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Abstract

Phosphorus (P) is one of the most important nutrients to plants, but its bioavailability in
agricultural soils is often limited by its low mobility and strong fixation in soil colloids, thus
reducing crop productivity and phosphorus use efficiency (PUE). Organomineral fertilizers
(OMFs) have been proposed as an alternative to increase the agronomic efficiency of P
and promote sustainable soil–plant interactions. In this systematic review, we synthesized
scientific evidence on the effects of OMFs on PUE, plant physiological responses, and soil
attributes in maize and bean crops. The review followed PRISMA 2020 guidelines and
included studies published between 2015 and 2025, retrieved from Scopus, Web of Science,
ScienceDirect, SciELO, and Google Scholar. Selected studies compared organomineral
phosphate fertilizers with conventional mineral sources and reported outcomes related to
PUE, plant performance, or soil attributes. OMFs were generally associated with improved
crop growth and increased soil P availability. However, despite frequent comparisons
between OMFs and mineral fertilizers, few researchers quantitatively calculated PUE
using robust metrics. Plant physiological responses were also poorly explored and, when
assessed, were mainly restricted to chlorophyll indices. In addition, the soil microbiome
was evaluated in only a few studies, highlighting a major gap in integrated soil–plant–
microorganism research.

Keywords: plant physiology; soil attributes; nutrient utilization; recycling fertilizer;
circular economy

1. Introduction
Phosphorus (P) is an essential element for plant growth and development, play-

ing an important role in various metabolic and physiological processes, such as energy
metabolism, cell division, DNA synthesis, and phospholipid formation [1–3]. Additionally,
P regulates physiological responses that increase plant tolerance to abiotic stresses, such as
heat, drought, salinity, flooding, heavy metal toxicity, and high CO2 concentrations [4–6].
Understanding P dynamics in the soil and the mechanisms by which plants respond to its
availability is fundamental for increasing phosphorus use efficiency (PUE).
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In highly weathered tropical soils, PUE is challenging due to its strong fixation by
minerals such as kaolinite, hematite, goethite, and gibbsite. This fixation reduces P avail-
ability to plants and requires frequent applications of phosphate fertilizers, which increases
production costs and depletes finite and nonrenewable P resources [7]. In this context,
organomineral fertilizers (OMFs) as a P source have been proposed as a promising alter-
native, as they combine mineral P sources with organic matrices. This association allows
the production of fertilizers rich in soluble P, which can be efficiently used in large-scale
agricultural systems [8–11].

Beyond providing nutrients, OMFs can alter P dynamics in the soil. Dissolved organic
carbon in the organic matrix can compete for adsorption sites, which reduces P fixation
and increases its mobility in the soil. Organic compounds, such as humic acids and plant
residue extracts, can decrease P retention through competition with organic anions or by
increasing the negative charge on soil surfaces, which inhibits nutrient adsorption [12–14].
However, the response to OMFs varies depending on the organic matrix used, the plant,
the applied rate, and the management practices adopted [7,15].

Despite the increase in the number of studies on organomineral phosphate fertilizers,
the results remain highly variable and, in some cases, contradictory regarding their effects
on PUE and crop performance. Moreover, most researchers have focused on crop produc-
tivity indicators and soil chemical attributes, such as P availability, with little integration
with plant physiological responses and the soil microbiome.

Evaluations that include the microbiome and broader physiological indicators, such
as antioxidant metabolism and stress-related metabolic processes, are still underexplored.
Additionally, the dispersion of studies across different crops, management systems, and
edaphoclimatic conditions hinders the consolidation of the effects of these fertilizers. In this
scenario, a synthesis of the available scientific evidence becomes necessary. Therefore, our
objective in this systematic review was to gather, analyze, and synthesize scientific evidence
on the effects of OMFs as a P source in maize (Zea mays L.) and bean (Phaseolus vulgaris L.
and Vigna unguiculata) crops, which are agronomically relevant and represent contrasting
physiological groups (C4 and C3 metabolism), allowing the evaluation of organomineral
fertilization under distinct nutrient uptake and metabolic conditions, with emphasis on
PUE, plant physiological responses, and soil chemical, physical, and biological attributes,
following PRISMA guidelines.

2. Methodology of Data Collection
The systematic review was conducted in accordance with the PRISMA 2020 guidelines

(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) [16]. The PRISMA
2020 Checklist used for reporting is provided in the Supplementary File. The guiding
research question was structured based on the PICO strategy, considering: (i) Population:
maize (Zea mays L.) and bean (Phaseolus vulgaris L. and Vigna unguiculata); (ii) Interven-
tion: application of organomineral fertilizers containing phosphorus; (iii) Comparator:
conventional mineral fertilizers, such as single superphosphate, triple superphosphate,
monoammonium phosphate, and diammonium phosphate; and (iv) Outcome: agronomic
and physiological efficiency of P use, as well as changes in soil attributes and the micro-
biome. Accordingly, the formulated research question was: What are the effects of using
OMFs compared to conventional mineral fertilizers, on phosphorus use efficiency, plant
metabolism, and soil attributes in maize and bean?

The bibliographic search was conducted in the Scopus, Web of Science, ScienceDirect,
SciELO, and Google Scholar databases, considering articles published between 2015 and
2025. The search strategy used English descriptors combined with the Boolean operators
AND and OR, applied in a standardized manner across the databases, with technical adjust-
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ments when necessary. The terms used were: (“organomineral fertilizer” OR “organomin-
eral phosphate”) AND (“phosphorus use efficiency” OR “PUE”) AND (“maize” OR “corn”
OR “Zea mays” OR “bean” OR “Phaseolus vulgaris” OR “Vigna unguiculata”).

Studies were included if they met the following criteria: (i) experiments conducted
with maize and/or bean; (ii) use of organomineral fertilizers as a phosphorus source;
(iii) presence of a comparative treatment with conventional mineral fertilizers; and (iv) eval-
uation of at least one of the following outcomes: phosphorus use efficiency, plant physiolog-
ical parameters such as photosynthesis, growth, gas exchange, or antioxidant metabolism,
or chemical, biological, or physical soil attributes. Exclusion criteria were review articles,
conference abstracts, book chapters, non-peer-reviewed academic works (such as course
completion projects, dissertations, and theses), studies conducted exclusively in nutrient
solution without plants, studies that did not address P as the main nutrient, studies that
did not use organomineral fertilizers, and publications without full-text access.

The study selection process was carried out by two independent reviewers, starting
with the reading of titles and abstracts for initial screening, followed by full-text reading of
potentially eligible articles. Inclusion and exclusion criteria were then applied, and relevant
data from the selected studies were extracted in a standardized manner. Any discrepancies
between the reviewers were resolved by consensus. The entire process of identification,
screening, eligibility, and inclusion of articles was summarized using a PRISMA flowchart.

Data from the included studies were organized in a spreadsheet containing bibli-
ographic information (authors, year, and country), experimental characteristics (crop
evaluated, study type, soil taxonomic class, and texture), description of the fertilizers
used (organic matrix, associated mineral source, and comparative mineral fertilizer), and
outcomes assessed.

No formal assessment of risk of bias was performed for the included studies, as the
review was descriptive and exploratory in nature, focusing on the identification of general
trends and knowledge gaps. The results were synthesized qualitatively through descriptive
comparison of the main findings related to P use efficiency, plant physiological responses,
and soil attributes. No formal assessment of publication bias or certainty of evidence was
conducted, and these limitations were considered in the interpretation of the results. This
systematic review was not previously registered, and no protocol was published.

3. Results and Discussion
3.1. General Characteristics of the Included Studies

The search across the databases initially identified 352 records. After applying the
identification, screening, and eligibility stages, 39 studies met all the defined criteria
and were included in the qualitative synthesis. The complete study selection process is
presented in the PRISMA flowchart (Figure 1).

Publications were infrequent between 2015 and 2019, but increased from 2020 onward,
reaching a peak in 2023 (Figure 2). The peak observed in 2023 temporally coincides with
the instability in the international fertilizer market recorded in 2022, marked by a sharp
increase in mineral fertilizer prices as a consequence of the war between Russia and
Ukraine. Considering the time lag between experimental work, manuscript submission,
and publication, it is plausible that part of the research stimulated by this context was
published in the subsequent year. Although descriptive analysis does not allow causal
inference, the temporal convergence suggests that economic and geopolitical factors may
have contributed to the recent intensification of research on alternative P sources.

https://doi.org/10.3390/soilsystems10070074

https://doi.org/10.3390/soilsystems10070074


Soil Syst. 2026, 10, 74 4 of 19

Figure 1. PRISMA flowchart of the study selection process.

Figure 2. Annual total number of publications on organomineral fertilizers as phosphorus sources
for maize and bean from 2015 to 2025.
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The distribution of studies by journal shows dispersion across different scientific
outlets, with a higher concentration in journals whose scope is related to soil fertility, plant
nutrition, sustainable management, and the valorization of organic residues (Figure 3).
The journals with the highest number of publications focus on agricultural sustainability,
nutrient use efficiency, and more circular production systems, indicating that the discussion
on OMFs has been predominantly framed within the context of sustainable agricultural
intensification. Thus, the topic appears to be consolidating within a scientific field oriented
toward PUE.

Figure 3. Journal-wise distribution of studies addressing organomineral fertilizers as phosphorus
sources for maize and bean over the period 2015–2025.

The included studies were conducted in countries across different climatic zones, en-
compassing tropical, subtropical, and temperate regions (Figure 4). A higher concentration
of studies was observed in tropical and subtropical countries, such as Brazil, Indonesia,
Nigeria, Pakistan, and Turkey, where a large proportion of soils exhibit a high capacity for P
adsorption, particularly in highly weathered regions, which justifies the interest in studying
alternative sources capable of increasing P use efficiency [10,17–20]. In this context, Brazil
stood out by accounting for more than half of the studies on OMFs as a P source.

In temperate-climate countries, such as Germany, Poland, and Denmark, the studies
identified were not associated with soil P limitation, but rather with environmental and
regulatory restrictions related to excessive nutrient use in agricultural areas. In these
countries, agricultural intensification has been linked to eutrophication of water bodies,
which has motivated policies to reduce the application of soluble mineral P fertilizers and
encouraged the evaluation of alternatives with higher agronomic efficiency [21–24].

Of the 352 studies initially identified, 52 were excluded because they did not use
maize or bean as test crops. Among the studies included in the systematic review,
most were conducted with maize, while only a few used bean as the experimental
plant [25–30]. Only 8% of the studies had both crops within the same experiment
(Figure 5). This result highlights the need for more studies involving bean and shows
that few studies assess, within a single experiment, the effects of OMFs on crops with
distinct metabolic characteristics.
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Figure 4. Geographic distribution of the studies included in the systematic review.

Figure 5. Percentage distribution of studies conducted with maize, bean, or both crops among the
39 studies included in the review.

Regarding the characteristics of the fertilizers evaluated, a wide diversity of organic
matrices used in the formulation of OMFs was observed, with a predominance of residues
of animal origin, especially poultry litter, which was widely used in studies conducted in
Brazil. In contrast, all studies carried out in Germany used oilseed cake and bone meal as

https://doi.org/10.3390/soilsystems10070074

https://doi.org/10.3390/soilsystems10070074


Soil Syst. 2026, 10, 74 7 of 19

the organic matrix, indicating that the choice of organic residue is related to the regional
availability of materials (Figure 6).

Figure 6. Sankey diagram depicting the relationships among countries, the organic matrices used in
organomineral fertilizers, and the mineral phosphorus sources employed in the formulations. The
width of each flow is proportional to the number of studies reporting a given combination. Mineral P
sources are identified as DAP (diammonium phosphate), MAP (monoammonium phosphate), TSP
(triple superphosphate), and SSP (single superphosphate). [7,9,10,17–52].

In most of the studies evaluated, the mineral sources used in the formulation of the
organomineral corresponded to soluble phosphate fertilizers, such as monoammonium
phosphate (MAP), diammonium phosphate (DAP), single superphosphate (SSP), and triple
superphosphate (TSP), with MAP being the most frequently used source (Figure 6). In
addition, most researchers used, as the comparative fertilizer, the same mineral source
employed in the composition of the organomineral.

The studies were predominantly conducted in agricultural soils typical of humid
tropical regions, mainly highly weathered soils, with a predominance of Oxisols and a wide
range of textures, from sandy to clayey. Regarding the type of study, evaluations of OMFs
have been performed both under controlled conditions and in field conditions, with no
marked difference in frequency between these two types of experiments (Figure 7).
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Figure 7. Sankey diagram representing the relationships among the countries where the studies
were conducted, the soil classes evaluated, the crops studied, and the type of experiment adopted
(pot or field). The width of each flow is proportional to the number of studies reporting a given
combination). [7,9,10,17–52].

3.2. Effects of Organomineral Fertilizers on Phosphorus Use Efficiency

Even with fertilizer use, P use efficiency by crops is considered low, ranging from
about 10 to 20%, while most of the applied nutrient either remains immobilized or is lost
through precipitation, complexation, or leaching into surface waters [53]. Sandy soils with
low organic matter contents are common in tropical regions, and P retention is low, but its
availability also tends to be limited by low organic inputs and reduced biological cycling.
In this context, labile organic carbon plays an important role by serving as an energy source
for microorganisms that contribute to the release of P retained in the soil [54].

Given the low efficiency of P utilization from mineral sources, the use of OMFs may
represent an alternative. In this context, PUE becomes an important indicator for evaluating
the performance of these fertilizers because it is the amount of biomass or yield produced
per unit of P absorbed by the plant. PUE allows comparisons among fertilizer sources and
identifies those that supply P more effectively [55–57]. Among the 39 studies included in
this systematic review, only 14 showed PUE or related metrics, using agronomic efficiency,
recovery efficiency, physiological efficiency, and relative agronomic effectiveness (Table 1).
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Table 1. Metrics and equations used to calculate phosphorus use efficiency and related indicators in
the selected studies.

Reference(s) Metric Equation

[31] Phosphorus use efficiency (PUE) [(P uptake in treatment pot − P uptake in control pot)/(P
rate applied)]

[33] Phosphorus agronomic efficiency
(PAE)

[(shoot dry weight of the organomineral fertilizer treatment
− shoot dry weight of the control)/(P rate applied)]

[7] Relative agronomic effectiveness
(RAE)

[(yield with organomineral fertilizer − yield with triple
superphosphate)/(yield in control (without P))] × 100

[10] Relative agronomic effectiveness
(RAE)

[(yield with organomineral fertilizer − yield with triple
superphosphate)/(yield in control (without P))] × 100

[49] Phosphorus use efficiency (PUE)
[(total P accumulated in the aboveground biomass (silage)
− P accumulated in the treatment without phosphate

fertilization)/(amount of P applied via fertilizer)] × 100

[9] Agronomic efficiency index (AEI) [(yield_organomineral − yield_control)/(yield_mineral −
yield control)] × 100

[47]
Agronomic Efficiency (AE);

Physiological efficiency (PE);
Recovery efficiency (RE)

AE= [(grain yield (corrected))/(amount of P2O5 applied
via fertilizer + amount of P2O5 present in the soil)]

PE= [(grain yield (corrected))/(amount of P2O5 removed
by the crop)]

RE= [(amount of P2O5 removed by the crop)/(amount of
P2O5 applied via fertilizer + amount of P2O5 present in the

soil)] × 100

[41] Phosphorus utilization efficiency
(PUE)

[(final yield (maize shoot dry biomass))/(P amount in the
soil before fertilization + applied P amount in the

fertilizer)]

[42] Agronomic Efficiency (AE);
Recovery efficiency (RE)

AE= [(production of dry matter with P − production of dry
matter without P)/(amount of P applied)]

RE= [(P accumulated with P − P accumulated without
P)/(amount of P applied)]

[43] Phosphorus use efficiency index
(PUEI)

[(shoot dry matter in the treatment − shoot dry matter in
the control treatment (without P application))/(applied

P rate)]

[50] Apparent recovery efficiency (ARE) [(nutrient uptake in the fertilized treatment − nutrient
uptake in the control)/(amount of nutrient applied)] × 100

[51] Phosphorus use efficiency (PUE) [(P uptake in the treatment − mean P uptake in the N0P0
control)/(P application rate)] × 100

[52] Phosphorus agronomic efficiency
(PAE)

[(yield in the fertilized treatment − yield in the control
without fertilization)/(P application rate)]

[46] Agronomic Efficiency (AE);
Recovery efficiency (RE)

AE= [(corrected grain yield)/(amount of P2O5 present in
the soil and applied via fertilizer)]

RE= [(amount of P2O5 taken up by the plant)/(amount of
P2O5 present in the soil and applied via fertilizer)]

There are several calculation methods used to interpret P use efficiency, which
makes comparisons among results and experiments difficult [55]. The results of this
review show that, although different metrics were applied, most studies (11 out of
14) [9,10,31,33,42,43,46,47,49,50,52] reported that the application of OMFs increased PUE
compared with conventional mineral fertilizers, indicating that OMFs can improve the
utilization of applied P (Figure 8). The remaining three studies indicated that the response
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can be influenced by soil characteristics, crop type, and the composition of the organomin-
eral product. For example, Frazão et al. (2019) [7] observed that, in different soil types,
PUE did not differ significantly in Oxisol and was lower in Entisol. Similarly, Sousa and
Alleoni (2024) [41] reported that PUE was higher in sandy soils but did not differ in clayey
soils. In addition, Sitzmann et al. (2024) [51] showed that the type of organic matrix in the
OMFs influenced the results, with the peat-based organomineral fertilizer increasing PUE,
whereas products derived from bio-residues resulted in lower efficiency.

Figure 8. Frequency of reported effects of organomineral fertilization compared to mineral sources
in maize and bean. Bubble size represents the number of observations reported for each attribute
category and effect direction. Colors indicate crop type.

In addition to the differences related to soil type and the composition of OMFs,
the results show that the applied P rates also directly influence nutrient use efficiency
indices. The response of PUE to OMFs varied according to the amount of P applied and
the parameter used to evaluate efficiency. The influence of P rates on efficiency indices
was evidenced by Frazão et al. (2021) [10], who observed distinct responses of OMF
compared to SSP as the applied rates increased. In maize, OMF promoted increases of
approximately 11% in relative agronomic efficiency based on shoot dry matter production
and 50% in the index based on P uptake compared to SSP. However, at lower P rates (17.5
and 35 kg P ha−1), SSP showed greater biomass production, whereas at higher rates OMF
showed superior performance. Furthermore, although P uptake was similar between OMF
and SSP under part of the evaluated conditions, the fitted regression model indicated a
greater increase in P uptake with increasing rates in the OMF treatment, especially at the
highest P rates. Similar results were observed by Grohskopf et al. (2019) [9], who evaluated
the agronomic efficiency index (AEI) based on maize grain yield in a soil with high initial
P content. Grohskopf et al. (2019) [9] verified that poultry litter-based OMF presented
AEI values higher than those of MAP at practically all evaluated rates, being, on average,
about 20% more efficient over three cropping seasons. However, at the lowest applied
rate (20 kg P ha−1), MAP showed greater efficiency in one of the evaluated seasons. These
results show that the response of efficiency indices may vary according to P availability in
the system and the characteristics of the organomineral formulation.

Bouhia et al. (2023) [33] observed that increasing the proportion of organic matter
in organomineral formulations promoted an increase of up to 72% in PUE in fertilizers
formulated with DAP and up to 53% and 45% in formulations containing rock phosphate
and phosphate residues, respectively. Bouhia et al. (2023) [33] also verified that higher
proportions of organic matter increased P solubilization and availability in the soil. How-
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ever, the PUE response varied according to the phosphate source used in the formulation,
demonstrating that the efficiency of OMF depends on the organic matrix and the solubility
of the mineral P source, a result also observed by Sitzmann et al. (2024) [51].

Korkmaz et al. (2021) [46] also observed variation in indices related to P use efficiency
according to fertilizer source and applied rate. The authors verified greater P uptake
efficiency in OMF derived from animal residues compared to mineral sources, even under
reduced P rates. In addition, the highest silage maize yield was obtained with the appli-
cation of the OMF corresponding to 60% of the recommended P rate, indicating that the
OMF maintained good efficiency even with lower P input. Similar results were observed by
Sousa and Alleoni (2024) [41], who attributed the better performance of OMF to the gradual
release of P and the greater synchronization between nutrient availability in the soil and
plant demand throughout the crop cycle. According to Sousa and Alleoni (2024) [41], and
Setiaji et al. (2023) [50], the organic fraction present in fertilizers can reduce P adsorption in
the soil and favor its maintenance in more available forms, which contributes to greater P
utilization and recovery efficiency indices.

The results of the evaluated articles also show that different efficiency metrics may
present different responses to OMFs. Some indices are more related to the recovery of
applied P, whereas others better demonstrate the plant’s ability to transform absorbed P
into biomass or yield. Thus, the interpretation of P use efficiency varies according to the
index used and the conditions evaluated in each study. The studies included in this review
show that OMFs can increase P use efficiency compared to conventional mineral fertilizers,
but this response varies according to the applied rates, fertilizer composition, and soil and
cultivation conditions.

3.3. Plant Growth and Physiological Responses to Organomineral Fertilizers

Most researchers who evaluated growth and yield reported increases in biomass
or productivity with the application of OMFs. Among the evaluated studies, positive
responses related to plant growth or crop yield were observed in 27 studies, whereas
no differences compared to mineral fertilizers were found in five studies, and reduced
productivity was reported in one study (Figure 8). These results show that P supply from
OMFs is, in most cases, sufficient to sustain the biosynthetic processes associated with
plant growth and development, although the magnitude of the responses varies according
to factors such as soil texture, P adsorption capacity, composition of the fertilizer organic
matrix, applied rate, and management practices (Table S1).

Borges et al. (2023) [26] and Sousa and Alleoni (2024) [41] observed greater biomass
accumulation in sandy soils following OMF addition, whereas the results did not differ
from those obtained with mineral sources in clayey soils. In contrast, Frazão et al. (2019) [7]
observed no effect of OMF in Oxisols, while in Entisols there was a reduction in productivity,
indicating that soil mineralogy and buffering capacity directly influence the agronomic
efficiency of these fertilizers. In addition to soil characteristics, differences in crop responses
were also associated with the organic matrix used in OMF formulations. Sitzmann et al.
(2024) [51] reported that peat-based fertilizers showed productivity similar to that obtained
with mineral sources, whereas OMF formulated with bio-residues reduced productivity
under certain conditions. Overall, the studies indicate that the agronomic efficiency of
OMFs depends on P release dynamics, soil adsorption capacity, and the stability of the
organic matrix used.

The evaluated studies showed that the agronomic efficiency of OMFs is directly related
to the ability of these fertilizers to maintain adequate levels of available P throughout the
crop cycle, thereby influencing processes associated with energy metabolism, photosynthe-
sis, and plant biomass accumulation [9,27,31,34]. Under different cultivation conditions, the

https://doi.org/10.3390/soilsystems10070074

https://doi.org/10.3390/soilsystems10070074


Soil Syst. 2026, 10, 74 12 of 19

productivity increases observed with the use of OMFs were attributed to the gradual release
of P and the greater synchronization between nutrient supply and plant demand, especially
in highly weathered tropical soils with high P adsorption capacity [17,25,31,34–36,39,40].

In maize, Ali et al. (2025) [31] observed a 20% increase in plant height with the
use of a biochar-based OMF compared to DAP. Similar results were reported by Bouhia
et al. (2023) [33], in which the OMF promoted an increase greater than 260% in shoot dry
mass and approximately 40% in root biomass compared to DAP. In cowpea, Alves et al.
(2025) [25] found that grain dry mass was 17% higher in the OMF treatment compared
to the exclusively organic source and 69% higher than the treatment with single super-
phosphate. In contrast, some studies found no differences between organomineral and
mineral fertilizers [7,10,22–24,41,47], suggesting that, when P supply is sufficient to meet
crop demand, productive performance tends to depend more on the total availability of the
nutrient than on the fertilizer source used.

The evaluation of physiological mechanisms related to P acquisition and utilization is
still quite limited in studies involving OMFs, although this information is important for
understanding how the organic fraction influences nutrient dynamics in the soil and its
uptake by plants. Among the studies included in this review, only Vollú et al. (2018) [45] and
Frazão et al. (2019) [7] investigated responses associated with P acquisition through acid
phosphatase activity, observing increased enzymatic activity following OMF application.
These results suggest a possible influence of OMFs on processes related to P cycling and
availability in the rhizosphere. However, important variables for understanding nutrient
use efficiency, such as root architecture, uptake kinetics, internal P remobilization, and
transporter activity, were not evaluated in the other studies.

P deficiency may impair photosynthetic activity and induce oxidative stress in plants,
making evaluations related to antioxidant metabolism relevant in studies involving OMFs.
The activity of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT),
and ascorbate peroxidase (APX) may help to understand how different P sources influence
plant physiological responses under nutrient limitation conditions [58]. The regulation of
these enzymes may vary depending on species, the severity of deficiency, and the type of
fertilizer, and may involve either increases or decreases in antioxidant activity. However,
the activity of these antioxidant enzymes was not included in the studies included in this
review, which limits the understanding of the physiological mechanisms associated with
the responses observed under organomineral fertilization.

Among the analyzed studies, only four performed physiological evaluations, all in
C4 plants (maize), with no studies involving beans [31,33,48,50]. In general, these studies
were limited to chlorophyll analysis, and only Sahin et al. (2025) [48] also evaluated leaf
anthocyanin content, observing increased chlorophyll associated with reduced anthocyanin
levels. Bouhia et al. (2023) [33] and Setiaji et al. (2023) [50] found no differences between
organomineral and mineral fertilizers in the evaluated physiological parameters, whereas
Ali et al. (2025) [31] reported an increase in chlorophyll content (Figure 8).

Chlorophyll is directly related to the plant’s ability to perform photosynthesis and pro-
duce biomass, and its concentration depends on an adequate supply of nutrients, especially
P and N [48]. In some studies, no differences were observed between fertilizer sources,
which may indicate that photosynthetic activity is not limited by the type of fertilizer
used when P is present at adequate levels in the soil. In the study that reported increased
chlorophyll and reduced anthocyanins, Sahin et al. (2025) [48] attributed this effect to
the greater availability and uptake of P provided by biochar-based OMF, which resulted
in reduced expression of deficiency symptoms and better physiological performance of
the plants.
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Interactions between P and other nutrients, such as N, K, Zn, and Fe, may modify
crop responses to OMFs, especially in tropical soils with high P adsorption capacity [59–64].
Although these interactions are physiologically relevant, the studies analyzed focused
mainly on agronomic variables, without exploring these nutritional relationships at the
physiological level.

The results of this review show that OMFs are generally able to sustain crop growth
and productivity at levels similar to or higher than those of mineral sources, especially
in soils with a high capacity for P adsorption. However, the physiological responses
associated with these effects remain poorly explored, as most studies are limited to the
evaluation of chlorophyll-related parameters, without considering antioxidant metabolism,
gas exchange, and other relevant physiological pathways. Therefore, further studies
integrating physiological and yield-related variables are still needed in order to elucidate
the mechanisms that regulate plant responses to organomineral P fertilization.

3.4. Effects on Soil Attributes

Most researchers observed effects of OMFs on soil chemical properties compared with
mineral sources (Figure 8). OMFs promoted increases in the availability of macronutrients
and micronutrients, especially P, calcium (Ca), magnesium (Mg), Zn, boron (B), manganese
(Mn), and Fe, in addition to improving the uptake of these nutrients by plants.

In a large proportion of the studies, greater P availability in the soil or a stronger
residual effect of this nutrient was observed when OMFs were applied. Pogorzelski et al.
(2020) [40] worked with clayey and sandy Oxisols, and attributed this behavior to the
slower release kinetics of P compared with soluble mineral fertilizers, with the lower initial
release being associated with the physical protection of P by the organic matrix of the
OMFs. Similarly, Morais et al. (2023) [37] demonstrated that a more gradual P release in an
Oxisol, compatible with plant nutritional demand, represents an efficient strategy to reduce
P fixation in the soil and to increase its availability and uptake by crops. This effect was
evident in highly weathered soils with a high capacity for P adsorption, such as Oxisols, in
which organomineral sources reduced P fixation and increased its availability over time.
In some cases, higher P accumulation in roots and higher nutrient recovery indices were
also observed [34].

Regarding soil pH, most researchers reported no differences between organomineral
and mineral fertilizers. However, Morais et al. (2023) [37] evaluated Oxisols cultivated
with maize and observed an increase in pH with the application of OMF compared with
MAP, especially in formulations with a higher proportion of organic residue compared with
those with a lower proportion. In this study, Morais et al. (2023) [37] detected a positive
correlation between pH and the amount of organic N added via fertilizer, indicating that
the greater input of the organic fraction was associated with modulation of soil acidity.
This result was accompanied by increases in base saturation and in exchangeable Ca and
Mg contents.

Ali et al. (2025) [31], Bouhia et al. (2023) [33], Martins et al. (2017) [35], and Olu-Ogbera
et al. (2025) [32] reported increases in soil organic carbon and in residual concentrations of N,
P, and K after the application of OMFs. However, no differences between sources with respect
to total nutrient contents in the soil or P were observed in six studies [9,22,36,38,39,44].

Phosphorus fractionation as affected by the application of OMFs was evaluated in only
two studies, indicating that this topic is still poorly explored. In a soil incubation study,
Sitzmann et al. (2024) [51] observed that OMF application altered the distribution of P
among soil fractions compared with soluble mineral sources, with differences related to the
organic material used in the formulation. Peat-based OMF had higher P contents in labile
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fractions, whereas OMF formulated with organic residues showed a greater proportion of
P in the residual fraction, associated with less available forms.

Similarly, Frazão et al. (2019) [7] compared a phosphate OMF with TSP in an Oxisol
and an Entisol, and found increases in labile and moderately labile fractions relative to the
control in both soils. In the Entisol, the OMF presented lower P contents in labile fractions
compared with TSP, whereas the differences between sources were smaller in the Oxisol. In
both studies, non-labile fractions were not altered by the P source, indicating that the use
of OMFs mainly affects the more dynamic P fractions in the soil.

Few researchers evaluated attributes related to the soil physical–hydrological behavior,
such as water retention capacity and nutrient leaching. In these cases, OMFs increased soil
water retention and reduced nutrient leaching, resulting in greater residual availability of P
and K. These effects may be related to the role of organic matter in improving soil structure
and ion retention, which contributes to higher nutrient use efficiency [37].

Sousa et al. (2025) [65] investigated the P miscible displacement and availability in
sandy loam and clayey Oxisols on an experimental column setup, focusing on the influence
of soil pH and P sources (organomineral and triple superphosphate). The authors observed
that at pH 4.8, OMF solution led to higher Peclet numbers and retardation factors than TSP.
However, at pH 6.0, while the differences between OMF and TSP become less pronounced,
TSP exhibited slightly higher values, indicating subtle differences in transport dynamics
between the two P sources at this higher pH.

None of the articles included in this review addressed structural physical soil attributes,
as the selected studies focused on crop responses and the evaluation of chemical and
nutritional attributes. This outcome may be related to the selection criteria adopted, in
which only studies conducted with maize or bean crops were included. Studies aimed at
evaluating soil physical attributes as affected by fertilizer application do not always involve
crops, which may explain their exclusion during the selection process.

Overall, OMFs performed similarly to or better than mineral sources in terms of
nutrient availability in the soil, especially with respect to P and its residual effect. These
responses varied among studies depending on soil conditions and the composition of
the organic matrix. Specific aspects of soil P dynamics, such as its distribution among
different forms, have been little studied, and physical soil attributes remain underexplored
in the context analyzed, highlighting that these are topics that deserve further attention in
future research.

In addition to soluble mineral sources used in organomineral fertilizers, the interaction
between organic matrices and low-solubility mineral amendments such as rock powders
may also influence soil attributes. Organic matter can stimulate microbial activity and
organic acid production, potentially enhancing mineral weathering and the gradual release
of nutrients [66–68]. Although not directly addressed in the studies included in this
review, this approach represents a complementary strategy to improve long-term nutrient
availability and soil fertility in highly weathered tropical soils.

3.5. Soil Biological Attributes and Microbiome Responses

Soil fertility does not depend only on physical and chemical properties; biological
attributes also play a fundamental role in plant growth and ecosystem functioning. The
application of fertilizers, especially OMFs, can alter these conditions, thereby influencing
microbial activity and microbiome composition [15,69,70]. Despite this, few studies showed
the effects of these fertilizers on soil microbiota: of the 39 studies included in this systematic
review, only four addressed biological attributes, and only two evaluated the microbiome
using molecular techniques, such as soil DNA extraction and qPCR (Figure 8).
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Among the few studies that investigated microbiological responses, Sitzmann et al.
(2024) [51] showed that OMF application affected microbial activity and nutrient availability
in the soil in a manner dependent on the origin of the organic matter. All OMFs increased
microbial respiration (released CO2) and ammonia emission (volatilized NH3) compared
with the mineral control, indicating that the addition of organic carbon, even in small
amounts, stimulates microbial metabolic activity. However, differences in P and N uptake
by maize plants were more strongly influenced by the chemical properties of the organic
matrices than by microbial immobilization.

In addition to stimulating microbial activity, OMFs can increase soil microbial popu-
lation density. Olu-Ogbera et al. (2025) [32] observed that the application of OMF based
on neem seeds (Azadirachta indica A. Juss.) and organic compounds increased soil bacte-
rial and fungal populations compared with the control. According to Olu-Ogbera et al.
(2025) [32], this effect is due to the organic matter present in OMF, which improves nutrient
availability, porosity, and soil stability, creating favorable conditions for microbial activity.
In contrast, mineral fertilizer reduced bacterial populations, probably due to the lower
supply of substrates for microorganisms.

OMFs also influence enzymatic processes that are important for P cycling. Vollú
et al. (2018) [45] evaluated the effects of OMF in the maize rhizosphere by analyzing P-
mineralizing bacteria, phosphatase and phytase activities, and quinolone resistance genes
(qnr). The authors observed that the addition of an OMF composed of TSP combined with
poultry sludge increased phytase activity, indicating greater release of organic P to plants;
however, there were no changes in the abundance of phosphate-mineralizing bacteria or in
the overall diversity and composition of the microbiome, which varied more with plant
age and the amount of fertilizer applied. Quinolone resistance genes were not detected,
and fluoroquinolone concentrations in the soil remained below the limit of quantification,
showing that OMF application did not increase microbiological risks.

Geist et al. (2023) [22] investigated the effects of microgranulated organomineral fertil-
izers on the soil microbiome using molecular techniques such as DNA extraction and qPCR
to quantify microbial abundance and community composition. The authors observed that
OMF application increased the abundance of Bacillus atrophaeus Abi05, favored beneficial
microorganisms, and reduced the relative proportion of Fusarium, without changing the
overall microbiome diversity. These effects were attributed to the presence of organic sub-
strates in OMFs, which promote microbial competition and shifts in the functional structure
of the community, similarly to what was observed by Vollú et al. (2018) [45], indicating that
OMFs can modulate microbiota function without altering its diversity; however, further
studies are still needed.

4. Conclusions
In this study, scientific evidence on the effects of organomineral phosphate fertilizers

on phosphorus use efficiency, plant growth, and soil attributes in maize and bean was
analyzed. Overall, these fertilizers can perform similarly to or better than conventional
mineral sources, especially in soils with a high capacity for P fixation. Most researchers
reported increases in biomass and greater P availability in the soil, highlighting the potential
of OMFs as an alternative for managing this nutrient.

Despite these positive results, few researchers quantified phosphorus use efficiency,
which limits the assessment of fertilizer performance under this criterion. In addition,
physiological evaluations were limited and focused mainly on chlorophyll-related parame-
ters, leaving aside important processes such as antioxidant metabolism, gas exchange, and
nutritional interactions.
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Most studies were conducted with maize, whereas few involved bean, and there are
almost no studies comparing physiological responses between C4 and C3 plants under
organomineral fertilization. In addition, differences in agronomic management practices
among the studies, including fertilization rates, application methods, irrigation conditions,
and soil management systems, may also have contributed to the variability of the ob-
served responses. However, these variables were not consistently reported in the available
literature, limiting more detailed comparisons among experiments.

Soil effects were evaluated mainly through chemical attributes, with emphasis on P
availability and residual effects. In contrast, aspects such as P fractionation and physical
attributes were rarely considered. Biological indicators represent the least explored area,
with few studies assessing microbial activity and only a very limited number using molec-
ular tools to characterize the microbiome. Longer-term experiments conducted in different
soil classes and with distinct organic matrices are needed to clarify residual effects and P
dynamics in the soil.

The evidence indicates that OMFs can contribute to P management in maize and
bean production systems, especially when the initial availability of the nutrient is low.
However, these findings are based exclusively on studies conducted with maize and bean
and should not be generalized to other crops or agricultural production systems. Further
progress in this field depends on studies that systematically incorporate the calculation of
PUE and integrate chemical, biological, and physiological assessments. Although OMFs
represent a promising alternative, their mechanisms of action are not yet fully elucidated.
Further research and the expansion of the range of variables evaluated will be decisive for
consolidating their use in sustainable phosphorus management.
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