OMF would increase the granule’s 
resistance to degradation in soil, thereby prolonging nutrient release. 
After 10 days of incubation, N-NH4

+ remained higher than N-NO3
− in 

all treatments. The N-NH4
+ in fertilized treatments was 3 times higher 

than in the control N0P0, while the N-NO3
− content was only 1.5 to 2 

times higher than in N0P0. Fertilization increased the total mineral N 
content in soil by an average of 28 to 42%. No significant differences 
in the Norg content were found between treatments (Table 2).

Using the Alkyl C/O Alkyl C ratio (Baldock et al., 1997; Pizzanelli 
et al., 2023) and the humification degree (Zaccone et al., 2018) as 
indicators of Corg stability, it is shown that Peat would be more difficult 
to degrade in soil than GC, MSWC and VC. However, with no 
differences in N-NH4

+ and N-NO3
− concentrations it was not possible 

to confirm the hypothesis that the granule integrity will slow down the 
N release. Additionally, in the pot trial, among the OMFs and the 
control MFNP, NNI (>100%) demonstrated that the N dosage used was 
sufficient to sustain plant needs through the growth trial, not limiting 
growth (Table 3).

Adding P increased the different P fractions in the soil compared 
to the control N0P0. Treatments MSWC and VC had on average half 
of the water-extractable P (Water P) than the control MFNP, GC, and 
Peat (Table  2). Among the fertilizers, the bicarbonate-P pool was 
significantly higher for peat OMFs, compared to MSWC and VC. The 
NaOH P pool was significantly higher in VC than in GC and 
MSWC. Compared to the control N0P0, the HCl P pool was higher 
only in Peat (31%), with intermediate values in MFNP (29%), GC 
(12%), MSWC (17%), and VC (21%). The residual P was significantly 
lower in the mineral control MFNP (−10%) than in MSWC, with 
intermediate values for the rest of the treatments.

Despite differences in P availability, the initial hypothesis can also 
be dismissed for P. Peat had the highest Corg stability among all samples 
(Table 1); however, water and bicarbonate P concentrations in soil – 
considered indicators of plant-available P (Hedley et al., 1982; Teng 
et al., 2020) – were higher for peat OMF compared to the other OMFs 
(Table  2). This higher plant-available P was consistent in both 
experiments, as peat OMF also had the highest PUE (Table 3) among 
the fertilizers in the plant trial experiment.

It has been reported that physical forms that promote compacted 
proximity between the organic and mineral components in OMFs, such 
as pellets and grains, exhibit a more gradual release of nutrients 
compared to mineral controls or powdered mixtures of these 
constituents (Rodrigues et al., 2021; Fachini et al., 2022). However, this 
observation was not corroborated by the present study. Despite the 
granulated peat-based OMF’s physical form, there were no discernible 
differences in the availability of N and P in the soil and their uptake by 
maize compared to the mineral control MFNP. Consequently, the 
differences in nutrient availability observed in the cases of GC, MSWC, 
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and VC OMFs are more closely linked to interactions between the soil 
and the OMF rather than the organic matrix stability in the OMF.

3.2 Organic matter effect on nutrient 
organic immobilization (hypothesis II)

We also hypothesized that adding a less recalcitrant Corg source 
through the OMF in the soil might enhance nutrient immobilization 
by stimulating microbial activity. Soil CO2 emission was used as a 
microbial activity indicator (Barnard et al., 2020). The fertilization was 
the primary driver for higher respiration compared to the control N0P0 
(Figure 2), as it increased it by 34 to 43 times, indicating nitrogen 
deficiency in the turnover of native soil carbon. A modest yet 
consistent increase (11 to 23%) in CO2 emissions was observed in 
OMFs compared to the mineral control MFNP. This increase may have 
been caused by adding Corg to C-limited microorganisms in the soil 
(Traoré et al., 2016; Zheng et al., 2020). Although some authors point 
out that the fertilizer-soil interface can immobilize N (Moritsuka et al., 
2004) and P (Sica et al., 2023) in organic forms, this has not been 
observed in this study.

On the other hand, in the case of P, it was observed that the GC, 
MSWC, and VC OMFs had higher residual P fractions in soil 
compared to the mineral control and the Peat OMF (Table 2). In the 
simplified Hedley extraction method, the residual P also accounts for 
organic P fractions in the soil (Alvarenga et al., 2017; Sica et al., 2023). 
Differences between the OMFs on the increase of residual P can 
be linked to the stability of the organic material and its resistance to 
microbial breakdown (Bernal et  al., 1998; Grigatti et  al., 2020). 
However, no statistical differences exist for the residual P between the 
control N0P0 and the biowaste OMFs, suggesting that adding low Corg 
quantities does not immobilize P into the organic fraction.

Nevertheless, it is possible to estimate that the addition of Corg alone 
will cause an almost neglectable nutrient immobilization compared to 
the other nutrients added. An indicative microbial nutrient 
immobilization can be calculated assuming that 20% of the respired 
C-CO2 from the OMFs treatments was incorporated into the microbial 
biomass C (Holland and Coleman, 1987; Sistla et  al., 2012) and a 
stoichiometric relation for soil microbial biomass C:N:P of 60:7:1 
(Cleveland and Liptzin, 2007). During the incubation, the soil respiration 
was between 4 to 8 mg C-CO2 kg−1 soil higher in the OMFs treatments 
than in the mineral control MFNP (Figure 2). Therefore, adding Corg 
through the OMFs would immobilize only 0.3 to 0.6 mg N kg−1 soil and 
0.02 to 0.04 mg P kg−1 soil into the microbial biomass. The differences in 
water-and bicarbonate-extractable P between GC, MSWC, and VC and 
the mineral control MFNP ranged between 8 to 37 and 10 to 19 mg P kg−1 
soil, respectively. This indicates that differences in available P between 
low Corg biowaste OMFs and MFNP and Peat OMF are related to chemical 
interactions between the organic material and the mineral fertilizer 
rather than microbial immobilization.

3.3 Organic matter effect on nutrient 
chemical immobilization

As the organic matrix stability does not significantly influence the 
granule integrity nor the microbial immobilization of nutrients, it is 
necessary to examine further chemical properties that may influence T
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nutrient availability. Unexpectedly no link was found between the 
organic matrix properties and N availability in soil. A slower N release 
by OMFs was reported in studies using urea combined with potash to 
coat a biosolid granule used as a P source (Antille et al., 2013a, 2014) 
and ammonium nitrate pelletized with peat (Richards et al., 1993). 
However, comparing those studies with our results is rather complex 
due to differences in organic materials, elaboration process, and 

formulation. In a study by Florio et al. (2016), a peat OMF similar to 
the one used in this study, with 7.5% Corg produced with 20% N (12% 
ammoniacal N, 8% ureic N, and 1% Norg), reported a reduction of N 
release into the soil after measuring at different days less nitrate content 
in leachates but similar N-NH4

+ emissions and N plant uptake than a 
mineral control. Differences between that study and ours can be related 
to time differences (10 vs. 36 days of incubation).

TABLE 3 N and P nutrient index (NNI and PNI, respectively), and N and P use efficiency (NUE and PUE, respectively) average and standard deviation.

Treatment NNIa PNIb NUE PUE

%

N0P0 42.1 ± 2.4 c 59.1 ± 4.8 b

MFN 145.1 ± 3.3 b 44.7 ± 1.0 b 20.7 ± 1.7 c

MFP 34.4 ± 2.6 c 279.2 ± 46.5 a 10.3 ± 2.3 c

MFNP 177.7 ± 10.6 ab 67.1 ± 4.4 b 61.5 ± 2.3 ab 23.2 ± 1.6 ab

Peat 200.7 ± 28.5 a 63.0 ± 5.1 b 73.5 ± 11.2 a 25.5 ± 5.0 a

GC 197.1 ± 6.6 a 54.7 ± 4.0 b 55.8 ± 2.9 b 15.8 ± 1.6 bc

MSWC 208.5 ± 21.5 a 67.3 ± 7.1 b 58.6 ± 7.7 ab 21.0 ± 4.7 ab

VC 192.4 ± 15.4 a 59.9 ± 4.5 b 54.1 ± 5.5 b 17.2 ± 2.5 abc

Treatment P(F) <0.001 <0.001 <0.001 <0.001

Letters on the right indicate differences between treatments. 
aNNI calculated as N concentration/N critical *100. Where N critical is calculated as 3.4*Dry matter production −0.37.
bPNI, calculated as P concentration/P critical *100. Where P critical is calculated as 0.82 ± N concentration *0.097.

FIGURE 2

Average CO2 and NH4 emissions in an incubation of 10  days. Bars indicate standard deviation. Letters above the bars indicate differences between 
treatments.
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A potential explanation for the lack of differences in soil N 
fractions was that the soil used in the incubation showed a low 
nitrification capacity for the duration of the experiment as most of the 
N was found as N-NH4

+. The low nitrification capacity could be caused 
by the high N fertilization used during the incubation. High N inputs 
have been associated with a lower soil quality that decreases the soil 
microbial functional diversity, inhibiting the N transformation in soil 
(Shen et al., 2010). Differences between fertilizers’ release patterns can 
be  observed in soils with a high nitrification capacity (Sahrawat, 
2008). Shortly after fertilization, fertilizers with an earlier release of N 
will have a lower N-NH4

+ concentration and a higher N-NO3
− 

concentration than a fertilizer with a slow N release (Sahrawat, 2008).
On the other hand, a plausible explanation for the differences in P 

availability can be  related to the higher alkalinity of the biowaste 
materials compared to Peat. Biowaste materials surpassed pH 9 
(Table 1), which may reduce P availability to plants (Hartemink and 
Barrow, 2023). Additionally, a potential chemical interaction between 
OMF and soil that reduces plant available P is the formation of bonds 
between Ca and phosphate (Lindsay and Stephenson, 1959; Penn and 
Camberato, 2019). Peat and VC had a similar Ca content, while GC and 
MSWC have a slightly higher Ca content (Table 1); however, the higher 
pH in GC, MSWC, and VC may have stimulated the formation of 
Ca-phosphates bonds compared to Peat (Devau et al., 2011). Although 
no differences in N soil fractions were found, the acid–base properties 
of the organic material can limit the plant available P fractions in soil.

3.4 Organic material acid–base properties 
influence N losses (hypothesis III)

We hypothesized that the organic matrix of an OMF can influence 
ammonia volatilization, reducing or increasing it. The average ammonia 
volatilization in the soil after 10 days was 3 to 4 times higher in the OMF 
treatments than in the mineral control MFNP (Figure 2). It is worth 
noting that for NH3 soil emissions, the standard deviation in the OMFs 
was considerably higher (2 to 10 times higher) than in the MFNP.

Our findings of OMFs increasing the ammonia volatilization are 
similar to the results from Florio et al. (2016), who found that OMFs 
with low Corg quantity made with peat as an organic matrix tend to 
increase the ammonia volatilization compared to a mineral control. 
Florio et  al. (2016) hypothesized that the increase in ammonia 
volatilization was caused by a rising pH in the soil surrounding the OMF 
granules caused by the hydrolyzation of labile Norg by soil urease 
enzymes. The Norg values of the organic materials were correlated to the 
ammonia emissions since the highest ammonia values were found in 
MSWC, which was the organic material with the higher Norg content. At 
the same time, Peat had the lowest Norg content and the lower ammonia 
volatilization among OMFs. It is unclear if OMFs with less than 0.5% of 
total Norg will cause a discernible pH increase in the fertilizer hotspot.

In addition, the pH of the organic material itself could cause higher 
ammonia volatilization. It is well known that a high pH in the soil area 
where the fertilizer is present can increase the N losses through 
ammonia volatilization (Fenn and Hossner, 1985; Fan and Mackenzie, 
1993); shifting the ammonium-ammonia equilibriums toward the 
gaseous form (Körner et al., 2001). All organic materials used in this 
experiment were alkaline, but peat had one to two points less pH than 
other organic materials (Table  1). The organic material alkalinity 
explains a trend of lower volatilization in Peat than in the rest of the 

OMFs. Further, the organic materials used in this experiment would 
provide more than 1% of CaO to 7.5% Corg OMFs, which may cause a 
localized liming effect (Maguire et al., 2006; de Campos et al., 2022), 
increasing the NH3 volatilization. On this base, an acidification process 
of the organic matrix can be suggested (Mari et al., 2005; Turan, 2008; 
Fangueiro et al., 2015) as adding small quantities of organic materials 
to the mineral fertilizer promotes ammonia volatilization.

3.5 OMF effect on maize nutrient use 
efficiency

The sum of the hypothesized interactions between the organic 
matrix and the mineral fertilizers in the OMF and soil can cause an 
apparent slow release of nutrients by the fertilizers. Therefore, 
we tested if nutrients differences will cause an effect on early growth 
of maize plants. Differences in yield and nutrient uptake were linked 
to differences in plant available P in the incubation experiment. Maize 
dry matter ranged between 1.2 and 7.9 g (Figure 3A). Fertilization 

FIGURE 3

OMF influence in crop: (A) Above ground dry matter production; 
(B) N concentration in tissues (as points) and N uptake (as bars) by 
maize shoots; (C) P concentration in tissues (as points) and P uptake 
(as bars) by maize shoots. Letters above the standard deviation bars 
indicate differences between treatments.
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with only N (MFN) or P (MFP) did not increase the yield compared to 
the control N0P0, suggesting a co-limitation of nutrients in the soil 
used in this experiment. The lower maize yield in N0P0, MFN, and MFP 
was expected due to previous reports of low soil N and P availability 
(Gómez-Muñoz et al., 2018; Lemming et al., 2019). For the treatments 
receiving combined mineral N and P, the yield increased 3 to 5 times 
compared to N0P0, with Peat showing a similar yield to the mineral 
control MFNP. However, all three biowaste materials OMFs had 
significantly lower DM compared to peat OMF and MFNP.

The addition of N and P also increased the N and P contents in 
the shoots (Figure  3B). The addition of only mineral P did not 
influence the plant N concentration. However, when mineral P was 
added in MFP, MFNP, Peat, GC, MSWC, and VC, the P concentration 
was 2 to 4 times higher than in control N0P0, being higher in MFP and 
with no differences between treatments with combined mineral N and 
P (Figure 3C). Using the concentrations to calculate the N and P 
nutrient indexes, it was observed that after one month, the limiting 
nutrient for plant growth was P, except for MFP, which was strongly 
limited by N, whereas the N reserves in shoots surpassed 1.5 to 2 times 
the minimum content required for its plant growth, except for the 
control N0P0 and MFP (Table 3).

The N uptake by shoots followed a similar trend as biomass 
production. Adding combined N and P (MFNP and OMFs) increased N 
uptake 10 to 13 times compared to the control N0P0 (Figure  3B). 
Compared to other OMFs, Peat significantly increased N uptake by 23 
to 32%. The P uptake was significantly higher in Peat than in GC and VC 
by 53 and 42%, respectively. The nutrient uptake reflected the efficiency 
of the different fertilizers, with higher NUE and PUE found for Peat and 
the lowest NUE and PUE efficiency in GC and VC (Table 3).

Treatments with both mineral N and P (MFNP, Peat, GC, MSWC, 
and VC) had the same content of mineral nutrients; however, the 
organic matrix could provide additional N and P to the OMFs (Rady, 
2012; Antille et al., 2013a,b; Anetor and Omueti, 2014). However, with 
a content of 7.5% Corg in OMFs, the Norg in the organic matrix would 
represent less than 0.5% of the total N in fertilizer while the P addition 
is practically neglectable and does not influence P uptake. Thus, as N 
was not limiting plant growth in this study, the additional Norg may not 
have affected the plant growth.

In soils receiving N and P fertilization, the nutrient index values 
revealed that P (PNI < 70%) rather than N (NNI > 170%) acted as a 
growth-limiting factor. Consequently, plant growth and N uptake 
differences could be  attributed to variations in P release or 
immobilization (Hertzberger et al., 2020). Also, although OMF had 
higher N losses through ammonia volatilization, it did not impact the N 
uptake in 30-day-old maize plants. The biowaste organic matrix effect on 
P availability in 10 days caused plant differences after 30 days, indicating 
that crops require longer periods of time to recover this immobilized P.

4 Conclusion

The results obtained in this study show that even small 
quantities of organic material with high pH should not be used in 
OMFs containing mineral N. It is necessary to reduce N losses in 
biowaste OMFs before using them as effective peat OMF 
replacements. In addition, biowaste-based OMFs used in this 
experiment are not recommendable for short-term growing crops 

because of a lower initial P availability that reduces the P use 
efficiency. These biowaste OMFs require to be tested in long-term 
trials to determine if the unavailable P can be taken up by plants 
over extended periods.

The main differences between organo-mineral fertilizer (OMF) 
treatments are related to whether the organic material in OMFs 
originated from geogenic sources or from biowastes that underwent a 
composting process. However, our hypotheses of the organic carbon 
stability influencing the granule integrity and the microbial 
immobilization were discarded. The main factors influencing the P 
availability in soil are related to the Ca and pH of the organic matrixes. 
Our third hypothesis was confirmed as the pH of the organic matrix 
from the OMFs increased the ammonia volatilization. The organic 
matrix influence on the mineral fertilizers remained after 30 days, as 
the initial P immobilization correlated to a lower P use efficiency by 
early maize plants. However, N losses may not have affected the 
fertilizer use efficiency, as for all OMFs, plants were not limited by N 
uptake as indicated by the Nitrogen Nutrient Index.
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