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Abstract

This study aimed to assess whether the fertilizing effects of compost (Com) and vermi-
compost (VCom) applied to a preceding wheat crop, either alone or in combination with
microbial biofertilizers (MBF; arbuscular mycorrhizal fungi and nitrogen-fixing bacteria),
could sustain forage maize yield across contrasting soil textures. A split–split plot trial
was conducted in 2023 in sandy, loamy, and clay soils. Treatments included Com, VCom,
standard mineral nitrogen fertilization, and unfertilized control, each tested with or without
MBF inoculation. Maize was harvested at the milk–dough stage and assessed for biomass
yield, dry matter partitioning, chemical composition, and in vitro digestibility. Interactions
among factors were frequent, particularly with soil texture, but overall, Com and VCom
sustained biomass yield and forage quality, especially when combined with MBF. Notably,
in loamy soil, VCom coupled with MBF (38.4 t ha−1) outperformed mineral fertilization
(32.9 t ha−1). Across soils, loam produced the highest dry matter yield (27.0 t ha−1) and
sand the lowest (23.7 t ha−1), while clay showed variable responses depending on the
amendment–MBFs combination. All plots treated with the MBFconsistently exhibited
higher yields compared to their respective controls, with an average increase of 52.6%
across texture and fertilization strategies. Fertilization strategy and soil texture slightly
yet significantly affected maize chemical composition, while digestibility remained largely
preserved. Crude protein concentration peaked under mineral fertilization in loamy soil
(8.3% dry matter). These findings highlight the potential of bio-based fertilizers, especially
when integrated with microbial inoculants, to reduce mineral nitrogen dependency and
support the sustainable intensification of forage maize.

Keywords: sustainable fertilization strategies; mineral-N reduction; forage maize quality

1. Introduction
Nitrogen (N) is a key nutrient in plant metabolism, playing a pivotal role in sustaining

yields and driving agricultural intensification through synthetic fertilization [1]. Indeed,
global reactive N production (i.e., biologically and chemically active N compounds) has risen
sharply in recent decades, reaching approximately 100 Tg annually since 2000, with nearly
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85% allocated to fertilizer manufacturing [2]. In 2024, global N fertilizer production capacity
was estimated at 195 Mt and is projected to reach 215 Mt by 2029 [3]. Although these trends
have consistently supported yield growth, the N-use efficiency has declined steadily [4].
Currently, only around 47% of applied reactive N is globally recovered in harvested biomass,
while the remainder is lost through leaching, volatilization, or denitrification [5]. Moreover,
synthetic N fertilizers remain tightly coupled with fossil energy markets, particularly natural
gas, exposing food systems to volatility and price shocks [6]. This reliance also has a significant
environmental implication, as the Haber–Bosch process, still predominant in the production
of synthetic N fertilizers, alone accounts for up to 2% of global energy consumption and
contributes substantially to CO2 emissions [7].

The intensive cultivation of cereal crops for both food and feed is a primary driver
of the demand for synthetic N fertilizers, as these crops require substantial N inputs
to maintain high yields, thereby exacerbating their environmental impact [8]. With the
global population projected to reach 9.1 billion by 2050, improving cereal crop nutrient
management has become a strategic priority to address environmental constraints and
input inefficiencies that threaten both productivity and agroecosystem resilience [9,10].

In response to concerns over the sustainability of mineral N fertilizers, increasing
attention is being given to recovering nutrients from organic waste streams through the
production of bio-based fertilizers (BBFs) derived from underutilized plant, animal, or
microbial materials [11]. In line with this trend, recent updates to EU policy, including Reg-
ulation (EU) 2021/1165, have recognized digestate-based products as viable components of
EC-marked fertilizers, aligning their regulatory status with that of conventional mineral
fertilizers [12]. Specifically, compost (Com) and vermicompost (VCom) are widely studied
BBFs obtained from the biological decomposition of organic waste, either via microbial
activity (composting) or in synergy with earthworms (vermicomposting) [13]. Composting
primarily relies on aerobic activity where bacteria and fungi break down organic residues.
This process transforms waste into a valuable soil amendment that enhances soil structure,
improves water retention, and increases nutrient availability [14]. Vermicomposting com-
bines microbial decomposition with the digestive activity of earthworms, which fragment
and mineralize organic matter through gut-associated microbial and enzymatic activity [15].
The resulting vermicompost is rich in readily bioavailable nutrients and supports a diverse
community of beneficial microorganisms [16]. Beyond recycling nutrients, increasing soil
organic matter and sustaining plant growth, these products gradually release nutrients,
reducing leaching losses [17] and ensuring that subsequent crops benefit from residual
fertilizing effects, thereby enhancing the availability of residual nutrients across multiple
cropping cycles [18]. However, the magnitude and persistence of their fertilizing effects are
significantly influenced by soil texture, which affects nutrient retention and organic matter
mineralization dynamics.

Microbial biofertilizers (MBF) are increasingly valued as complementary tools to
support plant growth coupled with both BBFs and standard mineral fertilizers [19]. Among
these, arbuscular mycorrhizal fungi (AMF) are recognized as key biological enhancers
of soil fertility due to their capacity to extend the functional root surface area, thereby
improving plant access to nutrients from both soil and residual organic sources [20]. This
enhanced nutrient uptake is particularly relevant for N derived from slow-release BBFs,
like Com and VCom, potentially amplifying their fertilizing effects [21]. In addition,
plant growth-promoting rhizobacteria improve plant nutrition by facilitating biological N
fixation, stimulating root growth through phytohormone production, and protecting roots
from pathogens [22].

In recent years, Com and VCom have been extensively studied as components of
circular and low-input fertilization strategies, with substantial evidence supporting their
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positive effects on crop performance and soil quality [14,15]. Focusing on maize production,
most of the available studies have evaluated their use as partial substitutes for mineral N in
single-season trials [23–26], leaving open the question of their residual fertilizing capacity,
namely the ability to sustain crop performance in the absence of renewed fertilization
inputs [27]. As far as we know, the persistence of these effects in subsequent cropping cycles
and their potential to offset the lack of mineral supplementation remain poorly documented.
Microbial biofertilizers could, in principle, amplify fertility benefits by improving nutrient
acquisition and plant resilience [28]. However, their ability to interact positively with
BBFs remains speculative and may not be generalizable to soils with contrasting textures
and structures, which influence nutrient release kinetics, organic matter turnover, and the
stability of beneficial microbial communities [28]. These interactions could either enhance
efficiency or limit microbial benefits.

Based on this background, the experimental hypothesis is that the residual fertilizing
effects of BBFs, possibly enhanced by MBF, could sustain forage maize productivity in
the absence of new mineral N inputs, while contributing to sustainable intensification.
Therefore, in this preliminary field-based study, we evaluated the maize biomass yield and
forage quality relying exclusively on the residual effects of Com and VCom applied to the
previous crop, either alone or in combination with MBF, based on a consortium of AMF
and N-fixing bacteria. These alternative strategies were compared across three different
textures to assess the role of soil properties in influencing agronomic performance.

2. Materials and Methods
2.1. Study Site and Experimental Setup

The trial was conducted during 2023 in three large in-ground concrete tanks (10 × 5 m,
3 m deep (Figure 1) located at the open-field experimental site of the Department of
Agricultural Sciences of the University of Naples Federico II (Gussone Park, Portici, Italy;
40◦49′ N, 14◦15′ E; 72 m a.s.l.).

 

Figure 1. Field overview at early maize establishment showing the three soil-texture main plots
(sandy, loamy, clay) enclosed by concrete walls.

Each tank is filled with a 20 cm layer of gravel at the bottom to ensure drainage,
overlaid with soil classified as having a sandy, loamy, or clay texture (Table 1).
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Table 1. Chemical properties of the soils under different fertilization treatments before maize sowing.

Soil Texture Fertilization OM, % Total N, % pH NO3-N, ppm NH4-N, ppm P2O5, ppm K2O, ppm

Clay 1

Ctr 1.66 0.09 7.72 59.11 13.40 48.11 1592
RVCom 1.79 0.10 7.65 61.89 15.40 92.21 1633
RCom 2.25 0.11 7.53 60.23 16.22 55.23 1665
Min 1.79 0.09 7.82 62.35 13.77 50.81 1601

Loamy 2

Ctr 1.96 0.10 7.61 14.33 11.50 74.32 1161
RVCom 2.48 0.14 7.59 15.45 12.2 87.65 1199
RCom 1.95 0.12 7.56 15.21 13.18 82.32 1208
Min 1.98 0.12 7.73 15.89 11.80 82.63 1161

Sandy 3

Ctr 1.63 0.11 7.74 17.41 8.27 43.71 723
RVCom 2.19 0.13 7.56 18.25 8.72 82.79 748
RCom 1.72 0.11 7.62 18.18 9.17 55.94 755
Min 1.58 0.11 7.82 19.12 8.25 56.62 729

1 Sand: 36%, silt: 24.5%, 2 Clay: 49.5%, silt: 25.0%, clay: 25.5%. 3 Sand: 70.5%, silt: 23.0%, clay: 6.5%. Ctr,
no-fertilization control; RVCom, residual fertility from vermicompost; RCom, residual fertility from compost; Min,
mineral fertilization control; OM, organic matter; P2O5, available phosphorus; K2O, available potassium.

The site falls under a Mediterranean maritime climate (zone Csa, according to
Köppen–Geiger classification [29]), with a long-term (1993–2023) mean annual temper-
ature of 15.5 ◦C and annual precipitation of 908 mm. During the study period (from July
to October), meteorological data were continuously monitored by a Vantage Pro weather
station (Davis, Hayward, CA, USA), located approximately 50 m from the experimental
site. The mean ten-day data for daily maximum and minimum temperatures and total
precipitation are reported in Figure 2.

Figure 2. Trend of the minimum and maximum average air temperatures and rainfall recorded
during the maize cycle. I, II, and III indicate the 10-day intervals of each month.

During the crop cycle (14 July–26 October), the total rainfall was 171.6 mm, of which
more than 65% occurred in the second and third ten-day periods of October. The maximum
temperature ranged between 21.3 and 39.1 ◦C, with the maximum recorded in the third ten-
day period of August, while the minimum temperature ranged between 14.1 and 25.2 ◦C,
with values below 18 ◦C concentrated in October (Figure 1).

The experiment was arranged in a split–split plot design (Figure S1 in
Supplementary Material), with soil texture—sandy, loamy or clay—as the main plot factor
(5 × 10 m). The subplots (5 × 2.5 m) consist of the four fertilization treatments, namely,
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residual fertility from compost (RCom) or vermicompost (RVCom) applied to the previous
wheat (Triticum durum Desf.) crop; mineral fertilization control (CMin); and no-fertilization
control (Ctr). The sub-sub plots (2.5 × 2.5 m) involved the application (B) or not (NB) of the
selected MBF. This design resulted in twenty-four experimental theses with three replicates,
each measuring 2.5 × 0.83 m.

This plot arrangement was implemented in the tanks during the preceding wheat crop
cycle. Prior to wheat sowing, both Com and VCom were applied at a nitrogen-equivalent
rate of 120 kg N ha−1. In the same way, control subplots with no fertilization and mineral
fertilized subplots (applied as ammonium nitrate, 26% N) were also established. No M
was applied. The compost originated from the organic fraction of urban solid residues
(Fertileva s.r.l., Laterza, Italy) and contained 2% N (94.5% organic N) and 28.3% organic
carbon. Vermicompost (C&F Energy Società Agricola s.r.l., Angri, Italy) was obtained by
composting buffalo manure with earthworms (Eisenia fetida and Eisenia andrei), as detailed
by Fusco et al. [30], and was characterized to a pH of around 7.9, 1.8% total N (85%
organic N), and 35% total organic carbon.

After wheat harvesting, soil in the three tanks was prepared for maize sowing. Maize
was seeded by hand on 14 July 2023, using a medium-late hybrid (LG31.325, FAO class 500;
Limagrain, Fidenza, Italy) at a nominal planting density of 10 plants m−2, maintaining the
plot-treatment assignment from the previous wheat cycle. Only the CMin treatment plots
received N fertilization, at rates of 240, 235, and 225 kg ha−1 for sandy, loamy, or clayey
soils, respectively. Nitrogen application rates were determined based on the theoretical
dose, calculated based on the crop’s N demand (3.9 kg N t−1 yield) and the target biomass
yield for the area (65.0 t ha−1) [31]. This dose was adjusted for the texture-dependent
N mineralization, N losses due to leaching and microbial immobilization, and readily
available N influenced by the preceding crop and irrigation regime [31]. Nitrogen was
applied as ammonium nitrate (26% N; Yara Bela EXTRAN 26, Yara Italia SpA, Milano, Italy)
in two equal top-dressing applications, at the four-leaf stage (V4, according to the scale
of Ritchie et al. [32]) and the ten-leaf stage (V10). The MBFs, consisting of a commercial
formulation (LIFESTRONG VAM, Fertilidea s.r.l., Pompei, Italy) containing AMF (1%) and
rhizosphere bacteria from the Bacillus and Azospirillum genera (1 × 108 CFU g−1), was
applied as a foliar spray at the V4 growth stage, at a rate of 3 L ha−1.

Standard agronomic practices were used to manage the crops across all plots
and treatments.

2.2. Experimental Measures

Before the maize seeding date, soil samples were collected from the tanks using a
hand-held probe (38 mm tip diameter) according to standard methods [33]. Homogenized
soil samples were dried in an oven at 40 ◦C until a constant weight was reached and
then sieved to 2 mm for physicochemical properties analysis [34] (Table 1). At the early
flowering stage (R1), N nutrition status was evaluated by measuring leaf greenness using a
SPAD-502 MINOLTA (Soil Plant Analysis Development, Minolta Camera Co. Ltd., Tokyo,
Japan) optical chlorophyll meter at 650 and 940 nm. Additionally, chlorophyll, anthocyanin,
and flavonoid concentrations were measured at 375 nm using a Dualex3 optical meter
(Force-A, Orsay, France). This instrument uses ratio fluorescence to measure anthocyanin
and flavanol content (ratios F660nm/F525nm and F660nm/F325nm, respectively) and leaf
transmittance in the near and far infrared to measure chlorophyll content (T850/T720). The
nitrogen balance index (NBI) was calculated as the ratio between chlorophyll (T850/T720)
and flavonoid (F660nm/F325nm) content. The assessments were conducted on three leaves
from three individual plants, sampled away from plot borders to minimize edge effects, as
detailed elsewhere [35].
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Maize was hand-harvested on October 26 at the R4 stage (kernel dough stage) by cutting
plants 10 cm above the ground. Biomass production was estimated by using 10 plants from
the central row of each experimental sub-sub plot to minimize boundary effects. The sampled
plants were separated into cobs, culms, and leaves, and dry matter (DM) was determined in
an air forced oven set at 65 ◦C. Thereafter, the dried samples were pooled by sub-sub plot
and replicate and ground by a hammer mill (Brabender rotary mill; Brabender GmbH & Co.,
Duisburg, Germany) to pass through a 1 mm screen, pending analysis.

2.3. Analyses
2.3.1. Soil

Soil texture was determined using the standard sieving-pipette method, with H2O2

pre-treatment for organic matter oxidation and sodium hexametaphosphate dispersion for
particle separation [36]. The soil pH was measured potentiometrically using a GLP 22 pH
meter (Crison, Barcelona, Spain) in 1:2.5 (w/v) soil/water suspensions [37]. The nitrate-
nitrogen (N-NO3) and ammonia-nitrogen (N-NH4) contents were determined using the
cadmium reduction method proposed by Sah [38]. Absorbance of the water extract solutions
was measured at wavelengths of 500 nm and 425 nm, respectively, using a Hach DR 2000
spectrophotometer (Hach Co., Loveland, CO, USA). Organic N was determined using the
Kjeldahl method [39], while organic matter (OM) was measured using the Walkley and
Black method [40]. Available phosphorus (P2O5) was assessed using the Olsen method [41].
Available potassium (K2O) was determined by spectrophotometry at 650 nm after extraction
with sodium bicarbonate, followed by the addition of tetraphenyl [42]. All analyses were
performed in triplicate.

2.3.2. Maize Biomass

The maize chemical composition was assessed in triplicate for each replicate using an
NIRFlex N-500 device (Büchi Instruments Inc., Flawil, Switzerland). The chemical bonds
associated with the corn samples’ absorbance supported the evaluation of DM, crude
protein (CP), ether extract (EE), starch, neutral detergent fiber (NDF), acid detergent fiber
(ADF), and acid detergent lignin (ADL). The analysis and calibration setups were carried
out in accordance with the methods outlined by Zicarelli et al. [43].

The in vitro digestibility of DM (IVDMD) and NDF (IVNDFD) was determined using
a Daisy II system (Ankom, Tech. Co., Fairport, NY, USA) following the procedure outlined
by Robinson et al. [44], as previously described in Serrapica et al. [45]. Briefly, three filter
bags per sample (Ankom F57; Ankom Technology Corp., Fairport, NY, USA) were filled
with 250 mg of milled sample and incubated for 48 h in three digestion jars at 39 ◦C,
in the presence of buffered rumen fluid collected post-mortem at a local slaughterhouse
(RO.C.A. S.R.L., Mercato San Severino, Italy) from four young bulls selected from a local
fattening cattle farm prior to slaughter. The buffer solution was prepared according to
Robinson et al. [39]. Rumen fluid was collected within 3 min after death, coarsely filtered
to remove larger particles, and immediately transferred to 2 L airtight glass bottles pre-
heated to 39 ◦C and filled with carbon dioxide. In the laboratory, the rumen fluids were
mixed, further filtered through two layers of cheesecloth under continuous carbon dioxide
flushing, and then transferred to the digestion jars. The time from rumen fluid collection to
incubation was approximately 50 min. After incubation, the bags were removed, washed
with cold tap water until the wash water became clear, and then analyzed for DM and NDF
content following the standard procedure described elsewhere [46].

2.4. Statistical Analysis

All data were analyzed in JMP Pro (version 15; SAS Institute Inc., Cary, NC, USA)
using a split–split plot ANOVA, with replicate as the experimental unit. Prior to analysis,
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data were tested for homogeneity of variance using Levene’s test and for normality using
the Shapiro–Wilk test. The statistical model included soil texture as a random factor and
fertilization type and mycorrhizal treatment as fixed factors. All second- and third-order
interactions were included. Treatment means were compared using Tukey’s test at a
significance level of p < 0.05. Table S1 summarizes the significance of the random factor
“soil texture”, the fixed factors “fertilization strategy” and “microbial inoculation”, and
their second- and third-order interactions (see Supplementary Material).

3. Results
3.1. SPAD and Dualex Measurements

The SPAD index, reported as raw readings obtained by the MINOLTA SPAD-502 m,
was significantly affected by the interaction between soil texture × fertilization strategy
(Table S1, Figure 3a), as well as by the main effect of MBFs application (Table S1, Figure 3b).
A clear decreasing trend in SPAD values was observed across all soil types in response to
fertilization strategy, with the highest values under CMin treatment and the lowest in the
unfertilized Ctr plots (Figure 3a). Similarly, MBF application elicited a 21.3% increase in
SPAD values compared to untreated plants (Figure 3b).
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Figure 3. Leaf SPAD index in maize: (a) interaction between soil texture and fertilization; (b) effect of
microbial biofertilizers. Different letters indicate statistically significant differences (p < 0.05). Error
bars represent standard error of the mean. Ctr, no-fertilization control; CMin, mineral fertilization
control RCom, residual fertility from compost RVCom, residual fertility from vermicompost; NB,
no-treatment with microbial biofertilizers; B, treated with biofertilizers.

As regards the parameters measured by Dualex instrument statistical analysis high-
lighted a significant effect of the third-order interaction on chlorophyll, flavanols, and
anthocyanins contents (Table S1, Figures 4–6).

As general trend, the lowest values of chlorophyll content were recorded in maize
grown in sandy soil (overall mean 0.46) compared to clay (0.51) and loam (0.52) soils.
Irrespective of soil texture, mineral fertilization elicited the highest values of chlorophyll
compared to the other three fertilization strategies, while the lowest values were recorded
in RCom plants both in clay and sandy soils, and in Ctr plants in loam soils. The application
of MBF significantly increased chlorophyll content in Ctr plants across all three soils and in
RCom plants grown in clay soils (Figure 4).
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biofertilizer application. Different letters indicate statistically significant differences (p < 0.05). Error
bars represent standard error of the mean. Ctr, no-fertilization control; CMin, mineral fertilization
control; RCom, residual fertility from compost; RVCom, residual fertility from vermicompost; NB−,
no-treatment with microbial biofertilizers; B, treated with microbial biofertilizers.
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tion control; RCom, residual fertility from compost; RVCom, residual fertility from vermicompost;
NB, no-treatment with microbial biofertilizer; B, treated with microbial biofertilizer.

Similarly, flavanol content was lowest in sandy soil (overall mean 0.69) compared
with clay (0.73) and loam soils (0.75). Unfertilized Ctr plants exhibited the highest flavanol
value (0.78), although not significantly different from plants under the other fertilization
strategies (0.74 for CMin, 0.66 for RCom, and 0.70 for RVCom) (Figure 5). Finally, MBF
application slightly reduces flavanol content compared with untreated MBF plants, but
statistically significant differences were observed only in Ctr plants grown in clay soil
(Figure 5).

The trend observed for anthocyanin content differed from the previous compounds.
The lowest concentration was found in plants grown in clay soil (overall mean 0.014)
compared to those in sandy (0.018) and loam soils (0.020). Variations among the fertilization
strategies were less pronounced, with the Ctr group exhibiting a higher overall value
(0.024) compared to the average of the other three strategies (0.017). Finally, as observed
with flavanols, the application of MBF resulted in lower anthocyanin levels compared to
untreated plants, although statistically significant differences were only detected in Ctr
plants grown in loamy soil (Figure 6).

The N balance index (NBI) was affected by the interaction fertilization strategy ×
microbial biofertilizer application (Table S1, Figure 7a), as well as by the main effect of soil
texture (Table S1, Figure 7b).

The NBI was consistently higher under the mineral fertilization strategy, whereas
under the residual effect of RCom and RVCom treatments, there were significantly higher
values compared to the unfertilized control only when microbial biofertilizers were applied
(B). Although MBF application tended to increase NBI values across treatments, the effect
was most pronounced in RVCom plots, where the highest increase (+95%) was recorded
(Figure 7a). Finally, the NBI value was significantly lower in sandy soil compared to the
other two soils, which did not differ significantly from each other (Figure 7b).
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standard error of the mean. Ctr, no-fertilization control; CMin, mineral fertilization control; RCom,
residual fertility from compost; RVCom, residual fertility from vermicompost; NB, no-treatment with
microbial biofertilizer; B, treated with microbial biofertilizer.

3.2. Maize Yield and Dry Matter Repartition

The overall DM yield across all experimental conditions was 24.9 t ha−1, and a sig-
nificant third-order interaction among soil texture, fertilization strategies and biofertilizer
application was detected (Table S1, Figure 8).
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The highest average yield was achieved in loamy soil, approximately 27 t ha−1,
representing a 14.2% increase compared to the mean yield obtained from the other two
soil textures. All plots treated with the microbial biofertilizer (B) consistently exhibited
higher yields compared to their respective controls (M−), with an average increase of
52.6%. However, the magnitude of this increase varied depending on the fertilization
strategy and soil texture, ranging from a minimum of 30.9% under RCom fertilization
in clay soil to a maximum of 93.7% under RVCom fertilization in loamy soil (Figure 8).
Interestingly, across all three soils, M application under organic fertilization resulted in
maize yields that were not significantly different from those of the corresponding CMin-NB
treatments. In unfertilized Ctr plots, Bgenerally did not increase yield compared with the
corresponding organic treatments without MBF, except in clay soil. The combination of
RVCom–B produced significantly higher yields than untreated mineral plots (CMin-NB) in
clay and loam soils. In contrast, MBF application had no effect under the RCom fertilization
strategy, as yields did not differ significantly between inoculated and uninoculated plots. As
expected, the highest yield was recorded under CMin fertilization (overall mean 35.4 t ha−1)
and the plots under RCom and RVCom showed intermediate values (23.1 and 25.7 t ha−1,
respectively), while the Ctr unfertilized plots yielded less than half of CMin plants (Figure 8).
Overall, the combination of mineral and microbial fertilizers (CMin–B) resulted in the
highest yield across all three soil types, significantly higher from all other treatments,
except for RVCom–Bin loamy soil (Figure 8).

As regards the DM partitioning of aboveground biomass, the average values were
44.0%, 18.6%, and 37.4% for culms, leaves, and ears, respectively, with a significant effect
detected for the two second-degree interactions soil texture × fertilization strategies (Table S1,
Figure 9a) and fertilization strategies × biofertilizer application (Table S1, Figure 9b) The
interaction between soil texture and fertilization strategies had a relatively minor effect on
DM distribution, with ear incidence consistently lower in unfertilized plants (Figure 9a). The
significance of the interaction between fertilization strategy and microbial fertilizer application
was primarily driven by the Beffect, which significantly increased ear incidence under both
residual bio-based fertilization strategies (RCom and RVCom), while no effect was observed
in the unfertilized control (Ctr) or with mineral fertilization (CMin) (Figure 9b).
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represent standard error of the mean. Ctr, no-fertilization control; CMin, mineral fertilization control;
RCom, residual fertility from compost; RVCom, residual fertility from vermicompost; NB, no-
treatment with microbial biofertilizer; B, treated with biofertilizer t.

3.3. Maize Chemical Composition and In Vitro Digestibility

Crude protein content was significantly affected by fertilization strategy, MBF ap-
plication, and their second-order interactions with soil texture (Table S1). The mineral
fertilization produced maize with the highest CP concentration (7.87% on DM basis), fol-
lowed by the residual fertilization effect from RCom (6.52%) and RVCom (5.96%), with
the lowest value in unfertilized Ctr (5.02%). Application of MBF significantly increased
maize CP content (on average 7.08% vs. 5.60%, respectively, for B and NB), with the largest
increase observed for plants under RCom (7.60% vs. 5.44%) and RVCom (7.60% vs. 6.90%)
and treatments. The soil texture × fertilization interaction highlighted significantly higher
CP values for maize under the CMin treatment, particularly in loamy soil (8.30%), and the
lowest in the unfertilized clay Ctr (4.22%), whereas the residual fertilization effect from
Com and VCom yielded intermediate values (6.78–6.19%) across all textures (Figure 10a).
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Figure 10. Crude protein content (% DM) of maize biomass: (a) interaction between soil texture and
fertilization; (b) interaction between soil texture and microbial biofertilizer application. Different
letters indicate statistically significant differences (p < 0.05). Error bars represent standard error of the
mean. Ctr, no-fertilization control; CMin, mineral fertilization control; RCom, residual fertility from
compost; RVCom, residual fertility from vermicompost; NB, no-treatment with microbial biofertilizer;
B, treated with microbial biofertilizer.

The texture × M interaction was primarily due to the consistent increase in CP across
textures following MBF application, in particular in clay soil (+1.94 percentage points),
whereas in sandy soil the effect was less marked (+1.01 percentage points) (Figure 10b).

As shown in Table S1, EE was exclusively influenced (p < 0.05) by fertilization strategy,
with the value observed under CMin treatment (1.62%) being significantly greater than
those recorded under RCom, RVCom, and Ctr (respectively, 1.52%, 152%, 1.50%).

As for fiber components, the NDF content was influenced by a combination of fertil-
ization strategies, MBF application, and their second-order interactions with soil texture
(Table S1). As for the main effect of fertilization strategies, plants under RCom and Ctr
treatments showed significantly higher percentages of NDF (58.12% and 57.39%) com-
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pared to the lower values in RVCom and CMin treatment (55.90% and 54.85%). The
MBF treatment reduced NDF content (on average 57.59% vs. 55.54%). Finally, for the
soil texture × fertilization interaction (Figure 11), loamy–RCom showed the significantly
highest value (60.15%), while the other treatments ranged from 54.48 to 57.58%.
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Figure 11. NDF content (% DM) of maize biomass: interaction between fertilization and soil texture.
Different letters indicate statistically significant differences (p < 0.05). Error bars represent standard
error of the mean. Ctr, no-fertilization control; CMin, mineral fertilization control; RCom, residual
fertility from compost; RVCom, residual fertility from vermicompost;.

Maize ADF content was affected by soil texture, fertilization strategy, and MBF appli-
cation (Table S1), with significant soil texture × fertilization (Table S1, Figure 12a) and soil
texture × MBF interactions (Table S1, Figure 12b). Maize grown in clay (42.99%) and loam
(42.24%) soils had significantly higher ADF values than in sandy soils (40.61%). Among
fertilization strategies, CMin produced the highest ADF content (43.74%), followed by
RCom (42.14%), RVCom (41.85%), and Ctr (40.05%). Treatments with MBF also resulted
in higher ADF content than their untreated counterpart (44.03% vs. 39.86%). In the soil
texture × fertilization interaction (Figure 12a), ADF was 6.6 pp higher under clay–RVCom
than sandy–RVCom. In the soil texture × MBF interaction (Figure 12b), B raised ADF
across all textures, with the strongest effect in clay soils (+6.0 pp).

In contrast to the marked effects observed for NDF and ADF, ADL content in maize
was significantly (p < 0.05) influenced only by soil texture and fertilization (Table S1). Plants
grown in loamy soil had the highest lignin content (7.70%) and those in sandy soil showed
the lowest (6.01%), while clay soils had an intermediate value (6.86%) that did not differ
significantly from the other textures. Within fertilization treatments, RVCom and Ctr plants
reached 7.72% and 8.11%, respectively, whereas CMin and RCom registered lower values
(5.54% and 6.05%).

Consistent with trends observed for the energy-related maize components, namely
the ears, starch levels were influenced by soil texture, fertilization strategy, and their inter-
action (Table S1). Clay-derived biomass showed the highest starch concentration (46.65%)
compared to loamy (45.01%), whereas biomass of sandy soil did not differ compared to
other textures (44.61%). Fertilization effects on starch content grouped RVCom, Ctr, and
CMin with comparable values (47.55%, 46.89%, and 45.59%), all significantly higher than
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RCom (41.65%). The soil texture × fertilization interaction (Figure 13) was driven by
the very low starch content in loam–RCom biomass (40.04%) compared with the higher
values observed in loam–RVCom, clay–Ctr, and clay–RVCom biomass (49.56%, 49.41%,
and 48.93%, respectively).
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In contrast to the strong responses observed for chemical composition, no significant
differences were observed in maize IVDMD and IVNDFD across the experimental plots
(Table S1). Average values across soil textures ranged from 72.7% to 73.9% for IVDMD
and from 53.6% to 55.3% for IVNDFD. Across fertilization strategies, the values were
between 70.1 and 77.5% for IVDMD and 50.2–60.6% for IVNDFD. Slightly higher values
of IVDMD and IVNDFD were observed for B maize (74.8% and 56.3%) compared to NB
(71.6% and 52.4%).

Similarly, ash levels remained broadly consistent across all factors (Table S1). Con-
centrations varied slightly according to soil texture, ranging from 4.93% in clay to 5.02%
in sandy soil. Fertilization strategies exhibited a similar range, with values ranging from
4.87% in RCom to 5.13% in RVCom, while the CMin and Ctr treatments overlapped by
approximately 5%. No difference emerged between B and NB applications (5.03% and
4.95%, respectively).

4. Discussion
In intensively managed maize crops, N availability is pivotal for determining both

yield and forage quality [47], and environmental impacts associated with the crop’s high
N demand [48]. Improving N use efficiency through alternative fertilization strategies is
crucial for reconciling intensive production with sustainability goals, especially in Italy’s
irrigated lowlands, where maize must achieve high biomass yields on limited arable
land [49,50]. Although conducted over a single maize cropping cycle, this study provides
preliminary evidence that Com and VCom may exhibit carry-over fertilizing effects, and
that co-application with MBF can enhance their performance across different soil textures.

Excluding the unfertilized Ctr plots, the DM yields across treatments were consistent
with regional reference values [31,43,51], indirectly confirming that the experimental con-
ditions reflected real agronomic contexts and supporting a reliable interpretation of the
residual fertilization effect of Com and VCom. The third-order interaction observed for
DM yield underscores that the long-term effectiveness of bio-based fertilization strategies
results from complex dynamics linking biofertilizers’ biochemical properties, the activity
of microbial inoculants, and soil physical/chemical characteristics. Soil texture was con-
firmed as a primary regulator, influencing nutrients persistence and release, as well as MBF
effectiveness. Loamy soil exhibited a clear expression of this interaction, with RVCom-B
treatment nearly doubling DM yield compared with the uninoculated plots and exceeding
that of CMin-NB treatment. Indeed, balanced conditions of aeration and water retention
may have enabled microbial fertilizers to synchronize nutrient mineralization with crop
demand more effectively than chemical inputs [52]. Moreover, the VCom matrix, rich in
diverse native microbial communities, may have provided a steady supply of mineral N
and growth-promoting compounds [53], while the AMF may have expanded root func-
tionality, improving access to both mobile and less soluble nutrients [54]. As discussed by
de Holanda et al. [55], the consistently lower maize yields observed in sandy soils may
have resulted not only from the rapid nutrient leaching and poor water retention typical of
this soil texture, but also from decreased survival and colonization of the inoculated MBF,
limited diffusion of microbial metabolites in the rhizosphere, and accelerated turnover of
labile organic matter, all factors that can disrupt the dynamic synchrony between nutri-
ents, microbes, and plants. Yield from clay soil exhibited a more complex pattern. While
RVCom–B outperformed mineral fertilization, RCom–B failed to provide any benefit and
even reduced yields. This contrast can be explained by the different biochemical nature
of the soil amendments. Compost may contain coarser and more recalcitrant fractions
that decomposed slowly and were more prone to N adsorption onto clay particles [56],
restricting nutrient availability despite inoculation. Vermicompost, richer in labile organic
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and nitrogenous forms [57], may interact more effectively with the clay’s cation-exchange
capacity [58], sustaining a gradual nutrient release that MBF could further enhance. These
divergent responses suggest that microbial stimulation alone cannot compensate for unfa-
vorable substrate–soil interactions and may even trigger priming effects that accelerate OM
turnover without leading to proportional nutrient uptake by the crop [18].

The influence of residual effects of bio-based fertilizers extended beyond total biomass,
affecting how resources were partitioned between vegetative and reproductive structures.
The enhanced ear development observed under RCom and RVCom following MBF treat-
ment, and the absence of effects under unfertilized and mineral treatments, suggest that
microbial stimulation is most effective when coupled with degradable organic substrates
that sustain nutrient release during the transition to reproductive growth, as this process
requires both an energy source and favorable nutrient conditions to modulate allocation
patterns [59,60]. Physiological indicators reinforced these observations, since SPAD and
NBI varied in close association with N availability and assimilation efficiency [61,62]. As
expected, mineral N consistently generated the highest SPAD readings, a likely reflection of
rapid nitrate assimilation and chlorophyll synthesis [63]. Under residual organic fertiliza-
tion, MBF improved SPAD only in specific cases, particularly RCom in clay, suggesting that
the functional window for microbial inoculants is determined by the interplay between soil
properties and amendment quality [64]. In unfertilized plots, MBF can stimulate vegetative
growth at the expense of reproductive allocation, which could be explained by competition
for N between plant roots and the rhizosphere microbiota under severe N limitation [65].
From a biochemical perspective, these patterns may arise from shifts in metabolic priorities.
Adequate N supply stimulates the glutamine synthetase/glutamate synthase cycle [66]
and nitrate reductase activity [67], promoting protein biosynthesis and sustained pho-
tosynthetic capacity [68]. In contrast, nutrient scarcity can channel carbon towards the
phenylpropanoid pathway [69], leading to increased synthesis of phenolic compounds
and lignin, which strengthens cell walls but constrains metabolic flexibility [70]. The NBI
effectively integrated these signals, with MBF under RVCom showing marked increases,
suggesting that microbial inoculation amplified residual fertility and modulated both pri-
mary and secondary metabolism [71]. Pigment and phenolic profiles mirrored this dual
role, with chlorophyll declining in sandy soils and unfertilized plots but partially restored
by MBF in the most compatible combinations, while flavanols and anthocyanins peaked
under nutrient limitation and decreased under MBF, where stress mitigation occurred.

The yield patterns were reflected in maize composition, with soil texture and fertil-
ization defining the conditions under which MBF effects were expressed. Biomass CP
content reflected N availability during plant development. Mineral fertilization supported
the highest CP through rapid nitrate uptake and incorporation into biomass via the glu-
tamine synthetase and glutamate synthase pathway [72]. Despite a slower N release, both
RCom and RVCom sustained intermediate CP content through gradual mineralization
of organic N, likely supporting a steady nitrate supply in combination with rhizosphere
microbial activity [73]. The low CP observed in Ctr was expected, reflecting the inherently
limited N availability in the absence of fertilization [47]. These differences mirrored SPAD
and NBI, indicating joint control of N assimilation and partitioning by nutrient supply and
microbial stimulation. In CMin plots, the faster shift to reproductive growth appears to
have favored N concentration in leaves and ears, resulting in higher CP in the harvested
biomass. In Ctr, the combination of limited N availability and growth imbalance seems
to have promoted endogenous N recycling, with leaf proteolysis and remobilization to
the ear constraining net protein accumulation [74,75]. The positive effects of MBF on CP,
particularly under CMin and the residual fertilization effect of Com, indicate enhanced
N assimilation efficiency when nutrient availability and degradable organic substrates
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sufficiently support microbial activity, a pattern consistent with findings from diverse
agroecosystem studies [76–78].

The nutritional gradient influencing CP content also extended to lipids accumulation.
The biomass EE content rose significantly only under mineral fertilization, reflecting the
stronger drive toward kernel formation supported by abundant N availability [79]. Lipid
synthesis, predominantly located in reproductive tissues [80], could be consistent with
enhanced activity of acetyl CoA carboxylase and fatty acid synthase, suggesting that
when N availability accelerates ear development, carbon may be preferentially diverted
to triacylglycerols [81]. Lower EE content in RCom, RVCom, and Ctr biomass likely
reflected delayed maturation, reduced grain proportion, and lower allocation to lipid-rich
structures [82]. The absence of an MBF effect suggests that lipid metabolism depends more
on overall nutrient context than on rhizosphere stimulation.

The carbohydrates profiles reinforced the connection between N availability and carbon
allocation, highlighting how shifts in nutrient status can lead to structural changes in harvested
biomass. Across treatments, CMin, Ctr, and RVCom showed similarly high starch concen-
trations, all exceeding RCom, which was the only treatment showing a clear reduction in
starch concentration, possibly linked to a longer persistence of vegetative tissues that may have
delayed the shift of carbon allocation toward reproductive structures [83]. At the same time,
RCom biomass was characterized by higher NDF and ADF values, likely reflecting increased
cellulose and hemicellulose deposition, as inferred from the relatively limited increase in lignin.
This deduction arises from the observation that lignin concentration increased modestly relative
to the overall fiber increase, suggesting a preferential allocation to primary cell wall polysac-
charides rather than secondary wall lignification, resulting in a potentially more deformable
and degradable fiber matrix [84]. By contrast, RVCom and Ctr accumulated more lignin within
their fiber fractions, creating a more rigid structure that is potentially less accessible to ruminal
microorganisms [85,86]. The apparently contradictory finding of stable in vitro degradability
across treatments, despite differences in fiber content, can be explained by the interplay be-
tween fiber composition and lignin concentration. Lower degradability associated with lignin
in some treatments may be offset by changes in fiber architecture and particle morphology
that enhance microbial colonization [47]. In addition, as cellulose lignification increases, the
fiber structure becomes more fragile, with the formation of smaller, more compact, and easily
hydratable particles that are more prone to microbial attack and degradation [45].

5. Conclusions
This study assessed whether compost and vermicompost applied to a preceding wheat

crop, either alone or in combination with microbial biofertilizers, could sustain forage maize
yield across contrasting soil textures. Although limited to a single cropping cycle, this
study provides evidence that the amendments may exert a fertilization effect capable of
sustaining maize yield after wheat, and this effect was further enhanced when microbial
biofertilizers were co-applied. However, the tested fertilization strategies were strongly
influenced by soil physical properties and by the biochemical profile of the bio-based
fertilizers. Loamy soils provided the most favorable conditions, allowing the combination
of vermicompost and microbial inoculation to exceed mineral fertilization in DM yield.
Overall, managing bio-based and microbial fertilizers in accordance with soil texture may
reduce reliance on mineral N fertilizers while maintaining maize forage yield and quality.
Further long-term, multi-site research is required to confirm these results, clarify nutrient
release dynamics, and evaluate the stability of inoculated microbial communities across
diverse environments. In parallel, the role of emerging technologies, such as nanomaterials
for controlled nutrient delivery, should be considered as a potential complement to bio-
based fertilization strategies, especially in intensive cropping systems.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su17219617/s1, Figure S1: Schematic representation of the ex-
perimental layout with the spatial distribution of treatments in a split–split plot design. Table S1:
Summary of statistical significance for key factors and interactions from ANOVA analysis.

Author Contributions: Conceptualization, M.M., F.S. (Francesco Serrapica), F.M., E.C. and A.D.F.;
methodology, I.D.M. and F.S. (Fiorella Sarubbi); software, L.O. and G.P.; validation, M.M., I.D.M. and
A.D.F.; formal analysis, L.O. and F.M.; investigation, E.C. and F.S. (Francesco Serrapica); resources,
M.M. and A.D.F.; data curation, E.C. and G.P.; writing—original draft preparation, F.S. (Francesco
Serrapica) and I.D.M.; writing—review and editing, F.S. (Francesco Serrapica), F.M. and I.D.M.;
visualization, E.C., F.S. (Fiorella Sarubbi) and L.O.; supervision, M.M., F.M. and A.D.F.; project
administration, M.M., F.M. and A.D.F.; funding acquisition, A.D.F. All authors have read and agreed
to the published version of the manuscript.

Funding: The research was supported by the Campania Region PSR 2014–2020 Tipologia 16.1.1
project VALFOCAM (Valorizzazione Foraggi Campani), CUP: B68H1900520008.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data of this study are available from the corresponding author
upon reasonable request.

Acknowledgments: The authors would like to thank Roberto Maiello and Daniele Todisco for their
valuable technical assistance with the soil analyses.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

BBF Bio-based fertilizers
Com Compost
VCom Vermicompost
MBF Microbial biofertilizers
B Treated with MBF
NB Not treated with MBF
AMF Arbuscular mycorrhizal fungi
RCom Residual fertility from compost
RVCom Residual fertility from vermicompost
CMin Mineral fertilization control
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